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Abstract

In this thesis, the real-time dynamics of quantum-classical spin-impurity models with timescale
separation is investigated. These models consist of a small number (< 10) of classical impu-
rity spins that are exchange-coupled to a quantum mechanical host system. It is assumed
that the dynamics of the host system is fast compared to that of the classical spins.

The timescale separation motivates the introduction of an adiabatic constraint to the Hilbert
space of the host system. One can distinguish a strict adiabatic constraint, where the host
is restricted to the ground state only, and a relaxed constraint, which additionally includes a
few of the lowest excited states. The incorporation of either constraint into the theory via a
Lagrangian formulation yields a geometrical spin torque in the effective spin equations of mo-
tion that is not present in other treatments of effective spin dynamics, like, for example, the
Landau-Lifshitz-Gilbert equation. This geometrical spin torque can have a strong influence
on the spin dynamics, e.g., lead to an anomalous precession frequency, and is proportional to
the spin-Berry curvature of the host system. The concrete form of the spin-Berry curvature,
and thus the geometrical spin torque, strongly depends on the type of constraint used. While
some effects can already be captured with the strict adiabatic constraint, it is found that for
certain systems and parameter regimes the relaxation of the constraint is crucial.

For weak quantum-classical exchange coupling J the geometrical spin torque can also be
derived by perturbation theory. It is then an effect of order J2. However, it is shown that an
interplay of correlation, spontaneous symmetry breaking, and Goldstone modes can strongly
boost the geometrical spin torque and lead to a sizable long-range effect.

Finally, the adiabatic constraint can be treated using statistical mechanics, which results in
the so-called adiabatic response theory. Applied to spin systems, this yields a spin-Berry cur-
vature consistent with the Lagrangian approach and, for weak-J, is in agreement with linear
response results. Importantly, both the linear and adiabatic response approaches give ex-
pressions for another essential effect of spin dynamics, the Gilbert damping. Usually, Gilbert
damping is simply represented by a scalar quantity but it may be a highly nonlocal tensor in
some cases. It is found that the nonlocal elements of the Gilbert damping can have a strong
impact on the relaxation dynamics and may even counterintuitively cause longer relaxation
times. The magnitude of the effect depends on the number of impurity spins and also their

relative spatial locations.



Zusammenfassung

Diese Arbeit untersucht die Realzeitdynamik von quanten-klassischen Spin-Storstellen Mo-
dellen mit Zeitskalenseparation. Die Modelle bestehen dabei aus einer kleinen Anzahl (< 10)
von klassichen Storstellenspins, die an ein quantenmechanisches Substrat gekoppelt sind. Es
wird durchweg angenommen, dass die Dynamik des Substrats schnell ist im Vergleich zur
Zeitskala, auf der die Spindynamik ablauft.

Die Zeitskalenseparation motiviert die Einfiihrung einer adiabatischen Zwangsbedingung auf
dem Hilbertraum des Substrats. Hierbei kann man zwischen einer strengen adiabatischen
Zwangsbedingung, bei der das Substrat auf seinen Grundzustand beschrankt wird, und ei-
ner gelockerten adiabatischen Zwangsbedingung, welche ein paar der niedrigsten angeregten
Zustande miteinbezieht, unterscheiden. Wenn man diese Zwangsbedingung in einer Lagrange-
schen Formulierung der Theorie einbezieht, ergibt sich ein geometrisches Spindrehmoment in
den effektiven Bewegungsgleichungen, das in anderen Behandlungen der effektiven Spindyna-
mik, wie z. B. der Landau-Lifshitz-Gilbert-Gleichung, nicht vorhanden ist. Dieses geometri-
sche Spindrehmoment kann einen starken Einfluss auf die Spindynamik haben, zum Beispiel
in Form einer anomalen Prazessionsfrequenz, und ist proportional zur Spin-Berry Kriimmung
des Substrats. Die konkrete Form der Spin-Berry Kriimmung, und somit des geometrischen
Spindrehmoments, hangt stark von der Art der Zwangsbedingung ab. Wéhrend einige Ef-
fekte bereits im Rahmen einer strikten adiabatischen Naherung beschrieben werden kénnen,
findet man, dass fiir gewisse Systeme und Paramterregime die Lockerung der Zwangsbedin-
gung notwendig ist.

Fiir schwache quanten-klassische Austauschkopplung J kann das geometrische Spindrehmo-
ment auch perturbativ, mittels der adiabatisch-modifizierten linearen Antworttheorie her-
geleitet werden. Hier ist es ein Effekt der Ordnung J2. Es wird jedoch gezeigt, dass ein
Zusammenspiel von Korrelation, spontaner Symmetriebrechung und Goldstone-Moden das
geometrische Spindrehmoment stark erhohen und damit einen betrichtlichen und langreich-
weitigen Effekt zur Folge haben kann.

SchlieBllich kann die adiabatische Zwangsbedingung auch im Rahmen der statistischen Me-
chanik behandelt werden, was in der sogenannten adiabatischen Antworttheorie resultiert.
Angewendet auf Spinsysteme erhélt man eine Spin-Berry Kriimmung, die konsistent mit den
Resultaten aus dem Lagrange Formalismus und der linearen Antworttheorie ist. Insbesondere
liefern die Antworttheorien auch Ausdriicke fiir einen anderen wichtigen Effekt der Spindy-
namik, die Gilbertdampfung. Normalerweise wird diese als skalare Grofle dargestellt, jedoch
kann sie auch die Form eines hochgradig nicht-lokalen Tensors annehmen. Man findet, dass
die nicht-lokalen Elemente des Gilbertdampfungs-Tensors einen starken Enfluss auf die Rela-
xationsdynamik haben und kontraintuitiv die Relaxationszeit sogar vergrofiern konnen. Die
Starke dieses Effekts héngt hierbei von der Anzahl der Storstellenspins und ihren relativen

Abstanden zueinander ab.
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1 — List of Publications

This cumulative thesis is based on three publications [I], [II], and [III]. These publications are
listed chronologically below and are also presented in the thesis in that order. Publication
[I] is presented in the last section of chapter 4, while publication [II] is found in the second
section of chapter 5. Both publications deal with the geometrical spin torque, which is closely
related to the spin-Berry curvature 2. Chapter 4 introduces adiabatic spin dynamics (ASD)
theory. This is applied to a system of a single classical spin coupled to a one-dimensional
tight-binding model. In publication [I] ASD is extended to non-Abelian spin dynamics (NA-
SD) theory, which is then tested for the same system. Chapter 5 starts with the calculation of
2 for a host system of a ferromagnetic Heisenberg model using spin wave and linear response
theory (LRT). This approach is then adapted in publication [II] for an antiferromagnetic
Heisenberg model. The last publication [III] is presented at the end of chapter 6, after the in-
troduction of adiabatic response theory (ART). This publication deals with the calculation of
the Gilbert damping via the two different theories ART and LRT and subsequently computes
and compares the corresponding spin dynamics, with the Rudermann-Kittel-Kasuya-Yosida

(RKKY) interaction playing a minor role.

Publications:

[I] N. Lenzing, A. I. Lichtenstein, and M. Potthoff, Emergent non-Abelian gauge theory in
coupled spin-electron dynamics, Physical Review B 106, 094433 (2022).

[II] N. Lenzing, D. Kriiger, and M. Potthoff, Geometrical torque on magnetic moments

coupled to a correlated antiferromagnet, Physical Review Research 5, L032012 (2023).

[IITI] N. Lenzing, D. Kriiger, and M. Potthoff, Microscopic theory of spin friction and dissi-
pative spin dynamics, Physical Review B 111, 014402 (2025).

Declaration of Contribution

[I] N. Lenzing wrote the computer code, performed the numerical simulations, created all
plots, and did the analytical calculations. All authors participated in the planning of

the project, the analysis of the numerical results, and the writing of the paper.

[II] N. Lenzing wrote the computer code, performed the numerical simulations, and created
all plots for the spin wave theory part of the paper. He also conducted the analytical
calculations for that part of the paper. All authors participated in the planning of the

project, the analysis of the numerical results, and the writing of the paper.

[ITIT] N. Lenzing wrote the computer code, performed the numerical simulations, created all
plots, and did the analytical calculations for all parts except section VIJ. All authors
participated in the planning of the project, the analysis of the numerical results, and

the writing of the paper.
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2 — Introduction

The discovery of the electron in 1897 by Sir Joseph John Thomson and the accurate measure-
ment of its charge in 1909 by Robert Andrews Millikan and Harvey Fletcher in their famous
oil drop experiment [1] paved the way for the research area of electronics. Put simply, elec-
tronics uses the charge of the electron to store and transport information, and thus operate
technical devices. A pivotal advancement that furthered modern electronics was the invention
of the point-contact transistor by John Bardeen, Walter Brattain and William Shockley in
1947 at Bell Labs. In the following decades, transistors gradually replaced vacuum tubes as
the leading electronic component and nowadays most devices are solid-state based. Two of
the main advantages of transistors over vacuum tubes were that they are more compact and
have a better scalability, thus facilitating the construction of smaller devices. In particular,
this was crucial for integrated circuits also known as computer chips. Over the years, the
number of transistors in an integrated circuit grew exponentially, as conjectured by Gordon
Moore in the famous Moore’s law, enabling the rapid increase of computing power, which
shapes today’s digital age. It is predicted, however, that this growth will stop in the near
future, due to (fundamental) physical limitations. Therefore, it is prudent to look for other
means with which to drive technological progress.

One such opportunity lies in the field of spintronics [2-5]. In contrast to conventional elec-
tronics, the focus is not only on the charge of the electron but includes its spin degrees of
freedom as well. Early works in this direction study, for instance, the mobility of an electron
in a ferromagnetic material. It is found that the mobility is spin-dependent [6]. A pioneering
moment for spintronics was the discovery of the giant magnetoresistance (GMR) [7, 8] that
enabled the efficient control of electron movement by means of their spin. It is observed in
magnetic multilayer structures of alternating ferromagnetic and nonmagnetic metallic layers.
The GMR is the effect that the electrical resistivity depends on the relative orientation, i.e.,
parallel or antiparallel, between the magnetic layers. A concrete example for such a multi-
layer structure is a spin valve [9], which is a trilayer structure, where a nonmagnetic metallic
layer is sandwiched between two magnetic layers. One of the magnetic layers is pinned, i.e.,
the magnetic moments are fixed by an external field, while the other is free. Spin valves
have already been used successfully in real world applications such as sensors [10]. Another
promising platform for spintronics is that of magnetic tunnel junctions (MTJ) [11], which
differ from spin valves in that the nonmagnetic layer is insulating instead of metallic. Here,
one observes tunneling magnetoresistance (TMR), which is similar to GMR. Magnetic tunnel
junctions are key for magnetic random access memory (MRAM) [12,13], which is believed to
potentially combine short access times with less power consumption and nonvolatility, i.e.,
it does not require power to maintain the stored information [14]. Apart from novel stor-
age devices there is also research into novel logic devices using MTJ [15,16], which promise
high-speed operations [16,17]. The advancement of spintronics is closely connected to nano-

magnetism [12] and relies on the understanding of the effects that govern spin dynamics on




2 Introduction

the atomistic scale, which is the overarching topic of this thesis.

One of the first widely used equations to describe spin dynamics theoretically is the Landau-
Lifshitz-Gilbert (LLG) equation [18,19], which describes the real-time dynamics of magnetic
moments in an (effective) magnetic field while also including damping effects. It is the suc-
cessor of the Landau-Lifshitz equation, whose phenomenological damping term was modified
by Gilbert to eliminate problems that existed for large damping. Hence, the prefactor « of
the damping term is commonly referred to as Gilbert damping. While the Gilbert damp-
ing parameter is often treated as a scalar, it is actually a nonlocal, potentially nonuniform,
tensor « [20-22]. The nonlocalities can have a significant impact on the spin dynamics [23]
and are also a major topic in publication [III]. As mentioned above, the Gilbert damping
and the LLG equation were originally a phenomenological description of spin dynamics and
were used only in the context of the macrospin approximation in micromagnetics [24], where
the magnetisation of entire domains is represented by a single classical macrospin S. How-
ever, this treatment glosses over many physical details and is often insufficient to accurately
explain all the relevant interactions like spin inertia effects [25-31] and the RKKY interac-
tion [32-34]. The RKKY interaction is an indirect exchange coupling that is mediated by
conduction electrons and has to be understood from an atomistic point of view. Thus, it is
preferable to derive oo and LLG-like equations by an atomistic approach using first principles
[27,31,35-45]. In these kinds of derivations, the usual starting point is a lattice Hamiltonian
describing an electronic host system to which spins are coupled, i.e., a kind of Kondo model
[46,47]. These models have already been applied in the context of the nonequilibrium dy-
namics of spin-valve-like structures under an external current, see for example [48-50].

This thesis deals exclusively with impurity models, where only a few (< 10) spins are cou-
pled to the host system. To get an effective LLG-like equation of motion for the impurity
spins, one has to “integrate out” the electrons. This can be done via linear response theory
(LRT) [45,51], where the influence of the host gets absorbed into the magnetic susceptibility
X from which, for instance, the Gilbert damping can be computed [45,52-54]. The effective
spin-only theory greatly simplifies the computation of the spin dynamics since the dynamics
of the host is not considered explicitly but is contained in x. This approach will be explained
in chapter 3 and is applied to a ferromagnetic Heisenberg system in chapter 5. It is also
the method used in publication [II]. However, it is sensible, where possible, to compare the
results of the effective theory against results of the full theory including both spin and host
dynamics, to gauge the validity of the effective theory away from the domain where the full
theory is feasible. Computationally, it is very advantageous to treat the impurity spins as
classical vectors of fixed length, an approximation that will be used throughout this thesis
and is quite common in spin dynamics, cf. [45,48,49,55-57]. How to compute the dynamics
of quantum-classical impurity systems will be discussed in chapter 3.

An important consideration that is a main topic in this thesis, but is completely absent in
the LLG equation, is the treatment of different timescales. Arguably, the most prominent
example in physics is found in molecular dynamics. Here, it is common to assume a timescale
separation between nuclei and electrons due to their mass difference [58,59]. This justifies

a separation of the total wavefunction into an electronic part and a nuclear part, which is
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2 Introduction

known as the Born-Oppenheimer approximation [58,60]. If additionally the nuclei are treated
as classical point particles, their dynamical equations reduce to those of classical particles
in a potential, given by the effective potential of the electrons. The electrons, on the other
hand, are still treated as quantum particles but now their equations of motion depend on the
nuclei only parametrically through their classical position vectors. In quantum-classical im-
purity problems considered here, one has an analogous situation with a timescale separation
between fast electronic and slow spin degrees of freedom. Another approximation that is reg-
ularly invoked in the context of timescale separation is the adiabatic approximation [61-63].
It assumes that at every instance of time ¢ the state of the fast variables is given by the
ground state for the instantaneous configuration of the slow variables. While in the case of
the quantum-classical impurity models, this is a holonomic constraint on the electronic host
system, it has a feedback effect on the dynamics of the spins. Namely, there is a geometrical
spin torque that enters the effective spin-only equations of motion. Such feedback effects are
connected to the Berry curvature [64-66] and have been explored for spin systems [67-69].
A theoretical framework is given by adiabatic spin dynamics (ASD) theory [56], which will
be introduced in chapter 4. ASD demonstrates that the inclusion of the adiabatic constraint
into the theory has to be done via a Lagrangian formulation, i.e., the geometrical spin torque
is non-Hamiltonian as opposed to the Hamiltonian spin torques in the LLG equation. How-
ever, in some cases, constraining the electrons to the ground state might be too strict of an
approximation to capture all the relevant physics, e.g., inertia effects [29], and one has to
relax the constraint to include a certain number of the lowest excited states. How this is done
systematically is explained in publication [I], where the extension of ASD called non-Abelian
spin dynamics (NA-SD) theory is worked out.

Timescale separation can be applied not only to coupled electron-spin systems, but also to
systems exclusively containing spins. In [70] this is done for a purely classical system consist-
ing of different types of spins, “slow” and “fast”, coupled via an isotropic Heisenberg exchange
interaction. Similar to the quantum-classical electron-spin case this yields an additional spin
torque. In Chapter 5 this is discussed in the context of a quantum-classical spin-spin model
with a classical impurity spin coupled to a Heisenberg model. Due to the interplay of corre-
lations, spontaneous symmetry breaking, and gapless Goldstone modes one expects a large
geometrical spin torque. Although this turns out to be false for the ferromagnetic case, see
section 5.1, the description serves as a good basis for the understanding of publication [II],
where an analogous procedure is applied to an antiferromagnetic host.

A weakness of ASD and NA-SD is that both are only valid at zero temperature and do not
produce an expression for the Gilbert damping. These problems can be addressed using
adiabatic response theory (ART) [71,72] that is introduced in chapter 6. It formulates the
adiabatic approximation in a finite temperature, statistical mechanics framework and pro-
vides expressions for both, Gilbert damping and geometrical spin torque. ART describes the
response of a system to a slow perturbation, in contrast to linear response, which applies to
weak perturbations, but for certain situations both theories can be shown to yield qualita-
tively the same results. This is taken up in publication [III], which deals with dissipative spin

dynamics and compares the results for ART and LRT after putting both on equal footing.
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3 — Quantum-Classical Spin Dynamics

The classical approximation of quantum mechanical quantities is an ubiquitous theme in
theoretical physics. Arguably, this is known best from molecular dynamics [58], where the
coordinates of the nuclei are usually treated as classical variables. However, it is also common
for magnetic moments, which can be modelled as classical spins. The focus of this work is on
magnetic moments coupled to a system of itinerant electrons, where treating the magnetic
moments as classical spins results in a quantum-classical hybrid model. The main motivation
for a classical treatment comes from the fact that this simplifies analytical and numerical
calculations, however, at the expense of quantum phenomena of the magnetic moments, such
as the Kondo effect [46]. This chapter introduces the quantum-classical spin models that
are used throughout this thesis and explains how to generally compute quantum-classical

dynamics.

3.1 — Hamiltonian and Equations of Motion

A generic quantum-classical spin Hamiltonian H (S), with M classical spins coupled to a

quantum system, has the form

I:I(S) :ﬁqu+ﬁint(s)+Hcl(S)> (3'1)
where S = (S1,...,Sn) describes the entirety of classical spins, which in this work are
typically of fixed length S,, = |S,,| = 1. The Hamiltonian consists of three parts: fIqu is

the quantum part, in this work typically a system of itinerant electrons, H. the classical
part, e.g., interactions among the classical spins or with an external magnetic field, and
ﬁint describes the interaction between the quantum and classical degrees of freedom. The
interaction term is a quantum operator that depends parametrically on the classical degrees
of freedom. The classical approximation of the spins can be reasonable, e.g., for large spin
quantum numbers [30, 73].

All models considered in this thesis are models on a discrete lattice. The interaction term

always takes the prototypical form
Hue =7 8, Sm(t), (3.2)
m

which is a quantum-classical version of the multi-impurity Kondo, or s-d exchange [74],
interaction. Here s; is a local magnetic moment of the quantum subsystem at lattice
site i, and J denotes the quantum-classical exchange interaction, which is assumed to be
equally strong at every lattice site. Note also that the classical spins are explicitly time-
dependent. Assuming that ﬁqu describes a noninteracting system, the treatment of S,, as
either a classical vector or a quantum operator makes the difference between a free or a

correlated problem, i.e., if the computational complexity of the system scales polynomial
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3 Quantum-Classical Spin Dynamics

or exponentially with the system size. In the latter case, one would deal with a Kondo
(multi-)impurity problem, which has to be solved using advanced numerical techniques. For
a single impurity or a one dimensional system one can use the density matrix renormalisation
group method [75-77], but even then accessing long timescales is difficult. Nevertheless, it is
prudent to study cases for which a comparison between quantum-classical and full-quantum
dynamics is possible, in order to estimate the reliability of the quantum-classical results in
regimes where a full quantum solution is not achievable [30,56].

The dynamics of the quantum system is governed by the Schrédinger equation

(1) = [Ha+ B (S(0)] 1910, (33)

where |¥(t)) is the multi-particle wavefunction. In the case of a noninteracting quantum part
flqu, one is effectively on a one-particle level and it is thus possible to describe the system

dynamics via the one-particle reduced density matrix

piitar (t) = (ch o (t)cio (1)) (3.4)

with the fermionic creation and annihilation operators cga

and c;s. As usual 7,4 refer to
lattice sites and o, 0’ denote the spin projection with respect to the quantisation axis, which
in this thesis is always the z axis. Concretely, the quantum part of the Hamiltonian takes
the general form ﬁqu =D ool ii’oa’C;‘rUCi’o’ with hopping amplitudes T};/ ;4. Since the local
magnetic moments can be expressed as s;,, = g o cjm »Too'Cipy o' » With the vector of Pauli

matrices T := (7, 7y, 7.)7, the interaction term is also bilinear in c-operators and we can

formulate the model in terms of an effective hopping matrix T°% as

& & § : eff
Hqu + Hint = Tm oo’ C oCilo
it'oo’!

=: Z <T‘ii/go/ + %5”/ [Si(t)T]o'a’> ngcila/, (35)

i’ oo’

where we set h = 1. The elements of the hopping matrix 7" and the quantum-classical coupling
J determine the timescale on which the electron and spin dynamics take place, respectively.
The dynamics of the one-particle reduced density matrix is given by a von Neumann equation

. d eff

io(t) = |T7(8), p(t)|. (3.6)
There exist several schemes to compute the dynamics of classical degrees of freedom in
a quantum-classical setup, the most common of which is the Ehrenfest dynamics [78-80].
Here, the expectation values of the quantum mechanical quantities are taken when deriving
the equations of motion (EOM) of the classical degrees of freedom. The time evolution of
functions depending on classical observables is then given by the Poisson bracket with the

expectation value of the full Hamiltonian (3.1). For functions in classical physics depending

on spin degrees of freedom, one has to use a generalised version of the Poisson bracket [81,82]

13



3 Quantum-Classical Spin Dynamics

that is defined as

of 0g 0g Of  Of dg
= e - — Si , 3.7
tha} zz: [8% op; 0q;0p; 0S; . 0S8, (3.7
where f = f({q;},{p;},{S:}) and g = g({q;},{p;},{S:}) denote two classical functions
depending on (generalised) position, momentum, and spin variables. Using this generalised
Poisson bracket, the EOM of the mth classical spin is given by

O(H),

Sy ={Sm, (H)} = 95, X Sy (3.8)

In the case of the Kondo-like interaction term (3.2), this yields

chl
0Sm

S = J(3i,,)t X S + X Sm, (3.9)
where for noninteracting ﬁqu the expectation value of the local magnetic moment s;,, can be
computed as (§; ) = % Y oo’ Pimaimo' (t)Toor. In the case of an interacting system one has to
use the full multi-particle wavefunction |¥(¢)).

An approximation that will play a central role is the adiabatic approximation. It leads
to a geometrical spin torque when analytically evaluating %ﬁg giving new physical insight
concerning the feedback of the quantum system on the classical spin dynamics. This will be

explored in chapter 4 and is the topic of publication [I].

3.2 — Linear Response Theory

Concerning the quantum-classical coupling strength .J, it is often sensible to assume it as
weak compared to the nearest-neighbour hopping amplitude or other couplings. In the weak-
J regime, one can use linear response theory [51,83] to compute the expectation value (8;,, )¢.
Linear response theory is generally applicable to calculate the response of a system under

small time-dependent perturbations. This is described by a Hamiltonian of the form
H'(t) = Ho + Mt)H], (3.10)

where the unperturbed Hamiltonian Hy is time-independent and A(t), describing the time-
dependent coupling to ﬁl, is small for all £. The time-dependent expectation value of an

observable A with regard to the full Hamiltonian H' can then be expressed as

(A= (0 —i [ ) ([Aw. 1 @)])” (3.11)
—o0
discarding terms of order O(A?). This is Kubo’s formula [51]. Here (A)(© is the expectation
value with regard to H,. Furthermore, Hj is now expressed in the interaction picture and thus
time-dependent. In terms of the quantum-classical Hamiltonian introduced in (3.1) and (3.2)
one has ﬁo = lﬁfqu + Hg and a sum of multiple time-dependent perturbations )\m(t)lﬁlm with
Am(t) = JSm(t) and H,, = 8; . Using (3.11), the expectation value of the local magnetic

14



3 Quantum-Classical Spin Dynamics

moment at site i, is

(0)
dt’ < [éim (t), Z éim/ (t/)Sm’(t/)] >

t
= (3:,) 0 + 7Y / dt'y, (1) S (t) (3.12)

t
(80,01 = (35,0 — i /

—00

with the magnetic susceptibility x defined by

Xomamrar (6:8') = =i0(t = ¢) (|32, (1), 557, (¢)] >(0) . (3.13)
Using that (A4)(©) = +Tr [eﬂﬁ(’fq and §;,,(t) = f:“ﬁ"‘ﬂté:ime_“%t7 one can show that the sus-
ceptibility is homogenous, i.e., Xmam/a’ (t; ') = Xma,m/a’(t — '), see Appendix A.
If one assumes the electron dynamics to be much faster than the spin dynamics, the magnetic
susceptibility will be strongly peaked at ¢’ =~ ¢ [45]. A Taylor expansion of S,,(t') around
t' =t yields Sp(t') = Sm(t) + (' — 1)Sm(t) + O(t' —1)%). Due to Xmamar (t — t') being

peaked at t' ~ ¢, the first two terms are sufficient when inserting into (3.12). This gives

t t
(Bin)e = (30,) O + T3 S 1) / dt'x,, (=) + T3 S (t) / ' —t)x, (t—1)

—00

t t
—00 —0o0

= (3;, )0 +JZSm/(t) / d@mm,(r)—JZSm,(t) / drrx (1), (3.14)

where the second equality follows from the integral transformation ¢’ — 7 = t—¢'. In the limit

t — oo the integrals can be written in terms of the Fourier transform of the susceptibility

00 0o
Xma,m’a! (w) = / dweZWTXma,m’a/(T) = / dW€WTXma,m’a’(7—)a (3'15)
0

—00

where the lower bound of integration can be set to zero since the susceptibility contains a
©(7). Note that the limit ¢ — oo is only executed for the integral and not for the classical

spins S,/ (t). For the expectation value, one gets

Bip)e = 3,) O+ T x, (W)

w=0

Sor(t) +iJ D X, ()

such that the EOM are

Snt) = (JW”) T2 X @)

Spu(t) + 11> ux, ()

m

.S"m/(t)> X Sy (t).
0

(3.17)

w=0 w=

As a matrix in the multi-indices (m,«) and (m’,a’) the susceptibility can be split into a
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3 Quantum-Classical Spin Dynamics

symmetric and an antisymmetric part as Xma,m'o’ = Xf’n amlar T X;i am/es With

1

ana,m’a’ = §<Xma,m’a’ + Xm’a’,ma) (318)
1

Xﬁza,m’o/ = i(Xma,m’a’ - Xm’a’,ma); (319)

i.e., symmetric and antisymmetric with respect to the multi-indices (m, «) and (m’, ). The

symmetric part of the second term in (3.17) is the familiar RKKY coupling [32-34]

mm/ oo’

T 1= T X (0), (3.20)

which is an indirect exchange interaction between local magnetic moments, that may be me-
diated by magnetic ions or localised electrons in partially filled electron shells [84]. Including

this term already on the Hamiltonian level, gives a term of the form

T2 SmxS (0)S. (3.21)

It is important to note that, actually, the symmetric part of the magnetic susceptibility can
itself be split into two different contributions. One part is symmetric not only with regard
to the simultaneous exchange of (m, ) with (m/, ') but also under the individual exchanges
m <> m’ and « <> o/. This is the RKKY interaction from equation (3.20). The other part is
antisymmetric under both of the individual exchanges. This latter part, which we will denote
by D,y
the cross product it holds that

is thus an antisymmetric 3 x 3 matrix in the spin indices for fixed m and m’. For

0 —v,
vxS=AMw)S with A:=| v, 0 —ug |, (3.22)
—Vy Vg 0

with any real 3-vector v. Hence, one can write

T2 " SmD Sor = I Sp(Drgrr X Spt) = J* Y Doy (St X Sin),  (3.23)

where in the last equality we used the cyclic property of the triple product. With the 3-vector
D,,,» changing sign under exchange of m and m’, this term is in fact a Dzyaloshinski-Moriya
[85,86] or antisymmetric exchange [87] interaction. However, for the models considered here
it is zero. This is because their respective hopping matrices are spin-diagonal and spin-
independent and therefore the corresponding magnetic susceptibilities are symmetric in the
spin indices.

The third term in (3.17) can be split into a symmetric and an antisymmetric part in exactly
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3 Quantum-Classical Spin Dynamics

the same way and one can define

Qo = —120,X5 () (3.24)
w=0

o = —isfont (W) (3.25)
w=0

, is the well-known Gilbert damping and Q%)

where o, m

m produces a non-Hamiltonian spin
torque and has a geometric nature. It is closely related to the Berry curvature with regard

to the parameter space of classical spin variables, as will be discussed in section 4.4.

3.3 — Lehmann Representation

For analytical and numerical calculations, it is convenient to express the magnetic suscepti-
bility in terms of (multi-particle) eigenenergies and eigenstates. This can be done by inserting
an identity operator via the completeness relation 1 =) |n) (n|. From now on we omit the
superscript (0) and it is understood that all expectation values are taken with regard to the
eigenstates of Hy. This yields
Xma,m'a’ (t) = *IL’@(t) < [§?m (t)’ §?m/ (0)} >
1 A
= —iO(t) Tr {Ze—ﬂHO(gq ()52 (0) — 5% (0)5% (1))

im Tn Lyt im

_ —i@(t)% S e BB ((n] 82 (1) |n') ('] 5, |n) — n 6 1)

Tyt
nn'
1 . /
= —i6(t), > e B BBt (] 52 |n/) ('] 8 n) —m > n)  (3.26)
nn'

with eigenenergies F,, and eigenstates |n) of Hy and the inverse temperature 3. The notation
n <> n' symbolises that the second term in the brackets is equal to the first after exchanging
n and n/. Computing the Fourier transform involves the integral [°° dte!@HEn=Etg(t)
which does not exist as an integral over complex functions. However, instead we can treat

the integrand as the integral kernel of a distribution, i.e., see how it acts as a linear functional

é[gp] = /00 dwé(w)cp(w), (3.27)

— 00

where p(w) is any test function. We can then regularise the integral as

o0 (o)
/ dt lim e!@WHEn—Ept+imt o iy dte! @t En—Eytin)t
0

n—0+ n—0% Jo
o
. 1 ; _ _
= lim - ez(w—i—En En/)te nt
n—0t i(w + Ep — Ey) — 1 o

7
= lim
n—0+ (w + En - En’) + ”7
)

= . 2
(w+ Ep — Ey) +1i0T (3.28)
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3 Quantum-Classical Spin Dynamics

Thus, the Fourier transform of x,,a,m/o/(t) is given by

Z . n| L) 5 )l s, ) ()58, ) 529
Xma,ma E _E )+2'0+ w+(En’_En)+20+ . .

It is important to note that one cannot simply identify {07 = 0 at this stage in general.
Instead, both sums have to be computed and in the resulting expression the regularisation
term might then be set to zero if the thermodynamic limit is taken beforehand [23].

Symmetrisation and antisymmetrisation of (3.29) yield

1 ) » 1
Ximw“@”::ZEjamnwﬁvﬂﬁnM»@fS%/m}<w+%En—Emw+w+_”€+ﬂ>

A 7 " R ! 1
Xma,m’a’(w) = Z Z eﬁE Im{<n| Siam ’n,> <7’Ll‘ S?m/ |7”L>} <w + (En _ En,) + 40Tt Tne nl) ’

(3.30)

Interestingly, the symmetric part vanishes if {07 can be neglected. The Gilbert damping and

the spin torque from above are easily calculated to be
= szeBE" Re{<n| 53 ‘n/> <n’|.§q/ \n}}lm !
VA / im Lot (En _ En’ + i0+)2
nn
2
==z Z P En Im{(n| 8 |n") (n
nn/

7iawxia,m’a’ (w)

_iawxréza,m’a’ (w)

, 1
" R
%M”e&m—m+WV

(3.31)

which in the zero temperature limit (8 — o) become

) o o 1
77/8“-7)(;87'7,0[7”1,/&/ (w) =—2 Z Re{<0| Sim |TZ> <’I’L| Sim/ ‘O>} Im{ (EO —E, + Z’O+)2 }
w=0 n "
N ~a 1
0t ()] = =23 T (0185, ) (]85, 10) } Res ey o (332)
w=0 n "

where |0) denotes the ground state of Hy.

In the case of a noninteracting quantum system, the Fourier transform of the magnetic
susceptibility and its w derivative evaluated at zero can be expressed in terms of single-
particle quantities To compute the susceptibility, one has to compute expectation values of

the form (5.

()85 /(0)>, where the indices  and s denote orbital degrees of freedom. For a
noninteracting system, these expectation values can be calculated analytically using Wick’s
theorem [88,89]. With this, it is possible to express higher order correlation functions in

terms of single-particle correlations. Wick’s theorem can be stated as

(T (doy (1) -+ - da, (7)) = {sum over all fully contracted terms} (3.33)

with the time-ordering operator 7 and d,(7) denoting either an annihilation or a creation
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3 Quantum-Classical Spin Dynamics

operator whose time-dependence is given by d,(7) = eiHUTdae_iﬁUT. For operators at the
same time the ordering operator puts creators to the left of annihilators. Under 7 all fermionic

creation and annihilation operators anticommute such that

T(diy -+ di,) = (=1)Pdy, - - dp,, (3.34)

where the operators on the right hand side of the equation are properly ordered and p is the
number of permutations needed to go from (iy,...,s) to (ki,...,ks).

A contraction always pairs two operators to give

dudy = (T(did). (3.35)

which is a complex number. In order to compute (5%(t)5%.,(0)), one needs to calculate the

two-particle expectation value (c;rm(t)cim/ (t)cj/r ~(0)cirrr7(0)). Assuming that ¢ > 0, it is

[ | [ |
(et o (O cirgr (t)ehyr (0)cirgr(0)) = by () cingr () €l (0) e (0)

Lo ()72 (0) i ()b (0)

= (¢l o ()ciro (1)) (el (0)ciryr7(0))

(b o (B (0)) (cirr (£l (0)

=: I79 77 (). (3.36)

iri'r!

To evaluate the one-particle correlation functions, one can use the following identities:

Ca(T) = €T, e tHOT — Z (e’iIT)a/B s (3.37)
B
CL(T) _ (eiHOTcae—iHOT)T _ Z Cg (GZIT)BQ (338)
B
(ea(r)eb () = 3 (€7T7),,, (ereh) (¢77) (3.39)
)

1
}: T _ (1 _
c”/c(S 7.k 1+e 5(€(k) )U ko — (1 +6_ﬁ(T_“))fy5 (1 P)’yzS (3-40)

1
f o o
Z Us k eB(e ,u) + lUk,v (eg(T_“) T 1>57 = Psy (3.41)

with the one-particle reduced density matrix p,g. For the time being, it is useful to introduce
multi-indices «, B, v and § to combine lattice, orbital, and spin degrees of freedom, such

that for instance o = (i,7,0). Also U is the matrix that diagonalises the hopping matrix

19



3 Quantum-Classical Spin Dynamics

T = UeU'. With these relations, a general single-particle correlation function is given by

1
T —ZTT f irr!
{ca(T )C,B ZZ ch% 1 4+ e—BEk)— )U“( )5,3
¥5 k
/ ]_ o 1 /
—ie(k")T ie(k")T
_Z Z Uak/e U]I”yU’YkmU];SU&k"e (k") U]j;”,ﬁ
v6 kK k"
e—te(k)(T— 7')
_'E:lzlk1+,—ﬂ i Uhs: (3.42)

with exr = e(k), i.e., € is a diagonal matrix in k. Analogously, it is
ele(k)(r— 7')

1.
(ch(T)es(T ZUB kB ) 1 ke (3.43)

Plugging this into (3.36) and going back to explicitly writing out the spatial, orbital, and

spin indices, one ends up with the expression

oo’ 1! £ — Uiro'/’kl/aU’Il/a,iT‘UUi/T/T/»kJV/a/Ulj}"l//a/,i/’l‘/T
arilr! (>_ Z (1_,_e—ﬁ(al,a(k)—u))(l_|_e—,8(€,,/a/(k;/)_ﬂ))

k,v,a
k' v a
+ Z Uirr'e kva gl/a zmelsm(k)tUiW/,k’V/a/ U]I’u’a’,z"r’-reiisyla/(k/)t (3.44)
h l/a ]_ + e‘ﬁ(ava(k) N))(eﬁ(eu’a’(k/)_ﬂ) + ]_) ’
k/
With this, the expectation value of two spin operators is easily computed as
<'§zq;"(t i’r 4 Z JUU’JTT’IZ“CZITTT (t) (345)

’TT

For the susceptibility, which depends on the expectation value of the commutator, one needs
the adjoint (3% ,(0)5%(t)) as well. Here it is useful to note that (A) = (A)*. Since the Pauli

L ey o v« .
matrices are Hermitian, it is (¢2,,)* = 0%,,. Thus, one gets

([s50).55.0)]) = ZUUU/U (L5557 (&) = (12577 (). (3.46)

In taking the difference 19977 (t) — (IZ.977(t))* the time-independent terms cancel

cileva(k)—e,rq (K))t

IUU d t o'or'T ) = UilTlT/akVaUgua,iraU”’U/Jf/’/ a,UlJcr’V a'i'r'r
iri'r! ( )_( iri'r! ( )) - Z (1 + e—Bleva(k)— ))(6’3(5 1ot (KN =) + 1)

k,v,a
k/,lj/,a/
Z Uira kVaUllLua,i’r/T’ e U]I/y/a/,irgle_i(sya(k)_a”/“/ (K")t
kva (1 + e_ﬁ(eua(k)—u))(eﬁ(gu’a’ (k/)—'u,) =+ 1)
k:’,z/,a’
= 195,07 (). (3.47)
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3 Quantum-Classical Spin Dynamics

The magnetic susceptibility expressed in single-particle quantities is therefore given by

Xiroyi'r'a! ( = _76 Z O-O'O'IO-TT/IZU’I“Z :T (t) (348)

TT

From this expression the symmetric and the antisymmetric part as well as the Fourier trans-
form can be readily computed. Since the time dependence of Xjrq,i'ra/(t) comes from the
Heaviside function and the phase factors ei(s”“(k)*sv’a’(k/))t, the integral can be computed in

the same way as in the multi-particle case.
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4 — Adiabatic Spin Dynamics

In quantum mechanics the approximation of an observable as a classical variable is of-
ten accompanied by another approximation, the so-called adiabatic approximation. This
is again familiar from molecular dynamics, where it is often applied together with the Born-
Oppenheimer approximation [58]. The adiabatic approximation is an approximation concern-
ing the time evolution of a quantum system with time-dependent parameters and assumes
that the system is in the same energy eigenstate, usually the ground state, for all times and
corresponding instantaneous parameter configurations. The theoretical justification for the
applicability of the adiabatic approximation is given by the adiabatic theorem [61-63]. In the
following, it will be distinguished between strict and relaxed adiabatic approximations. The
former restrict the quantum subsystem to the (single) ground state, while the latter include
more than just a single state resulting in a state space of more than one dimension.

This chapter introduces the adiabatic spin dynamics (ASD) theory [56], which incorporates
the strict adiabatic approximation into quantum-classical spin dynamics. It starts by briefly
explaining the adiabatic theorem and then formulates the adiabatic constraint in the context
of quantum-classical spin dynamics. To correctly apply this constraint to the quantum-
classical spin models from chapter 3, one has to formulate those systems in terms of a
quantum-classical Lagrangian. The EOM of the classical spins, which are derived via the
Euler-Lagrange equations, show an additional spin torque, that results from a finite spin-
Berry curvature. This spin torque also connects to the non-Hamiltonian spin torque derived
above by linear response theory.

In some cases, the strict adiabatic approximation can be too restrictive to capture all relevant
physics and the constraint has to be relaxed. This is done via an extension of ASD called
non-Abelian spin dynamics (NA-SD), which is developed in publication [I] at the end of this
chapter.

4.1 — Adiabatic Theorem and Approximation

The adiabatic theorem states that a quantum system whose Hamiltonian H depends on
parameters that change in time stays in its instantaneous energy eigenstate for the whole
time evolution if the parameter change during that time is slow enough [61-63]. In its
original form, the theorem has been stated for the case of nondegenerate eigenstates and a
discrete spectrum of H [61] but has since been generalised to different scenarios [62,63].

The adiabatic theorem justifies the adiabatic approximation, where, for all times ¢, the time-
dependent state of a quantum system, which depends on parameters with a dynamics much
slower than the other degrees of freedom, is equal to an instantaneous energy eigenstate for
the given parameter configuration [90]. The instantaneous eigenstate is typically chosen to be
the ground state and the adiabatic approximation usually leads to a significant simplification

in the computation of observables.
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4 Adiabatic Spin Dynamics

For the quantum-classical spin systems of chapter 3 the strict adiabatic approximation reads
(W (t)) = [Wo(S(2))) Vi, (4.1)

where the parameters are the classical spins and |¥o(S(¢))) denotes the ground state of
the system at time ¢ with respect to the classical spin configuration S(¢). The physical
justification is that the timescale governing the dynamics of localised magnetic moments,
here modelled by the classical spins, is typically much longer compared to the timescale of
the dynamics of itinerant electrons such that the electrons almost instantaneously follow the
motion of the spins. In a quantum-classical spin model with an interaction term o J§S(t),
the timescale of the classical spins is mainly determined by the quantum-classical exchange
coupling J, which thus has to be sufficiently small for the adiabatic approximation (4.1) to
be valid. Quantum-classical hybrid systems often exhibit timescale separation between a fast

quantum subsystem and a slow classical part [59].

4.2 — Berry Phase, Connection, and Curvature

A concept that is closely related to the adiabatic approximation is that of the geomet-
ric and Berry phase [64,90]. Considering a Hamiltonian depending on parameters A(t) =
(A1(t), ..., An(t)), the adiabatic time evolution of a state |¥,,(A(¢))) is associated with a path
on the parameter manifold M. Apart from the usual dynamical phase factor e=ilo dt,E"(tl),

the state acquires a second phase factor given by

¢ — i I3 A (VAW) [ (AO)) (4.2)

where 7, is the so-called geometric phase. It can also be written in the form

=i [t (w0 2

0 ST ()

= / ) dAnC™ (A) (4.3)

with the Berry connection C7,(\) that describes parallel transport of |¥,(A(¢))) on the
manifold M. One feature of the geometric phase is that, in contrast to the dynamical phase
factor, it cannot be removed by gauge transformations if the path in parameter space is
closed, i.e., if A(0) = A(¢). It is then also known as Berry phase. A third quantity related to
both 7, and C7,(A) is the (Abelian) Berry curvature

g O N~ 1

ma,m'a’(A) = EN m’a’

~ ors OV, (4.4)

which is the exterior derivative of the Berry connection. From the definition it is immediately

obvious that the Berry curvature is antisymmetric, i.e., Q7 =-Q" Importantly,

ma,m’a’ m’a’ ;ma*

23



4 Adiabatic Spin Dynamics

the Berry curvature is invariant under local gauge transformations of the ground states
[To(A)) — |To(A)) = e®X) |Ty(N)) with a single-valued function ¢(X\). The connection
changes as C™(A) — C™(A) = i (U (A1) Va, [Tn(A(t)) — 222 and a direct calculation

OAm
shows
%) o 0¢
n/ _ n _
Qma,m’a’(A) - 8)\ma m’o/( ) 8)\ma a)\m’o/
o o 9
B 8)\m’o/ Cma(A) * 8>"rn’oc’ OMNina
= Qnma,m/o/()‘) (45)

with the derivatives of ¢ cancelling due to Schwarz’s theorem.

Since the classical parameters considered here are spins, the corresponding quantities C,(S)

and Q"

ma,m’a’

like the Berry curvature and connection can be defined for an arbitrary parameter dependence

(S) will be referred to as spin-Berry connection and curvature. While concepts

A(t), the name spin-Berry curvature is used to emphasise that the underlying parameter space
is different compared to the Berry curvatures usually found in physics, which are mainly
defined with regard to reciprocal space. The parameter manifold M of the classical spin
configuration is the M-fold Cartesian product of 2-spheres, i.e., M = 82 x --- x S2. For the
rest of the chapter the superscript n will be omitted and it is understood that all quantities

are expressed via the ground state |V (S(t))).

4.3 — Adiabatic Equations of Motion

Equation (4.1) is an additional holonomic constraint on the system dynamics. The question
is how to properly incorporate it into the EOM of the system. The most straightforward way
would be to plug it directly into (3.8) resulting in

O(H)o
S

S = X S, (4.6)
with (H)o = (¥o(S(t))| H |¥o(S(t))). This equation will be called the naive adiabatic EOM.
However, the naive adiabatic theory is often insufficient to correctly describe the adiabatic
dynamics, as will be shown in section 4.6 when examining a toy model.

The most natural framework for incorporating constraints into a dynamical system is the
Lagrange formalism. First, one has to define a Lagrangian from which the equations (3.3)

and (3.8) can be derived as Euler-Lagrange equations. Here, it is given by
L= L(57 S7 ’\Il> ) |\IJ>7 <\I]| ) <\I/D

= " A(S)Sm + (U(t)|i0, — H V(1)) (4.7)

with M classical spins § = (S1,...,Su). The term A(S) satisfies V x A(S) = —8/S3 and

can therefore be interpreted as the vector potential of a magnetic monopole located at S = 0.
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One has

1 exS

A(S):_?HeS/S

(4.8)

with a unit vector e. Plugging the constraint (4.1) into (4.7) yields an effective Lagrangian

that depends on the classical spins only

Les(S,S) = ZA m)Sm + (Uo(S(t))] i, — H |Wo(S Z)\ S2 (4.9)

where the A, are additional Lagrange multipliers that ensure the normalisation of the spins,
ie., Sy = |Sm| = 1. From this Lagrangian the correct adiabatic EOM can be derived via

the Euler-Lagrange equations, which are given by

iaLeH o aLeff m
dt9S,, OSm’

e{1,...,M}. (4.10)

At first glance, it looks like the first term in (4.9) depends on both S and S, while the second

terms depends on S only. However, this is not the case since

0 [Wo(8(t))) = Vs [Wo(S(1))) 8. (4.11)

Computing the right hand side of the Euler-Lagrange equations yields

OLefr _ 3 OAa(Sm) g o Z (<\1/0| i0, |Wo) — (Wo| |\110>) €a — 2AmSm

9S;m 2= 0Sma DSma
DAy (Sm) - B
msm’e“ 3 g ol g5 1) S
_Z (T 8Sma 1Wo) € — 2AmShm, (4.12)

where in the third term the Hellmann-Feynman theorem was used. For the derivative of Leg

with regard to S"m, one has

8Leff . 0
— = A(S), v Ug) eq 4.1
o = A+ (Wl ) e (4.13)
and it immediately follows
d OLeg 0Ay (Sm) 0
— = Sma€a’ o) Spvar€a- 4.14
008, = 0Spa " Hm%:a as , Vol g, Vo1 Smave (4.14)

With the definitions of the spin-Berry connection and curvature from above, the Euler-
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Lagrange equations can be written as

0A,  0A, \ . , )
= Z <85mo¢ B 8Smo¢/> Smaea, T Z Qm’a’,mocsm’o/ea + <\I]0| VSmH |\IJO> - 2AmSm

aa’ m'a’a

= —Sm X (Vsm X A(Sm)) + Z Qm/a@masm/a/ea + <\I’()| ngfl |\I/0> — 2 S

m/ o’ a

= Sm X Sm + Z Qm’a’,masm’a’ea + <\I/0‘ Vsmff |\Ifo> —2AmSm. (4.15)

m/a’a

Taking the scalar product with S), from the right, yields an equation that determines the

Lagrange multipliers

1 . )
)\m = 5 ( Z Qm/a/7ma5m/a/ea + <\IJO‘ VSmH |\IJO>> Sm, (416)

m'a’ o
while taking the cross product gives the effective EOM

S = (Ug| Vg, H|Wo) x S+ TE) x S, (4.17)

m

One can see that when treating the adiabatic constraint (4.1) via the Lagrange formalism

the resulting effective equations of motion exhibit an additional geometrical spin torque

T,(v%eo) X S, compared to the naive adiabatic dynamics. The geometrical spin torque is
defined via
T%eo) = ( )(Sm, S Z Qm ‘o maSm 'a'€q- (418)
m'a’a

The name geometrical spin torque derives from the geometric nature of the spin-Berry cur-
vature Q. Note that (4.17) is an implicit equation for S, since the right hand side still
depends on S, via the geometrical spin torque. An explicit equation can only be derived for

S = (Sl, cee SM) as a whole. The geometrical spin torque can be written as

T 5 0= 3 2 Y s S
Bvo m'a/

= Z Z Mm6,m’a’Sm’a’e§
5§ m'a

= (MS)mses (4.19)
0

with the definition of My,q m/a/ 1= ZBV €8vaSlm/a’ mpSmry- The first term in (4.17) can be
expressed as a matrix-vector product, see (3.22). Thus, one defines a block-diagonal matrix
A, Apamiar = Omny B, with the mth block B(™) given by

aa’?

0 —VUmz Umy
B™ = v, 0 —vmg | withw, = (0| Vs, H|Tg). (4.20)
—VUmy  Umz 0
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Therewith, the explicit form of the 3M-dimensional system of differential equations is

S=(1-M)"AS. (4.21)
Note that to compute S at every time step the 3M-dimensional matrix 1 — M has to be

inverted, which is numerically demanding for a large number of classical spins and/or long

propagation times.

4.4 — Lehmann Representation of the Spin-Berry Curvature

It is useful to express the spin-Berry curvature in terms of energy eigenstates, as was done

for the magnetic susceptibility above. A straightforward calculation yields

Qma,m’a’ = 7‘ <8Sma\1/0’ aS rat |\IIO - 2 <aS / /\IIO‘ 8Sma ‘\IIO>

=i> [(05,..Toln) (n| s, , 1%o) = (s,,,., To|n) (n| Ds,,,, |¥0)] , (4.22)
n#0
where |n) = |¥,,) denotes the nth eigenstate and for n = 0 both terms cancel. A further

simplification can be achieved by using the identity

(n /| asma )
(n ‘8Sma In) = E _E., for Ey, # Ey, (4.23)

which can be derived by differentiating the time-independent Schrodinger equation with re-
spect to Sy

05, (H(S) [W(8))) = 85, (En(S) [¥(S5)))
& (V| (05,00 H) [¥0) + Ent (V[ 35,0 [¥0) = (05,0 Bn) (Vo [Wn) +En (V| D5, | W) - (4:24)
=0 for n#n’

Plugging this into the spin-Berry curvature, one has

)

O| as In) (n as 1ot 0) (0] as 1ot In) <n| a
Qmama = ZZ

= (Eo — En)? - (Eo — En)?
oy U 0ol 0 42

n#0

Concretely, for a Hamiltonian of the form (3.1) and the interaction term (3.2) it is

o (0] Sma 1) (1] Smrar 0)
Qma,m/a/ = —2J Im % (EO o ETL)2 ’ (426)
n

which is independent of H.. The eigenstates and eigenenergies can be expanded around the
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eigenstates and eigenenergies of Hgy, i.e., around J = 0,

@) = [#) + 0() (4.27)
E,=EY +0(J). (4.28)

Since the spin-Berry curvature itself is of order J2, the corrections contribute only at O(J?)

such that one can write

0(0)>

Vnamrar = —27°Tm{ 3~ (O] 8ma ‘ng ) <n(2)‘ Sl + o). (4.29)

n0 (Ey ' — En’)?
The first term in the expansion of Q is equivalent to —iJ%d,x*(0), compare (3.32), if one
ignores the term 0" in the denominator. This is justified in the case of a nondegenerate
ground state which is separated by a gap from the rest of the spectrum. In the weak-J
regime one can, therefore, interpret the spin-Berry curvature as the linear response of the
electron system, described by ﬁqu, to a weak perturbation Hip. Typically, this regime tends
to be the most relevant for physics. However, there is a caveat when dealing with time-reversal

invariant systems, for which the first term in (4.29) vanishes [57].

4.5 — The Role of Time-Reversal Symmetry

The time-reversal transformation T is a discrete transformation [91] that acts as
TP, p——p, §— —8§ (4.30)

on position, momentum and spin operators. In contrast to most other transformations in
quantum mechanics, it has to be represented as an antiunitary, i.e., a unitary and antilinear,
transformation on Hilbert space. Let O be the operator representing time-reversal transfor-
mation. A system is said to be time-reversal symmetric if © commutes with the Hamiltonian
H. For a time-reversal symmetric system, it can be shown that it is either 02=10r6%=—1.
In the former case, one can find an orthonormal basis of time-reversal-invariant energy eigen-
states |¥,,) = ©|¥,). In the latter case, a state and its time-reversal partner are orthogonal
and energy-degenerate such that each energy is at least two-fold degenerate. These two-state
pairs are called Kramer’s pairs and the resulting degeneracy Kramer’s degeneracy.

The action of the time-reversal operator © on the fermionic field operators is defined by

it i 96 it (4.31)

For the local spin operator §;,, this means
~ A 1 ~ A A ~
93,6 = 73~ 6c],010c,0177)" = ~4ia. (4.32)
oo’

Considering a time-reversal symmetric system with a nondegenerate ground state, we have

©? = 1 since there is no Kramer’s degeneracy. The matrix elements of the local spin operator
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can then be calculated to be

(|0 | W) = (O] 50 |W,)

= (U] 674;,0 |T,,)*
= — (U] Bia | U) (4.33)

where the second equality results from the antilinearity of ©. Equation (4.33) shows that
the matrix elements of §;, are imaginary and thus a product of two such matrix elements is
real. Consequently, the spin-Berry curvature vanishes since it is the imaginary part of such
a product, see (4.26).

If the quantum system ﬁqu in our general setup (3.1) is time-reversal symmetric, we find
that the first term of the J expansion of €2 is zero. On the other hand, higher order terms
are finite since the quantum-classical interaction Hiy itself breaks time-reversal symmetry.
Accordingly, there are two ways to obtain a finite spin-Berry curvature. Either work in the
regime of intermediate to high J or with a quantum system that explicitly breaks time-reversal

symmetry, e.g., a system with spontaneous magnetic order, see chapter 5 and publication [II].

4.6 — Minimal Model

This section introduces the minimal model discussed in [56] to show how ASD is applied in
practice and closely follows the exposition therein. The same model is also used to illustrate
the non-Abelian extension of the theory in publication [I].

The minimal model consists of a chain of noninteracting itinerant electrons with a classical

impurity spin coupled to a single site. The Hamiltonian is given by

H=-TY" cl,crs+J3,5-BS (4.34)
(i’ )o

with nearest-neighbour hopping amplitude 7" and an external magnetic field B that is used
mainly to initiate dynamics of the classical spin. Concretely, the state of the system is
prepared as an eigenstate for a magnetic field pointing in a certain direction, say the z
direction. The magnetic field is then instantaneously switched to a different direction, say

the z direction, initiating dynamics of the classical spin. The effective EOM (4.17) becomes

S = J(Ug| 8, |¥o) x S—Bx S+TE x§ (4.35)

with T(&0) = D aa QuwaSa€a. The spin-Berry curvature is a rank-2 antisymmetric tensor
and can also be written as a pseudovector €2 with components €,. The pseudovector and

the rank-2 tensor are related by

1
Qo = 5 ZEQB’YQB’Y = Qaﬁ = Zgaﬁ’YQ’Y' (4.36)
By ¥
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Therewith, the geometrical spin torque can be rewritten as

ZQa’aSa’ea x S = Z 57a’aQ'yS’a’ea x S

aa’ aa’y
=(Q2x8) xS
= (Q8)S — (.S_‘.f)ﬂ, (4.37)

where the last equality follows from the Grafimann identity of the double cross product and
SS = 0 since the spins are of fixed length. The effective EOM takes the explicit form

J<§7;0>0><S—B><S
1-QS
B xS

T 1+08 (4.38)

S =

with Q@ = |Q| and S = |S|. The last equality follows since the classical spin S acts as a
local magnetic field such that the system exhibits a rotational symmetry around the axis eg.
Hence, the ground state expectation value of the local spin (s;,)o is parallel to S and we find
Q(S) = £9(S)es. The effective EOM (4.38) describes a precession of the classical spin S
around the axis given by the magnetic field B and one can read off the precession frequency

as

wr
1+£08’

wp = (4.39)
where wy, = | B| denotes the classical Larmor frequency. Equation (4.39) shows clearly that
the geometrical spin torque results in a renormalised precession frequency. It can be shown
that for an even number of electrons one has 2 = 0 and therefore no renormalisation, while
for an odd number Q = s/S2. In the present case, it is s = 1/2 and S = 1 which implies
that in the strict adiabatic limit the precession frequency is twice as large compared to the
Larmor frequency.

The predictions of ASD can be compared to numerical results of the full theory. Here the
dynamics is computed according to (3.6) and can be used to calculate the precession frequency
of the classical spin. In [56] this was done for different values of the nearest-neighbour hopping
amplitude T and the quantum-classical exchange coupling J for a chain at half-filling. In
the case of an odd number of electrons (N = L = 11 in [56]), the results are consistent with
ASD and show that the precession frequency can be up to two times the Larmor frequency as
predicted by (4.39). However, in the even case that kind of increase is found as well, although
in a smaller parameter range. This is inconsistent with ASD, which predicts 2 = 0 and thus
no renormalisation of the precession. An extension of ASD that rectifies this and predicts
the correct precession frequency for both an odd and an even number of electrons is NA-
SD. NA-SD is developed in publication [I] presented in the next section. Nevertheless, the
minimal model demonstrates that the effects of the geometrical spin torque on the classical
spin dynamics can be substantial and ASD has a significant advantage over the naive adiabatic

theory in which the renormalisation of the precession is completely absent.
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A clear separation of the timescales governing the dynamics of “slow” and “fast” degrees of freedom
often serves as a prerequisite for the emergence of an independent low-energy theory. Here, we consider
(slow) classical spins exchange coupled to a tight-binding system of (fast) conduction electrons. The effective
equations of motion are derived under the constraint that the quantum state of the electron system at any
instant of time ¢ lies in the n-dimensional low-energy subspace for the corresponding spin configuration at 7.
The effective low-energy theory unfolds itself straightforwardly and takes the form of a non-Abelian gauge
theory with the gauge freedom given by the arbitrariness of the basis spanning the instantaneous low-energy
sector. The holonomic constraint generates a gauge-covariant spin-Berry curvature tensor in the equations of
motion for the classical spins. In the non-Abelian theory for n > 1, opposed to the n = 1 adiabatic spin
dynamics theory, the spin-Berry curvature is generically nonzero, even for time-reversal-symmetric systems. Its
expectation value with the representation of the electron state is gauge invariant and gives rise to an additional
geometrical spin torque. Aside from anomalous precession, the n > 2 theory also captures the spin nutational
motion, which is usually considered as a retardation effect. This is demonstrated by proof-of-principle numerical
calculations for a minimal model with a single classical spin. Already for n = 2 and in parameter regimes
where the n = 1 adiabatic theory breaks down, we find good agreement with results obtained from the full

(unconstrained) theory.

DOI: 10.1103/PhysRevB.106.094433

I. INTRODUCTION

Classical-spin models [1,2] are a highly useful and widely
employed tool to understand the nonequilibrium dynamics
of magnetic materials. At the expense of disregarding the
quantum nature of the magnetic moments and related phe-
nomena, such as the Kondo effect [3,4], they provide a
numerically tractable framework for spin dynamics on an
atomistic length scale [5-8]. Typically, classical-spin models
may comprise a short-range isotropic Heisenberg-type ex-
change, various anisotropic couplings, and long-range, e.g.,
dipole interactions. The classical equations of motion are usu-
ally supplemented by Gilbert-damping terms to account for
dissipation effects.

Spin-only models can actually be seen as effective low-
energy theories emerging from a more fundamental level of
modeling, where the local magnetic moments (classical spins
S;) at sites i of a lattice are coupled to the local spins s; of a
system of conduction electrons via a local exchange coupling
J. Such quantum-classical spin-electron hybrid models are
necessary to explain various phenomena, including indirect
spin-exchange interactions, like the Ruderman-Kittel-Kasuya-
Yoshida (RKKY) interaction [9], Gilbert spin damping due to
coupling to electronic degrees of freedom [10], spin-inertia
effects (nutation) [11,12], and other more strongly retarded
effective spin-spin interactions mediated by the conduction-
electron system.

2469-9950/2022/106(9)/094433(18)
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The standard formal approach [13—17] that achieves the
derivation of the effective spin-only theory is based on the
(usually realistic) assumption that the local exchange coupling
J is weak as compared to the typical energy scales of the elec-
tron system. Consider the s-d model [18] with Hamiltonian
H = Hq +J ), s:S; as a prototype. The torque on the classi-
cal spin at site i is given by J(s;), x S;, where the expectation
value of the local electron spin s; at site i is obtained from the
many-body state |W(z)) of the electron system (Hamiltonian
H,) at time 7. Since the electron state itself must be computed
in the presence of the local exchange interaction term o</ for
the (time-dependent) classical-spin configuration {S}, there
is a retarded mutual effective interaction emerging. This is
uncovered, for example, by linear-response theory, i.e., by
lowest-order time-dependent perturbation theory in J. This
leads to an integrodifferential equation of motion for S,

S,‘(l‘) = J2 Z/ dl‘,X“,(l‘ — l/)S,'/(l‘,) x S;(t) (1)
i/ O —1

which involves the retarded magnetic susceptibility tensor
with elements Xl.(l.‘,w/)(t —t) of the electron ground state as the
integral kernel («, o' = x, y, z). The resulting spin dynamics is
nonconservative, as Eq. (1) describes an open quantum system
and is known from Redfield theory [19].

Assuming that X, (= t") is strongly peaked at t' =1,
we can replace Sy(¢) by the first few terms in its Taylor

©2022 American Physical Society
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expansion around t’ =t,i.e., Sy (t') ~ 8;(t) + Sy —1)+
Sy ()t —1)? /2. Keeping the first term on the right-hand side
only and extending the integration over ¢’ to infinity, one
obtains an effective Hamiltonian equation of motion for the
spins S;, which involves the instantaneous spin-spin interac-
tion mediated by the RKKY coupling J&**Y) = J2 x; (0 =
0). Including the second term, in addition, gives rise to a
(nonlocal) Gilbert-damping tensor o, = —iJ?d, Xy (®)|w=0,
while the third term leads to spin-inertia effects, 1.e., addi-
tional nutation of the spins. This derivation has been put
forward in Refs. [15,16] and can be employed in the context of
strongly correlated electron models [20] or, when combined
with band-structure theory, for an ab initio computation of
the Gilbert damping [21-24]. Nutation effects, as have been
discussed in Refs. [25-27], for example, find a natural expla-
nation in the same framework set by Eq. (1). Furthermore,
at least in principle, systematic extensions of the resulting
low-energy spin-only theory can be achieved by taking into
account terms of higher order in the expansion. One may also
drop the approximation on the ¢'-integration range. This leads
to a time-dependent RKKY coupling Ji(il,{KKY)(t) and a time-
dependent Gilbert damping o, (¢), as has been mentioned in
Refs. [16,17].

The above-sketched standard theory misses, however, an
important effect pointed out recently [28]: The slow dynamics
of the classical spins results in a nontrivial Berry curvature
of the electronic quantum system as is well known since
long [29,30]. Quite generally, however, this Berry curva-
ture in turn has a feedback on the classical-spin dynamics
[28,31-34]. Namely, there is a geometrical spin torque which
comes with the same prefactor J? as the RKKY coupling and
the Gilbert damping. This torque can give rise to unconven-
tional spin dynamics as has been demonstrated [28,35] not
only for a quantum-classical system as is considered here
as well, but also for slow classical spins locally exchange
coupled to a system of fast classical spins [36,37] and even
for the dynamics of a quantum spin in a Kondo model [28].

This geometrical spin torque emerges in an effective low-
energy spin-only theory that is derived by starting from the
full theory of classical spins coupled to conduction electrons
and by imposing the constraint that, at any instant of time
t, the electron system is in its ground state, i.e., |\W(¢)) =
[Wo({S(#)})), for the spin configuration {S(¢)} at time ¢. This
is analogous to molecular dynamics approaches [33,38,39]
where the slow nuclear coordinates are treated classically. If
the exchange coupling J is weak, the classical-spin dynamics
is slow compared to typical energy scales of the electron
systems. The adiabatic spin dynamics (ASD) thus addresses
the same parameter regime as the standard perturbative linear-
response approach discussed above.

With this paper we explore a systematic extension of the
ASD by relaxing the adiabatic constraint. The impact of elec-
tronic low-energy excitations from the instantaneous ground
state | Wy ({S(¢)})) on the classical-spin dynamics can be taken
into account by imposing, as a weaker constraint, that the elec-
tron state |\W(¢)) be at time ¢ in the subspace of the Fock space
spanned by the first n > 1 eigenstates of the Hamiltonian
for the spin configuration {S(z)} at 7. This beyond-adiabatic
constraint leads to a non-Abelian Berry connection and cur-
vature [30,40]. Here, we will work out the general formalism

of the non-Abelian gauge theory that emerges as the effec-
tive low-energy theory. The formally correct incorporation
of the constraint is achieved within conventional Lagrange
formalism. A simple toy model will be considered and solved
numerically to study the effect of the geometric torque on the
classical-spin dynamics in the non-Abelian case. We discuss
the anomalies in the precessional spin dynamics and demon-
strate that spin nutation arises naturally in our framework.
The previously developed ASD represents the n =1 limit
of our non-Abelian spin-dynamics (NA-SD) theory. In the
ASD for a single classical spin, the presence of an anomalous
precession frequency has been found [28] for an odd number
of conduction electrons only, while the full solution of the
coupled equations of motion for spin and electron dynamics
yields an anomalous frequency for both odd and even electron
numbers. In the broader framework of NA-SD we can resolve
this open issue.

The paper is organized as follows: Section II presents the
general Hamiltonian and Lagrangian formulation of the the-
ory. The equations of motion of the non-Abelian gauge theory
in the instantaneous low-energy sector are worked out in
Sec. I11, and various formal aspects of the theory are discussed
in Sec. IV. Sections V and VI are particularly devoted to a
discussion of the impact of time-reversal symmetry and of
gauge transformations, respectively. A minimal model, suit-
able for proof-of-principle studies, is introduced in Sec. VII.
In Sec. VIII we present and discuss the results of numerical
calculations. Conclusions are given in Sec. IX.

II. GENERAL THEORY

Geometric forces or torques originate in the adiabatic limit
of hybrid systems consisting of quantum degrees of free-
dom interacting with classical degrees of freedom. Here, we
consider a quantum lattice model of N conduction electrons
interacting with M classical “spins” S,, of unit length |S,,| =
1. The system dynamics is governed by a quantum-classical
Hamiltonian of the form

H({S}) = Hyu + Ha({S}) + Hinc ({S}) . 2)

The quantum Hamiltonian Hy, is constructed in terms of
fermion creation and annihilation operators CIU and ¢,,, where
r refers to the sites of the lattice and o =1, | is the spin
projection. Additional orbital degrees of freedom may be
considered as well. The formulation of the theory is largely
independent of ﬁqu but requires a well-defined local quantum
spin s, at lattice site r:

1 .
Sr = E Z Crlgo'aa’cro’ . 3)

Here, o is the vector of 2 x 2 Pauli matrices (and i = 1).
The dynamics of the subsystem of M classical spins
{8} = {81, ..., Sy} derives from a classical Hamilton func-
tion H,({S}) and may comprise an external magnetic field and
isotropic or anisotropic spin-exchange couplings. The third
term in (2) represents a quantum-classical interaction term.
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EMERGENT NON-ABELIAN GAUGE THEORY IN COUPLED ...

PHYSICAL REVIEW B 106, 094433 (2022)

Here, we choose an isotropic local exchange interaction

M
Hin({SH =7 Susr, , (€

m=1

between the mth classical spin S, and the local spin s, of
the conduction-electron system at the site r,,. The coupling
strength is J > 0. The theory is developed for an arbitrary
number of classical spins M, but we will later focus on a
single classical-spin Kondo model (M = 1) for the sake of
simplicity.

If the classical spins {S} were replaced by quantum spins,
(2) would represent the Hamiltonian of the multi-impurity or
lattice Kondo model. With the classical-spin approximation
we disregard typical correlation effects, such as Kondo screen-
ing and heavy-fermion behavior, and hence we are essentially
working on a mean-field-type level. The approximation may
be justified in cases where there are well-formed spin mo-
ments which are stable on timescales exceeding all remaining
timescales of the problem, e.g., in cases, where the Kondo
effect is suppressed by magnetism or in case of quantum
spins with large spin quantum numbers. An example has been
given in Ref. [28], where anomalous quantum-classical dy-
namics due to a geometrical torque has also been found in
the corresponding full quantum system. A consistent theory
for a system that is entirely quantum with a least two largely
different timescales has yet to be developed. This means that
the presence of slow classical degrees of freedom is nec-
essarily required for the very concept of geometrical forces
and torques. The classical degrees of freedom are required to
define the smooth manifold onto which the quantum dynamics
is restricted in the adiabatic limit.

A pure state of the quantum-classical hybrid system at
time ¢ is specified by a Hilbert-space vector |W(¢)) and by
the classical-spin configuration {S(¢)} (see Refs. [41-43] for
a general discussion of hybrid dynamics). The trajectory of
the system state is obtained as the solution of a system of
coupled ordinary differential equations. These consist of the
Schrodinger equation, involving the quantum Hamiltonian
and the interaction term, which depends on the classical-spin
configuration

19, W(1)) = [Hgu + Hine (SN (@)) 5

and the Hamilton equations of motion for the classical-spin
configuration, involving the classical Hamilton function and
the expectation value of the interaction term in the quantum
state |W(¢)):

Su() = {Su(®), Ha(UISH}) + (Hine {SOM)}s . (6)

Here, the overdot denotes the time derivative, and {-, -} is the
Poisson bracket. In case of spin systems, the latter is defined
for two arbitrary functions A({S}) and B({S}) as [44]

0A oB

A B =322 2
4. Bls 39S, 95,

S. 7)

The coupled equations of motion (5) and (6) are gener-
ated as Euler-Lagrange equations by requiring stationarity
of an action functional S = [Ldt with the Lagrangian

L = LS}, {S}, |W), |¥), (W], (¥)):

L= ASSn+ (¥Olid, — AW(@).  (8)

Here, A(S) is a function satisfying V x A(S) = —S§/S3, which
can thus be interpreted as the vector potential of a unit mag-
netic monopole located at § = 0. We have

1 exS

AS) = ————2>
(5 $21+eS/S

)
with a unit vector e. In the standard gauge [45] this is chosen
as e = e;. In this gauge, another representation is A(S) =
—(1/S) tan(¥ /2)e,, using spherical coordinates (S, #, ¢). For
details of deriving Egs. (5) and (6) from §S = 0, see Ref. [36]
(Supplemental Material).

We will address the parameter regime of the Hamiltonian,
where the system dynamics is characterized by two strongly
different timescales, a slow spin dynamics and a fast dy-
namics of the electron state, which almost instantaneously
follows the motion of the spins. In the extreme adiabatic
limit, the quantum many-body state |W(¢)) of the electron
system at time ¢ is given by the ground state |Wo({S(¢)})) of
Hy + Hin({S(t)}), for the spin configuration {S(¢)} at time
t. When approaching the adiabatic limit in parameter space,
the fast electron dynamics will be more and more constrained
to the ground manifold {|Wy({S(¢)}))}. Adiabatic spin-
dynamics (ASD) theory [28,36,37] assumes that the dynamics
is perfectly constrained to the ground-state manifold and
employs

W(0) = [Wo({S(H)}))

as a holonomic constraint to completely eliminate the electron
degrees of freedom from the Lagrangian (8). In this way,
one arrives at a spin-only effective Lagrangian L. ({S}, {S}),
and the resulting effective equations of motion include the
geometrical spin torque as a holonomy effect [28]. The uncon-
ventional spin dynamics originating from the corresponding
geometrical spin torque is missed by other approaches, such
as the standard linear-response approach to a spin-only theory
that has been discussed in the Introduction. On the other
hand, retardation effects, e.g., nutational motion, are excluded
within ASD by the very construction.

The validity of the basic assumption (10) strongly depends
on the specific system considered and on the considered pa-
rameter range. Even for gapped systems, however, the strict
adiabatic approximation is never perfectly satisfied, and the
true slow spin dynamics will be affected to some degree by
admixtures from (low-energy) excited electron states. As a
systematic generalization of ASD, we therefore propose to
relax the constraint (10) and to replace it by the weaker con-
straint

10)

n—1

W) =D ()W ({SO)) -

i=0

Y

Here, |W;({S(1)})) is the ith excited state of Hy, + Hin ({S(t)}),
i.e., we assume that at any instant of time ¢ the conduction-
electron state |W(¢)) is contained in the low-energy subspace
&,({S}) spanned by the instantaneous ground state and the

094433-3



LENZING, LICHTENSTEIN, AND POTTHOFF

PHYSICAL REVIEW B 106, 094433 (2022)

lowest n — 1 instantaneous eigenstates for the spin configu-
ration {S} = {S(¢)} at time ¢. Choosing a fixed orthonormal
basis

{Iw:({SH) i = n—1} (12)
of &,({S}) for any spin configuration, the electron state at
time ¢ is fully specified by the set of expansion coefficients
{a ()} = {ao(®), ..., a,—1(¢)} via (11).

For n = 1, we recover conventional ASD, and thus ob-
tain a true spin-only theory. For small n > 1, the effective
Lagrangian is obtained from (8) by substituting [V},
0:|W), (W[, 9,(¥| using (11). It thereby becomes a func-
tion of {S} and {S} and furthermore a function of the
set of expansion coefficients {a}, we get Leg =
Ler({S}, {S}, {a}, {@*}, {a}, {&*}). Hence, aside from the spin
degrees of freedom, the resulting low-energy theory contains
a few electronic degrees of freedom as well.

We also define the eigenenergies E; = E;({S}) of Hqu +
Hi ({S(1))) corresponding to the basis states |¥;({S})).
E;({S}) is the analog of the ith potential-energy (Born-
Oppenheimer) surface known from molecular-dynamics the-
ory [33,38]. The spin configuration {S} takes the role of the
configuration of atomic nuclei. Note that the strict adiabatic
approximation (10) becomes invalid, if the trajectory of the
spin configuration {S(¢)} passes a configuration {S..}, at which
there is a crossing of the ground state with the first excited
state, i.e., Eg({Scr}) = E1({Sct}), since this is in conflict with
the adiabatic theorem [46—48].

For n > 1, the relaxed condition (11) corresponds to a
generalized adiabatic theorem (see Ref. [46]) stating that the
condition is respected, if the low-energy sector &,({S}) and
its orthogonal complement (the “high-energy sector’”’) remain
gapped for all {S(#)}) and, of course, if the electron dynamics
is sufficiently slow. In other words, for a given n, NA-SD
applies if there is no crossing E,_; ({S¢;}) = E,({Sc}), while
crossings of states within the low-energy sector are irrelevant.
One should note, however, that a crossing of two states be-
longing to the low- and the high-energy sector, respectively, is
in fact unproblematic, if the expansion coefficient o, (#) = 0
for all ¢, since in this case the (n — 1)th excited eigenstate
would not contribute to |\W(¢)) anyway. This argument can
be extended to k < n — 1, as long as there are crossings be-
tween “unoccupied” states with o;() =0 and «;(z) = 0 for
k < i, j < nonly. We conclude that the relaxed condition (11)
for n > 1 also implies a less severe, relaxed approximation.

III. EFFECTIVE EQUATIONS OF MOTION

The effective Lagrangian that is obtained by using the con-
straint (11) to eliminate |\W(¢)) from the original Lagrangian
(8) is given by

Leir({S}, {8}, {a}, fa*), (&}, (@)
=Y An(Su)Su i) ] (Wi, (cj 1))
m ij

eff—

=) ot (WH|W;), (13)

i

where | ;) = |W;({S,,})), and where the {S} dependence, be-
sides the first term, is due to (W;|9,|W;) = >, (W;]9s,, |¥;)S,,
The Euler-Lagrange equation 9;(9Lesr/0&)) — 0Legr/daf =0
for the “wave function” «; is straightforwardly obtained as

i00; = Z (U] (Hgu + Hin) 19 )

—zzza, (W;]0s, |W,)S (14)

The complex conjugate of this equation is just the equation of
motion that is obtained for o;".

Note that the second term involves the non-Abelian spin-
Berry connection C,, = C,,({S}). Opposed to the (Abelian)
spin-Berry connection Cm = i(Wo|0s, |Wo) of the (Abelian)

ASD, this is, for each m, a matrix-valued vector with
elements

Cl = i(Wilds, |W)) =i Y (W|s,, |¥))e, = Zc}n’y
Y

5)

The matrix dimension is given by the dimension of the low-
energy subspace n = dim &,({S}). It is easy to see that this
is a real quantity. Its transformation behavior under gauge
transformations will be discussed in Sec. VI.

We proceed by deriving the second set of equations of
motion from the effective Lagrangian 0,(9Les/0S,,) —
0L /0S,, = 0. With (13) we straightforwardly find

0Lt ad . . . ad .
T E(Amsmwzzz% @5 (Wildsi19))81)

- Za o= (A, (16)

m

and with 9Leg/0S,, _Am-l-zz ofa;(W;]ds, |V;),

m

d L A
" asi,, =2 s Sy +zZ[(a,a Yot + @ (da))]
X (W;]ds, |¥;) +zZZa a
x (Skds, ) ((Wi]ds, %)) . (17

Both Egs. (16) and (17) involve the spin-Berry connec-
tion. The third term in (16) can be rewritten using the
identity

—((‘11 HIW))) = (W,1(3s, H)|¥)) —

7S (E; — Ep)(Wilds, W),

(18)

and for the second term in (17) it is convenient to get rid of
the time derivatives by using

i@ o) + o (0,)]
=iy > lofa{Wds, V)
k 1

— afoy (W)|ds, [W)1Sk + afe;(E; — Ei),  (19)
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which directly follows from the equation of motion for the wave functions (14). Therewith, we arrive at

_ d OLep 0L
~dt 38, Sy

B Z dAmp 8Amy
Sy

) s+ Za o) (i35, FDI W)

+ iZZZa?aJ[asw ((Wi]ds,, [W;)) — Bs,, ((¥;]9s,, |W;))1Sky
k ij
+i Z > Z[az o (WD, |W3) — orfor (W19, W) 1 (Wil s, W) Sy (20)
ijl 'y

The first term on the right-hand side is a twofold cross
product, —S,, x (Vs, x A,), and with (9) and with the nor-
malization |S,,| = 1, the curl can be written as V x A(S) =

—S. The second term is an expectation value (ds,H) of

the “effective field” ds, H in the state of the electron sys-
tem |W) [see Eq. (11)]. With (15), the third term reads as
S 2, afalds, Ch) — asmc,ﬁ’yf)]s'ky. Its Ath component
involves the “curl”

Q& = 05, o —

=Zky,mp — asmﬁgky (21)

of the spin-Berry connection. Here, the underlines indicate
that the spin-Berry connection and its curl are matrices
in the indices i, j labeling the basis of the low-energy
subspace for given spin configuration. Q®) has the form
of the spin-Berry curvature in the Abelian (n = 1) the-
ory. We refer to this as the “Abelian spin-Berry curvature.”
Again with (15), the Bth component of the fourth term in
(20) reads as —i Y, > ¥, lefer;Cp) — af ey CV1CK) Sy,
This involves the commutator [C Ciy mﬁ] of the spin- Berry
connection.
We define the (non-Abelian) spin-Berry curvature

Qky,mﬁ = aSkyCm/-} - asmﬁgk‘y - i[gkya Qmﬁ]
A .
=Q7),5 —ilC,,. Cppl, (22)

which differs from the Abelian one by the additional commu-
tator. Furthermore, we define the “expectation value” of the
spin-Berry curvature in the state given by the wave function
{a} as

Q)kymp = Z ) o (23)

With this, the effective equation of motion (20) for the
classical-spin configuration can be written in the compact
form

_ d OLesp  OLesr
T dt aSm S,

+ZZS;W )iy mpep 24)
k

=Sm><Sm

or, exploiting the structure of the quantum-classical
Hamiltonian (2) and the normalization of the wave function

[

Z,‘ |O‘i|2 =

0 =S8, x Sy + (35, Hint) + 95, Ha + Y Y Sty (Qympes-
k By

(25)

This equation is an implicit equation for $,,. An explicit form
is derived in Appendix A. Finally, we rewrite (14) using the
definition of the spin-Berry connection (15):

iy =) (Wil (Hau + Hin)Wj)a; — D Zs C\a;

j m
(26)

Equations (25) and (26) represent a closed coupled set of
nonlinear first-order differential equations for the effective
many-body wave function {«} and for the classical-spin con-
figuration {S}.

IV. DISCUSSION

The respective last terms in the equations of motion (25)
and (26) originate from the strict treatment of the holonomic
constraint (11). Although the first time derivative of the local
spins is reminiscent of a dissipative Gilbert-type damping, the
resulting dynamics is strictly conserving, i.e., the total energy
given by the expectation value of the total Hamiltonian (2)
with the quantum state of the conduction-electron system is
a constant of motion. Unlike the standard approach discussed
in the Introduction, the equations of motion thus describe the
dynamics of a closed quantum system (at low energies).

For the derivation of the equations of motion, we have
treated all components of the spins and of the wave function as
independent and have thereby disregarded the normalization
conditions for the length of the classical spin and for the norm
of the wave function

Su@) =1, Yl =1, 27)

which must hold at any instant of time 7. One can easily
check directly, however, that these are respected. The normal-
ization condition for the wave function can also be derived
by noting that the effective Lagrangian is invariant under
global U(1) phase transformations. Noether’s theorem yields
0=); loj(¢)]? as a conserved charge. Alternatively, the con-
ditions can be treated as additional constraints via appropriate
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Lagrange multipliers. As is shown in Appendix B, the result-
ing Euler-Lagrange equations are in fact unchanged.
Adiabatic spin-dynamics (ASD) theory [28] is recovered
for n =1, where the conduction-electron dynamics is
constrained to the ground-state manifold |W(¢)) =
[Wo({S(¢)})) and where the wave function is ¢p = 1 trivially
[see Eq. (11)]. In this case, the spin-Berry connection
CY) = (|35, |W;) with i, j=0,...,n— 1, reduces to a
vector with scalar entries only, C,,, = i(Wy|ds, |Wo). Hence,
the commutator in (22) vanishes, and the spin-Berry curvature

reduces to the corresponding expression QW

Qky,mﬂ =ky.mB

[Eq. (21)] of (Abelian) ASD theory.

In the opposite extreme case, i.e., when n is chosen as the
dimension of the full many-electron Fock space H, Eq. (11)
is actually no longer a constraint but rather represents the ex-
pansion of the electron state |W(z)) with respect to a complete
orthonormal system of time-dependent basis states {|W;(t))}
with |W;(#)) = |W;({S(#)})). In this case, it is straightforward
to see that (26) is just Schrodinger’s equation id,|\W(t)) =
H|W(t)), i.e., (5), but formulated for the coefficients o;(¢) of
|W(z)) in that basis. The spin-Berry connection merely takes
care of the fact that the basis changes smoothly with the
parameters {S}. Equation (25) trivializes as well in this case:
We can rewrite the (non-Abelian) spin-Berry curvature in the
form (see Appendix C)

Qg = il(0s, Wil Qulds,, W) — (ky < mp)l,  (28)
where Q, := 1 — Y/~ |W,) (] projects onto the orthogonal
complement of the low-energy space &£,({S}). If n = dim H,
the complement is zero, and the spin-Berry curvature vanishes
identically, so that

0=35, xS, + (s, Hint) + 35, Har. (29)

m

Taking the cross product with S, from the right on both sides
of (25) and exploiting the normalization condition for the spin
length, we get

_ 9H({S}H) y
T3S,

This is just the explicit form of (6).
Some general properties of the spin-Berry curvature can be
derived from (28). One immediately notes the antisymmetry

Si Sm- (30)

@) @)
Qk)fﬁmﬁ = —Qm’ﬁ,ky 31
for fixed i, j. Furthermore, complex conjugation yields
Q) =-al . (32)
With these properties, one can immediately conclude that
(Qiymp = Y0752 = (Dfype (33)
ij

i.e., the expectation value, which enters the effective
equation of motion (25), is real.

Quite generally, the (Abelian) Berry connection and Berry
curvature arise in the adiabatic problem, where a quantum
Hamiltonian A = H (L) depends on a family of slowly vary-
ing parameters A and has a nondegenerate ground state for
all L. This gives rise to the famous Berry phase [29], which
the ground state picks up during a closed loop in parameter

space and which can be computed, e.g., as an integral of the
Berry curvature over the surface bounded by the loop. Mathe-
matically, the phase is a holonomy, i.e., it results from a twist
of the line bundle {(A, |Wo)) | H(X)|Wo) = Eo({A})|Wo)} [49].
The Berry phase is gauge invariant and thus observable and
depends on the geometry of the closed loop only. Similarly,
non-Abelian gauge fields arise in the adiabatic time evolution
of an (n > 1)-fold degenerate ground state of a quantum sys-
tem [40] and produce a nontrivial phase after completing a
loop in parameter space.

Here, we consider a quantum system coupled to dynamical
classical degrees of freedom (classical spins). In case of a
clear timescale separation between the slow classical and the
fast quantum dynamics, the classical spins induce a spin-
Berry curvature in the quantum conduction-electron system.
Generically, it is highly unlikely, however, that the classical
state evolves along a closed path. The essential observation,
however, is that there is an additional feedback of the Berry
curvature on the classical-spin dynamics, seen in the last term
in (25) for Q@ = Q). Already in the Abelian case n = 1, this
leads to an anomalous geometrical spin torque [28]. This geo-
metric feedback on slow classical dynamics has been pointed
out [28,31-37] but has not yet been studied for spin dynamics
in the non-Abelian case 1 < n = dim &,{S} <« dim H.

V. TIME REVERSAL

Time-reversal symmetry plays an important role for the
presence of a finite spin-Berry curvature in the adiabatic case
(n = 1) [28]. For n > 1, however, this is entirely different: We
assume that the electron system is time-reversal symmetric,
i.e., that the Hamiltonian ﬁqu commutes with the antiunitary
operator for time reversal ®. The interaction term (4), on
the other hand, is odd under time reversal, @I{Vim®T =— Aim,
since ©s.,, o = —s,,,. The local spins S, are classical degrees
of freedom, which act as local magnetic fields and explicitly
break time-reversal symmetry of the quantum system.

This effect, however, can be disregarded in the weak-J
regime, where the spin-Berry curvature, in the spirit of linear-
response theory, is a physical property of the electron system
ﬁqu only. Namely, expanding E; = Ejp + O(J) and |¥;) =
|\I'10) + O(J) and using the identity

_(Wilds, AUSHI,)
(Wl ) = =2 (34)

which holds for E; # E;, Eq. (28) can be rewritten as

G
$ymp = ‘Z

1>n

(w5, B |W7) (w795, 4 ¥7)
Ein — Ep Ejo — Ej

—(ky < mﬁ)} +0(J?) (35)

A

since ds,, Hine = Jsi,,, = O(J), so that the spin-Berry curva-
ture is of order J? for weak J and expressed in terms of
the eigenstates and eigenenergies of ﬁqu only. Note that 0 <
i, j <n—1in(35).

For a system with an even number of spin-% electrons,
the time-reversal operator squares to unity, ®> = +1. In this
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case, we can choose an orthonormal basis of time-reversal-
symmetric energy eigenstates |W?) = ©|W?). This implies
that the matrix elements

(w05, B[ W) = —(7|©"d5, HO[W7)
~((ow!|os, Alow)"

= (s, A G

are purely imaginary. Note that only the (odd) interac-
tion term Hiy({S}) contributes. Using this in (35) shows
that Q,(C’}f’)mﬁ is purely imaginary. With (32) we can
conclude that

04 s = Uiy o
In particular, Eqs. (31) and (37) imply that the i = j ele-
ments of the spin-Berry curvature must vanish in the weak-J
limit for ®2 = +1. This is important for the Abelian case
n=1.Fori=j=0 we have Q(?,O) = 0 and, hence, there
is no geometrical spin torque in the weak-J limit for a
time-reversal-symmetric system with ®> = +1. In the general
non-Abelian case, on the other hand, we find with (33) that

(Qkymp = — Y _ Im(efar)ImQ7 (38)
ij

since Q,Efm 5 is imaginary. Generically, the coefficients o; =
o;(t) in the expansion (11) will be complex and oscillatory
functions of time. The expression above thus shows that even
in the weak-J limit and for a time-reversal-symmetric system,
the geometrical spin torque in the equation of motion (25) is

generally finite.
Let us briefly discuss the case of an odd electron number

with ®? = —1. Here, the basis states can be grouped in or-
thogonal and energy-degenerate Kramers pairs {|\P? ), |G?)}
with [B7) = ©[W0) for i =0, ..., (n/2) — 1. An even num-

ber of states must be included in formulating the constraint
(11). For the matrix elements, we have

(WP |as,, H W) = —(W? |08, HO|WY)
= —((0w|os, H|OW}))"
— (%} |35, A[F}))". (39)

This can be used in (35) since in the / sum with each term also
the Kramers partner is included. We find

@) G
Q5 mp = iy (40)

where the index i refers to the Kramers partner of |\I'O) and,

furthermore, (Q,((’)f?m g = Q,((' ) )m As for the case ©% =

+1, time-reversal symmetry does not lead to a vanishing spin-
Berry curvature or a vanishing expectation value (2)z, mg-
Note that for ®> = —1 the adiabatic theory is not applicable
anyway (for the weak-coupling limit) since the ground state is

at least twofold Kramers degenerate.

VI. GAUGE TRANSFORMATIONS

The effective Lagrangian (13) can be written in a compact
form as

Leff = ZAm(Sm)Sm + l.(XTaI“

m

+Y &'[C,(SHSula — o H({She,  (41)

where & = (ap, . .., &y—1)7 and where H is the Hamilton ma-
trix with elements H;; = (V;|H|V;) and the local basis states
W) = [¥;({S})). We consider a gauge transformation

[W;(S)) = [W((S)) = ZU* W({S))).

a— o =Ua, (42)

where U (with elements U;;) is the defining matrix repre-
sentation of SU(n) on the local low-energy subspace &,({S})
for given spin configuration {S}. This transformation must
leave observables invariant since (42) just means a rotation
of the basis in &,({S}), which leaves the quantum state |¥) =
Z?;é a;|W;({S})), and thus the constraint (11) invariant when
rotating the expansion coefficients (the wave function) ac-
cordingly. We distinguish between global SU(n) and local
SU(n) transformations. For the latter, the transformation ma-
trix U = U ({S}) is an arbitrary but smooth function of the spin
configuration {S}. The effective Lagrangian is invariant under
both global and local gauge transformations.

Note that the Hamilton matrix transforms in a
covariant way,

H—H =UHU", (43)

while the Berry connection transforms covariantly under a
global gauge transformation only. For a local gauge transfor-
mation we rather have

C,—C =UC, U +iUdsU". (44)

m—

The non-Abelian Berry curvature, opposed to its Abelian part
(21), transforms covariantly:

Qymp ™ Ly =U L, s U (45)

so that its expectation value in the state given by the wave
.funct.ion «; 1S invariant: (Q’),’(y’mﬁ = (S.Z)ky,mﬂ. Hence, (25) is
invariant under local gauge transformations. The Schrodinger-
type equation (26), on the other hand, is form invariant under
local transformations, i.e.,

0] = ) (W/|(Hqu + Hin) [ W))et; = Y $,C00al), (46)

J mj

and the spin-Berry connection term on the right-hand side is
necessary to compensate the extra term appearing on the left-
hand side in case of an {S}-dependent transformation.
Concluding, the effective Lagrangian emerging in the low-
energy sector of hybrid spin-electron dynamics represents
a non-Abelian SU(n) gauge theory. This is reminiscent of
standard quantum field theories [50], where the Lagrangian is
invariant under simultaneous transformations of coupled mat-
ter and gauge fields, and where these gauge transformations
involve a gauge group, like SU(n), and are local in space-time.
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There are a couple of differences though: Within non-Abelian
spin-dynamics theory, space-time is not only replaced by a
compact parameter manifold, namely, the Cartesian product
of classical Bloch spheres representing the space of the spin
configurations, but furthermore the spin configurations have
their own dynamics. The theory is thus much more related to
gauge theories that have been devised for molecular physics
[33], where the state space of the nuclei, when treated clas-
sically, defines a dynamical parameter manifold, and where
the role of the gauge field is played by the non-Abelian Berry
connection.

Finally, it is worth mentioning that there is a second,
less important, class of gauge freedom. This concerns the
vector potential A(S,,) [see the first term of L in (8)], i.e.,
already in the full Lagrangian. Any transformation of the
unit vector e — €’ leads to a transformed potential A(S,,) —
A'(S,,) but leaves its curl invariant. This even includes “local”
m-dependent transformations A(S,,) — A,,(S,) resulting
from e +— e,. However, since only the curl Vg x A(S,,) en-
ters the equations of motion resulting from the full or from
the effective Lagrangian [see Eq. (20) for instance], these are
invariant.

VII. MINIMAL MODEL

For a further discussion of non-Abelian spin-dynamics the-
ory, we will present numerical results for a minimal model,
which includes a few degrees of freedom only but is sufficient
to illustrate several key aspects. Our intention is to show by
example that and how our theoretical approach can be evalu-
ated in practice, how the numerical results compare with the
full solution of the equations of motion, and what improve-
ments the theory offers over the purely adiabatic (Abelian)
version. This may also be seen as a preparation for future ap-
plications to more realistic but also more complicated physical
systems, where various secondary issues become important.

The Hamiltonian of our toy model is given by

H=-T Y clcj,+Js;,S—BS. (47)

(i.j).o

It describes a single classical spin (M = 1) locally exchange
coupled (coupling constant J > 0) to a noninteracting tight-
binding model in an open chain geometry with a small
number of sites L hosting N = L electrons, i.e., a half-filled
conduction-electron system. The spin is coupled to the first
site of the chain iy = 1. This is the s-d model [18] discussed
in the Introduction and the same model as in Ref. [28]. En-
ergy and time units are fixed by setting the nearest-neighbor
hopping amplitude to 7 = 1. In addition, the Hamiltonian
includes a local magnetic field of strength B coupling to the
classical spin S. The model is visualized in Fig. 1.

The field term is employed to initiate the real-time dynam-
ics: At time r = O the system is prepared in the ground state
of H with the field in the x direction, i.e., the spin S = Se,
is aligned to B = Be,, and the conduction-electron state is
the ground state |\W(r = 0)) = |¥((S)). Time propagation for
t > 0 is driven by the same Hamiltonian but with the field
pointing in the z direction. Dynamics is thus initiated by a
sudden change of the field direction from x to z direction.

S(t)
J
F—o—o
(sio(t))

FIG. 1. Sketch of the minimal model studied numerically. A
classical spin S of length |S| = 1 is antiferromagnetically exchange
coupled with coupling strength J > 0 to the local spin moment s;,
at the first site iy = 1 of a system of conduction electrons on a one-
dimensional chain with open boundaries. T is the nearest-neighbor
hopping. Real-time dynamics is initiated by a sudden change of the
direction of a local magnetic field B coupled to S.

For¢ > 0 one expects that the spin starts precessing around
the z axis. In the adiabatic approximation with n = 1, the
electron system will follow the respective spin direction
instantaneously, and its state at time ¢+ would be the instan-
taneous ground state |Wo(S(7))). The timescale on which
the precession takes place is given by the inverse of the
Larmor frequency w;, = B. Depending on the field strength,
this timescale 7, = 1/w;, = 1/B can be much shorter than the
inverse of the finite-size gap A = O(T/L). With T =1 we
thus expect that the adiabatic approximation breaks down for
B > T /L and that excited states |[W;(S)) with0 < j <n —1
will be populated. The number of states n included in the
S-dependent basis controls the accuracy of the non-Abelian
spin-dynamics approach.

For the single classical-spin model the effective equa-
tions of motion (25) and (26) are somewhat simplified. For
M =1 we can skip the m index and take the cross product
with S on both sides of (25). Furthermore, we have (dsHin) =
J(si,) — B and d9sH = 0. Therewith we get

J(si,) xS —B xS
1—S(R)

S= : (48)

where (R) =3}, afRa; is the expectation value of the

pseudovector 24/ with components QU = % > gy Eapy Qg)’/)
that can be constructed for M =1 due to the antisym-
metry of the Berry curvature tensor under S <> y for
each pair (ij) [see Eq. (31)]. Furthermore, (s;,) = (s;,); =
i e OWHSO))lsi, | (S(1))at; (1),

Remarkably, there is a renormalization of the precession
frequency resulting from the geometrical spin torque, which
has already been studied for the adiabatic case [28,35-37].
This manifests itself as an additional factor 1/(1 — S(2)) in
(48). In the adiabatic case n = 1, the expectation value () is
strictly parallel or antiparallel to the classical-spin orientation
due to symmetry reasons [28]. For S 11 (§2) this results in
a faster precessional dynamics, and its orientation is even
reversed if S(2) > 1, while for S 1] (2) the precession is
slowed down. Exactly at S(2) = 1 the right-hand side of
(48) becomes singular. This is linked to a divergence of the
precession frequency which, however, becomes relevant in an
extreme case only: For the adiabatic case and L = 1, it was
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found in Ref. [28] that singular dynamics can in principle
be approached, if the length of the classical spin [S| — %
At the same time, however, to stay in the adiabatic regime
of the model, it was necessary to consider an ever-increasing
coupling strength, i.e., J — oo.

Here, we see that the same type of singularity is in principle
also present in the nonadiabatic case (for M = 1). Generally,
however, we find 0 < S(2) < 1 (for antiferromagnetic ex-
change coupling J > 0): A possible singularity is regularized
for n > 1 due to contributions from excited states and partly
also due to the fact that (2) and S are no longer necessarily
collinear.

The following NA-SD studies of the minimal model
are based on a numerical solution of the coupled effec-
tive equations of motion (48) for the classical spin S and
(26) for the wave function {«}. For the computation of
the expectation value of the spin-Berry curvature () we
profit from simplifications, which hold in case of a nonin-
teracting conduction-electron system. These are detailed in
Appendix D.

We also compare the results of the NA-SD theory with the
full solution of the fundamental equations of motion (5) and
(6), which is obtained independently. More explicitly, Eq. (5)
for the minimal model reads as

S=Jsi) xS—BxS. (49)

Furthermore, in case of a noninteracting electron system,
Eq. (6) can be replaced by the equation of motion

d
j—p = [T,
=1Ll

for the one-particle reduced density matrix p with elements

(50)

Pirgo () = (c;a,cid), and where the elements of the effective
hopping matrix T are given by

J
T — T6;id50 + EGUG’S 8iigOiriy -

iiloco

(1)

VIII. NUMERICAL RESULTS
A. Full theory

The precession around the z axis defined by the local
magnetic field is expected to be the dominant effect in the
classical-spin dynamics. In fact, this is the main phenomenon
found by solving the full set of equations of motion (49) and
(50). Figure 2 displays numerical results obtained with the full
theory for a system with L = 10 sites at half-filling N = L,
and for generic parameter values J =1 and B =0.1. The
x component of the classical spin undergoes a quite regular
oscillation with a period close to 27 /w, = 2w /B =~ 62.8. The
y component exhibits the same but phase-shifted dynamics.
We note that, for the selected parameter set, the geometrical
spin torque is too small to produce a sizable renormalization
of the precession frequency.

Damping of the spin dynamics and eventual alignment of
the classical spin with the field B = Be, is typically a weaker
effect, which takes place on a much longer timescale (see,
e.g., the discussion in Refs. [10,15,16]). For a closed, finite
and with L = 10 small system, as considered here, relaxation
will be imperfect anyway, and even in the long-time limit, the

1.0

0.5

-0.5

-1.0

0.04
0.03

N
\n 0.02
0.01

0.00

0 20 40 60 80 100
time

FIG. 2. Time evolution of the x and the z components of the
classical spin as obtained from the full theory for a system with
L = 10 sites at half-filling N = L. Parameters: / = 1, B = 0.1. The
energy and time units are set by fixing the nearest-neighbor hopping
atT =1.

system cannot fully approach its ground state locally, in the
vicinity of iy. Uncovering this type of relaxation dynamics
requires much larger systems, as discussed in Refs. [51,52],
for example.

Figure 2 also displays the z component of the spin. In case
of a perfect precessional motion, one would expect a constant
S;. As is seen in the figure, however, an almost oscillatory
motion of S, with some additional irregularities is found in-
stead. This nutation of the spin is reminiscent of gyroscope
theory [11,12], but is not understood easily. An explanation
in terms of linear-response theory [see Eq. (1)], i.e., Redfield
theory for open quantum systems, involves the second-order
term in the Taylor expansion of the memory kernel [15,27].
For the parameters considered here, the nutation effect is
at least an order of magnitude smaller as compared to the
precessional dynamics (see Fig. 2). There are cases, however,
where precessional and nutational oscillations can be of the
same order of magnitude. The additional “irregularities” on
top of the nutation are even more subtle. At this level of reso-
lution at the latest, the complexity of the dynamics caused by
the nonlinearity of the quantum-classical equations of motion
appears to prohibit a simple explanation.

B. Anomalous precession

In the case of strong exchange coupling J > T, the classi-
cal spin S and the local magnetic moment (s;,) at iy are tightly
bound together. In this regime one would thus expect that (s;,)
follows the classical-spin direction almost instantaneously
such that (s;,) is almost perfectly aligned antiferromagneti-
cally to S. The time evolution of the angle enclosed by S
and (s;,) is shown in Fig. 3. For J = 1 the mean deviation of
the angle from 180° is in fact about 2° only, and it shrinks
with increasing J (see the result for J = 15). On the other
hand, the absolute value of the local moment (s;) of the
conduction-electron systems that is induced by S, increases
from [(s;,)| ~ 0.18 at J =1 to |{s;,)| =~ 0.49 at J = 15. The
net effect, however, is that the spin torque on S originating
from the exchange term J(s;,) x S is weak compared to the
torque due to the field —B x S. Following naive adiabatic
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FIG. 3. Time evolution of the angle enclosed by the classical spin
S and the expectation value of the local spin of the electron system
at the impurity site (s;,). Results as obtained by the full theory for
J =1 (blue) and J = 15 (orange). Other parameters as in Fig. 2.

theory one would therefore expect a precessional motion of
S in the x-y plane with a frequency w, close to the Larmor
frequency wp = B. However, this naive picture in principle
disregards the effect due to the geometrical spin torque, which
can be sizable. It is thus instructive to compare the naive
expectation as well as adiabatic spin-dynamics (ASD) theory
with the full solution of the fundamental equations of motion.

Numerical results for a strong coupling J = 15 are dis-
played in Fig. 4. The full theory (see red curve) does predict an
oscillatory motion of S, as expected for precessional dynam-
ics. However, the precession is not perfect: Note, e.g., that S,
does not reach its minimum value S, = —1, while S, ~ +1
after a full period. In fact, the precession does not take place
in the x-y plane but within a plane that is a somewhat tilted
and, furthermore, the plane normal n oc S x S is slightly time
dependent.

The most important effect seen in Fig. 4, however, is the
strongly enhanced precession frequency wj, ~ 0.19, which
is close to twice the Larmor freqency wp = B = 0.1. This
anomalous precession frequency w, is clearly at variance
with the naive expectation and must therefore result from the

0 20 40 60 80 100

time

FIG. 4. Time dependence of the x component of the classical spin
for L =10,J = 15,T = 1, B = 0.1. Results as obtained from ASD
(n = 1, orange), NA-SD with n = 2 (blue), and the full theory (red).

1.0 -1.0

FIG. 5. The same as in Fig. 4 for the NA-SD (blue curve) and the
full theory (red) but displayed on a classical Bloch sphere. The blue
dot marks the spin position at time ¢ = 0. Green curve: unit vector
n normal to the instantaneous precession plane. The trajectories are
shown for 0 < ¢ < 100.

renormalization factor 1/(1 — S{)) in (48). In fact, the full
theory (red) almost perfectly agrees with the prediction of
the non-Abelian spin-dynamics (NA-SD) theory (blue), when
spanning the low-energy subspace &,({S}) by the instanta-
neous ground and first excited states, i.e., for n = 2.

Figure 5 presents the same results of the NA-SD (blue
curve) and the full theory (red) in a classical Bloch-sphere
representation. At¢# = 0, the motion of § starts at S = (1, 0, 0)
(see blue dot) and completes about three full periods up to the
maximum propagation time ¢t = 100. The dynamics is close
to a planar precession but the instantaneous plane normal n
(green curve) exhibits a weak time dependence and precesses
itself around an axis that is somewhat tilted against the z
axis. The full theory exhibits some additional wiggles which
can also be seen in Fig. 4 already and which are absent in
the NA-SD. A low-energy subspace with more than n = 2
dimensions would be necessary to capture this effect. Apart
from that, however, there is an almost perfect agreement of
the NA-SD results with the results of the full theory.

While this is very satisfying and underpins the construction
of the NA-SD, there is an interesting problem remaining:
Comparing with the n = 1 theory, i.e., with ASD, there is
strong discrepancy. ASD (see orange curve in Fig. 4) does
in fact yield the same result as the naive adiabatic picture
for the present setup since the (n = 1) spin-Berry curvature
vanishes identically: £ = 0. This has been noted in Ref. [28]
already, and the anomalous precession frequency has been ex-
plained by referring to an effective two-spin model Hyo-spin =
Js;,S — BS which disregards the presence of the sites i # iy,
which can be argued to be justified in the strong-J regime. The
two-spin model indeed predicts 2 = %S, so that the renor-
malization factor 1/(1 — 28) = 2, which is in reasonable
agreement with the results of the full theory.

The remaining problem is to clarify why, for the full model
(47), the n =1 spin-Berry curvature vanishes. One should
note that there is actually an odd-even effect. For an odd

094433-10



EMERGENT NON-ABELIAN GAUGE THEORY IN COUPLED ...

PHYSICAL REVIEW B 106, 094433 (2022)

number of sites L, the spin-Berry curvature is in fact finite,
and the agreement with the full theory is satisfying already at
the n = 1 level, while extending the effective theory ton = 2
yields smaller corrections only.

The odd-even effect can in fact be explained by a com-
bination of time-reversal symmetry and the fact that a local
spin-dependent perturbation applied to a nonmagnetic ground
state cannot induce a finite spin polarization in one dimension.
For J = 0, the ground state |W,) of a spin SU(2)-symmetric
tight-binding model is a total-spin singlet. For J > 0, we
have |Wo) = |Wo(S)), where the S dependence is induced
by the local perturbation JSs;,. Assuming, without loss of
generality, that S = Se_, it is given by a Slater determinant
of the form |\.IJO(S)).= [L I c,.iTcLU\./ac), where k, k' refer
to the occupied spin-1 and spin-| eigenstates of the full
Hamiltonian, including the perturbation, with eigenenergies
g4+(k) and g ("), respectively.

For a one-dimensional particle-hole-symmetric tight-
binding model at half-filling, a local spin-dependent but
spin-diagonal perturbation JS_s;,, does not change the number
of 1 and of | eigenstates with eigenenergies &4 (k), e, (k) < 0,
for arbitrary coupling strength J [53]. This implies that for
even L and at half-filling N = L, we must have Ny =N =
N/2. Consequently, the number of factors in the Slater deter-
minant, labeled by k and &/, is the same, and thus |Wy(S)) is
still a total-spin singlet (constructed from S-dependent one-
particle states), irrespective of the strength of the perturbation
J. This argument holds for any direction of S and thus implies
that ®|W(S)) = |Vo(S)), i.e., the ground state is invariant
under time reversal © for all S. Hence, the same holds for its
S derivative: ©|9sWy(S)) = [dsWo(S)). Some details on the
invariance under time reversal are given in Appendix E.

Specializing (28) to the adiabatic case n = 1 we thus have

Q— %Zaﬁy EapyeaS2p, With
Qp, = il(ds, Wo||ds, ¥o) — (B < )]
= —21Im(ds, Wol|ds, W)
= —21Im(3s5, Wo|©'O|ds, ¥y)*
—2Im(0ds, Wo|ds, Wo)* = 0,

(52)

where we have exploited the antiunitarity of ®. In an exten-
sion of the discussion of Sec. V for the weak-J case, we can
thus infer that the Abelian spin-Berry curvature must vanish
for even L and arbitrary J in one dimension. Let us emphasize
that the argument cannot be transferred to the non-Abelian
case. For n > 1, we have () # 0 in general.

C. Nutation

Apart from the precessional motion, the classical-spin dy-
namics also exhibits nutational oscillations with a frequency
that is in general different from the precession frequency. The
nutation is most easily seen in an oscillatory behavior of the
z component of the classical spin: The field points into the z
direction, B = Be,, such that the z component of the torque
on S due to the field must vanish (B x §), = 0. A nonzero
time derivative S‘Z # 0 is, therefore, solely due to the exchange
coupling and directly proportional to J({s;,) X S);.

As such, a nutational motion cannot be captured by n = 1
adiabatic spin-dynamics (ASD) theory: The adiabatic con-
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time
FIG. 6. Time dependence of the z component of the classical spin
as obtained from n = 2 (solid blue curve) and from n = 4 (dashed

blue curve) NA-SD, compared to the result (red curve) of the full
theory. L=11,J =1,B =0.1.

straint and a simple symmetry argument immediately imply
that the ground-state local moment (s;,) = (Wo(S)ls;, W0 (S))
must be strictly antiparallel (for J > 0) to S, which in turn
implies that S, is a constant of motion. The adiabatic spin dy-
namics is thus perfectly precessional albeit, opposed to naive
adiabatic theory, with a renormalized precession frequency, as
already discussed above.

Numerical results for L =11 as obtained from non-
Abelian spin-dynamics theory with n = 2 [see Fig. 6 (blue
curve)] show that there can be a considerable variation of the
amplitude of the z component of S. The nutational oscillation
is perfectly harmonic and S stays non-negative, when starting
with S, =0 at t = 0. As compared with the S, dynamics
predicted by the full theory (red curve), the step from n = 1
(ASD) to n = 2 (most simple variant of NA-SD) is in fact the
essential one, and the results for n = 2 are already close to
those of the full theory. The latter, however, predicts a slight
deviation from perfectly harmonic nutational motion, which
is not reproduced with n = 2 but can be captured with an im-
proved (n = 4) approximation within the NA-SD (dashed blue
curve). A further increase of n becomes technically more and
more involved and has also been found to improve the results
in a nonmonotonic way only. It is thus very fortunate that the
main improvement of the n = 1 ASD is already achieved with
n = 2 NA-SD. For the rest of the discussion, we will therefore
stick to the n = 2 case.

The physical cause of the nutation can be traced back
to the time-dependent admixture of the first excited state
W, (S(¢))) to the instantaneous ground state |Wo(S(7))).
Figure 7 for J = 1 (blue curve) displays the absolute square
of the ground-state coefficient |erg|* as function of propagation
time corresponding to the n = 2 NA-SD result for S, in Fig. 6.
Note that we have |a;|?> = 1 — |ag|?> forn =2. As fort =0
the conduction-electron system is prepared as the ground
state of H, the ground-state weight |ap|> = 1 initially. In the
course of time, there is a weight transfer to the first excited
state, which results in a significant reduction of the ground-
state weight down to a minimal value of |a|? ~ 0.72. Within
the n =2 NA-SD, the time-dependent weight transfer is
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FIG. 7. Time dependence of the ground-state weight |op|® as
obtained from NA-SD with n =2 for a system with L = 11, for
B =0.1, and for various coupling strengths J =1 (blue), J =2
(orange), and J = 10 (green).

perfectly harmonic, and its frequency is exactly the same as
the nutation frequency of S, (see Fig. 6).

Increasing the coupling strength J results in a weaker ad-
mixture of the first excited state, as can be seen by the results
for J = 2 (orange) and J = 10 (green) in Fig. 7. This is ac-
companied by an increasing frequency of the time-dependent
weight transfer. Again, this frequency is precisely the nutation
frequency that is observed in the time dependence of S,, which
is displayed in Fig. 8 for the different coupling strengths.
We also note that this is unrelated with the precession fre-
quency which is much less J dependent. Furthermore, also
the J dependence of the minimal (maximal) amplitude shows
the same trend for both the ground-state weight and for S,
respectively.

Compared to the standard perturbative linear-response
approach discussed in the Introduction, our approach thus pro-
vides an alternative explanation of nutational spin dynamics.
As in the standard theory, nutation is the first phenomenon
that is found in a systematic expansion starting around the
adiabatic limit, namely, Taylor expansion in the retardation
time on the one hand and expansion in the dimension of
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FIG. 8. The same as Fig. 7 but for the time dependence of
S.. Coupling strengths: J =1 (blue), J =2 (orange), and J =
10 (green).
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FIG. 9. The same as Fig. 7 but for L = 10. Note that the
same color coding is used. Coupling strengths: J = 1 (blue), J =2
(orange), and J = 10 (green).

the instantaneous low-energy subspace on the other. Another
important difference is that the NA-SD is formulated for a
closed system while the standard theory relies on a formalism
for open quantum systems. This also explains that the standard
approach necessarily predicts nonconserving Gilbert damping
accompanying the nutational motion.

The time dependence of the weight |ag|?, as shown in
Figs. 7 and 9, is reminiscent of the Rabi oscillations of the
ground-state occupation in a simple two-level system driven
by an oscillatory time-dependent external field. In our case the
driving is due to the classical spin which is precessing around
the axis of the magnetic field. However, the case is more
complicated. Opposed to the standard Rabi setup [54], the
“two-level system” emerging in the (n = 2) NA-SD is itself
time dependent, has a feedback on the classical spin induced
by the spin-Berry curvature via the geometrical torque, and
S couples locally rather than globally to a time-dependent
and in general only partially polarized local magnetic
moment.

Let us return to the results for the ground-state weight
for L = 11 shown in Fig. 7. It is tempting to interpret the
decrease of the amplitude of the oscillations of |ag|*> with

0.8F ! ! ] f =
0.6 1
U’;‘ 0.4¢ 1
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0.0F < LN e N
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FIG. 10. The same as Fig. 9 but for the time dependence of
S.. Coupling strengths: J =1 (blue), J = 2 (orange), and J = 10
(green).
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FIG. 11. J dependence of the single-particle eigenenergies for
L = 10 (right) and L = 11 (left). B = 0.1.

increasing J as a consequence of approaching the adiabatic
limit, where |ag|> = 1. In fact, this trend is consistent with the
time-averaged angle enclosed by S and (s;,) approaching 180°
with increasing J (see Fig. 3). However, for a tight-binding
chain with an even number of sites (L = 10), see the data in
Fig. 9, we find that the oscillation amplitude of |ag|> grows
with increasing J. We conclude that there is an odd-even
effect not only with respect to the precessional, but also to
the nutational dynamics. This odd-even effect is also obvious
from the comparison of Figs. 8 and 10.

For an explanation of the effect, we consider the 2L single-
particle eigenenergies &; of the minimal model (47). Their
J dependence is shown in Fig. 11 for L = 10 (right, blue
lines) and L = 11 (left, orange lines). Only at J =0 are
the eigenenergies spin degenerate, any finite J > 0 immedi-
ately lifts this degeneracy. Consistent with analytical results
available for tridiagonal pseudo-Toeplitz matrices [53], we
find that the &,(J) curves do not intersect and that a finite
“critical” coupling J =~ 2 is necessary to split off a pair of
bound states, localized in the vicinity of iy, from the “con-
tinuum” of delocalized states. Importantly, however, we note
that the finite-size gap AE between the highest occupied
and the lowest unoccupied eigenenergy, right below and right
above ¢ = 0, respectively, shows opposite trends for L = 10
and 11.

The J dependence of the gap is displayed in Fig. 12. We
note that AE monotonically shrinks with J for L = 10 (blue
lines) and grows with J for L = 11. This is also characteristic
in general, for systems with an even and odd number of
sites, respectively. According to the adiabatic theorem [54],
the real-time dynamics is close to adiabatic if the gap size is
large compared to the inverse T~! of the typical timescale .
Here, this can be estimated as given by 7! ~ B = 0.1. For
the case L = 11, this indeed implies that the adiabatic limit is
approached with increasing J, while for L = 10 a decreasing
J favors adiabatic dynamics. This also explains the different J
dependence of the amplitudes of the nutational oscillations of
S, shown in Figs. 8 and 10, respectively.
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FIG. 12. The finite-size energy gap AE between the ground state
and the first excited state as function of J for L = 10 (blue) and L =
11 (orange). B = 0.1.

IX. CONCLUDING DISCUSSION

Systems of a single or a few quantum spins coupled to
an extended lattice fermion model pose notoriously difficult
quantum many-body problems. Here, by treating the impurity
spins as classical objects with a dynamics that is slow as
compared to the typical electronic timescales, we have con-
centrated on a simplified case with the ambition to exactly
trace out the high-energy scales and to arrive at an effec-
tive low-energy theory that, apart from the classical spins,
includes a minimal number of electronic degrees of freedom.
Our approach in fact represents a systematic extension of the
previously proposed adiabatic spin-dynamics (ASD) theory
[28], where unconventional spin dynamics was observed to
result from a geometrical spin torque.

For systems where the typical spin-dynamics timescale is
much slower than the timescale of the electron dynamics, the
adiabatic theorem, in case of gapped systems, tells us that
the electron state at an instant of time ¢ is the ground state
of the electronic Hamiltonian for the given spin configuration
atz. Alternatively and more generally, one may argue that adi-
abatic dynamics is due to fast electronic relaxation processes
dissipating the excess energy to the bulk of the system or to
external baths. These standard arguments and more explicit
criteria, which typically motivate a purely adiabatic theory, are
rarely controllable and hardly ever fully met in applications
to realistic systems. In most practical cases, it is a priori
extremely difficult to decide whether or not the dynamics is
adiabatic. Our approach therefore aims at a straightforward
way to improve the adiabatic spin-dynamics theory in an, at
least in principle, systematic manner.

As the central and sole approximation we assume that
the electronic state at any instant of time ¢ lies in the
n-dimensional low-energy sector spanned by the instan-
taneous ground state, realized for the classical-spin con-
figuration at time ¢, and the corresponding lowest n — 1
instantaneous excited states of the electron system. The
approximation is implemented as a holonomic constraint
within a Lagrange formalism. We have seen that the ef-
fective low-energy theory unfolds itself straightforwardly
and naturally takes the form of a non-Abelian gauge
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theory, where the non-Abelian spin-Berry connection and
spin-Berry curvature enter the resulting effective equa-
tions of motion for the electronic state and for the spins.
The gauge freedom is given by the arbitrary choice
of an orthonormal basis in the instantaneous low-energy
subspace of the electron system. SU(n) gauge transformations
leave observables invariant. The number n of states considered
in the non-Abelian spin dynamics (NA-SD) theory can be seen
as a control parameter, so that comparing results for different
n allows us to check the validity of the approach, at least in
principle.

The physically interesting point of the emergent low-
energy theory is that the spin dynamics is crucially affected by
the gauge-invariant expectation value of the (gauge-covariant)
spin-Berry curvature, i.e., by an additional geometrical spin
torque. In the ASD (n = 1) a nonzero spin-Berry curvature
is obtained for systems with broken time-reversal symmetry
only. Opposed to ASD (n = 1), however, the non-Abelian spin
dynamics (NA-SD) theory incorporates a spin-Berry curva-
ture tensor, the elements of which are generically nonzero
even in the more common time-reversal-symmetric case and
both for the antiunitary time-reversal operator squaring to +1
and to —1. The NA-SD formalism also provides an elegant
and straightforward explanation for the odd-even effect ob-
served as function of the system size in the simpler ASD [28].

Applications of the NA-SD theory are promising in cases,
where (i) the classical-spin approximation is reasonable,
e.g., for magnetic atoms with high-spin quantum numbers
or, more generally, with well-developed local magnetic mo-
ments, which are stable on timescales exceeding all other
relevant timescales of the full system. This excludes, e.g.,
Kondo systems with a fast screening of the local moment.
Strong magnetic anisotropies at surfaces or interfaces, on
the other hand, can favor extremely stable magnetic mo-
ments with respect to both longitudinal and transversal spin
fluctuations [55].

(ii) As regards the electron system, the amount of energy
pumped in with the initial excitation must be small com-
pared to the lowest electron excitation energies, such that a
low-dimensional instantaneous low-energy subspace can fully
capture the essential dynamics. Such situations could be re-
alized in case of magnetic atoms coupled to tight-binding
systems with essentially a finite number of orbitals, e.g.,
to metallic nanoislands supported by an insulating substrate
[55] or in nanowires [35], for example. Correlated molecular
magnetic systems are interesting as well, particularly in cases
with a degenerate ground-state manifold (see Ref. [56] for an
instructive example), which naturally defines the low-energy
subspace. In case of formally infinite, e.g., condensed-matter
systems, NA-SD may be applicable whenever there is a low-
energy sector with a finite gap to excited states at higher
energies, such as insulating systems with a symmetry-induced
degenerate ground state. Topological insulators with gapless
edge modes, e.g., Chern or Z, insulators, represent another
class of systems which are worth to be considered, and the
study of the relation between different Berry curvatures, the
spin-Berry curvature considered here and the conventional

Berry curvature of topological band theory is expected to
be particularly instructive. The real-time dynamics of clas-
sical spins coupled to the edge of a one-dimensional spinful
Su-Schrieffer-Heger model [52] and to a two-dimensional
spinful Kane-Mele model [57] have been discussed recently.
In the former case, the low-energy subspace (at one edge) is
spanned by two quantum states only. For the Z, Kane-Mele
nanoribbon, the helical edge modes form a continuum but
with an extremely small phase space for spin excitations,
which suggests that considering a finite number of basis states
for the low-energy sector could be a reasonably good approx-
imation.

For classical spins coupled to gapless metallic bulk sys-
tems, any low-energy sector is formally infinite dimensional.
While the adiabatic theorem does not apply to this case,
one still expects that a low-energy subspace defined by a
certain maximum excitation energy AE above the many-
electron ground state could reliably capture the electron
dynamics, depending on the initial excitation energy pumped
into the system. If the electron system may be treated in
the independent-electron approximation, the application of
NA-SD is well conceivable since it merely involves diagonal-
ization of the single-electron hopping matrix and computation
of matrix elements of two-electron operators with two-
electron and two-hole excited states above the Fermi sea (see
Appendix D). By varying AE, the reliability of the approxi-
mation can be tested.

Here, as a proof of principle, we performed numerical
calculations for a minimal but nontrivial model consisting
of a single impurity spin coupled to the first site of a one-
dimensional noninteracting tight-binding model with a small
number of L sites. The real-time dynamics is initiated by
a sudden change of the direction of a local magnetic field
coupled to the impurity spin only. Results obtained from ASD
(n=1) and NA-SD (for n =2 and 4) have been checked
against results obtained from the numerical solution of the
full, unconstrained set of equations of motion for the coupled
spin-electron system. We find that the NA-SD reproduces the
anomalous precession frequency that is already predicted by
ASD for systems with an odd number of sites L. For even
L, NA-SD correctly predicts anomalous precession, which is
absent in the purely adiabatic approach. This deficiency of the
ASD can be explained by a symmetry analysis. Depending
on the coupling strength J, the dynamics of the impurity spin
can exhibit a considerable nutational motion. As judged by
comparison with the full theory, this more subtle effect is
almost quantitatively covered with NA-SD for n = 2. NA-SD
calculations for n = 4 show an even closer agreement with the
full theory.
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APPENDIX A: EXPLICIT FORM OF THE EQUATIONS OF MOTION FOR THE CLASSICAL SPINS

The equations of motion (25) for the classical spins derived in Sec. III are implicit differential equations. An explicit form,
however, is more convenient for the numerical evaluation. Here, we briefly discuss a corresponding reformulation. We start with
(25) and apply xS,, from the right. This yields

S = (35, Hin) X Sy + 05, Het X S+ Y Y (Z eaﬁasmﬁ«z)k%m)skyea. (A1)

s  ky aff

Next, we combine the components of all M spins in a single 3M-dimensional column,

M
S:=(51.5...) =) el ®s,. (A2)

m=1

Here e% is the mth canonical M-dimensional unit vector and ® denotes the Kronecker product. Writing Xusky =
Za 5 €aBsSmp{S2)ky.ma for short, the last term on the right-hand side of (A1) can be written as Za( iS )mses, and we find the
explicit form of the 3M-dimensional system of differential equations of motion:

S=1-x" (Ze% ® ((3s, Hint) X Sp + 85, Hor X Sm)>. (A3)

m

This involves an inversion of the 3M-dimensional matrix 1 — x.

APPENDIX B: NORMALIZATION CONDITIONS

The equations of motion (25) and (26) respect the normalization conditions (27). We start with the wave-function normaliza-
tion. Equation (26) implies

iy Qo) =Y oo (WIHIW;) —i Y ate (W0 W) = —i Y (30 et (B1)
i ij ij i

This yields 9, ) ; lo;|?> = 0 as required. Conservation of the length of the classical spins can be verified directly from their
equations of motion (25) or, more conveniently, by taking the scalar product of both sides of (A1) with S,,. This yields S,,S,, = 0
as required. However, conservation of the spin length has been exploited already in deriving (25), directly after (20).

Alternatively, we may thus explicitly take care of the normalization conditions an =1 by treating them as additional
constraints when deriving the equations of motion from the Lagrangian (13). This is done with M Lagrange multipliers A,
i.e., we replace the Lagrangian by

Li({S}, 18, (o), (o™}, {6}, (6"}, (A}) = Le({S), (S}, fer}, fer*}, {é}, ™) — D~ Au(S5, — 1), (B2)

such that the Euler-Lagrange equation for A, reads as Si = 1. Further, the equation of motion for a classical spin S, is
modified as

1 . R .
0= _|S |3Sm X Sy + (s, Hint) + s, Hel + Z Z Siy () ky.mpeg + 2AuSm. (B3)
" k- By

Acting on both sides of the equation with xS, and with -S,,, respectively, gives a system of two equations, which is equivalent
with (B3):

. S, . .

0=(S, xS, x W + (asmHim) X S, + 8SmHC1 X S, + Z ZSkV (Q)ky,mﬁeﬂ X S,

m k ,B}/
0 = (35, Hind) - S + 95, Het - S+ Y Y Sty (Qkympep - S + 20mSs,- (B4)
k By
Exploiting S,Zn = 1 in the second equation fixes the Lagrange multipliers as
1 A .
hn == (<asmHim> Sy + 35, Het - S + ij ﬂijSkym)ky,mﬁeﬁ : Sm), (BS)

while using it in the first equation reproduces the familiar equation of motion (25).
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APPENDIX C: SPIN-BERRY CURVATURE IN TERMS OF A PROJECTION OPERATOR

To prove (28) we start from the definition (22) of the non-Abelian spin-Berry curvature and insert the definition for the
spin-Berry connection (15). This gives
Qo = il(ds, Wilds,, W) — (3s,, Wilds, W;)]

n—1

+iZ[(‘lfilaskyI‘I’z)(‘I’zlasm,;l‘IJj) — (Wil s, [W1) (W10s,, | W), (ChH
=0

where we have exploited the commutativity of the derivatives ds,, and ds,,. Using the completeness relation and inserting a
unity,

n—1

I=0Q,+ Y W)Wl (€2)

=0

where Q,, = Zl}n |\W;) (W] is the projector onto the orthogonal complement of the low-energy space &£,({S}), we find

QD o= il(ds, Wil Qulds,, W)} — (ds,, Wi Qulds,, ¥)]
n—1
+ iZHaSW Wi W) (W05, W) — (s, Wil Vi) (W 19s,, W))]
1=0
n—1
+ iZ[(‘I’ilask,|‘IJ1)(‘1’1|3S,,(3|‘I"]') — (W;l0s,,, W) (W]0s,,, ;) ]. (C3)
1=0

Noting that (3, , W;||¥;) = —(W;|ds

- |¥;), we see that the last two terms on the right-hand side cancel, and thus

Q0 o= il(ds, Wil Qulds,, W;) — (Bs,, Wil Qulds,, ¥))]. (C4)

APPENDIX D: NUMERICAL COMPUTATION OF SPIN-BERRY CURVATURE AND CONNECTION

The equations of motion (25) and (26) form a coupled, nonlinear set of ordinary differential equations, which can be solved
numerically by standard techniques. Making use of the fact that the conduction-electron system is noninteracting, however,
is essential for an efficient computation of the key quantities of the electron system, namely, the spin-Berry curvature and
connection.

We start by specializing Egs. (23) and (28) to the single-spin case M = 1,

n—1 n—1
(Qpy =1 Y ofor;(9pW]Quld, W)) — (3, 9] QulpW)) =2 > Y Imarfer; (Wil W) (¥, [0, W), (D1)
i,j=0 i,j=0 I>n
and use the identity
sl = 5, 1) E #E D2
(W;l0g] l)_ﬁ (E; # Ep) (D2)

to express (£2) in the form

E\#E; E;

L W) () px R e (Wilsios W) (Wisiy [W))
@y = =2 D el — _ZIWZ 2 T G-bg - ™

The matrix elements can be computed by plugging in the definition of the local spins; = 5 Zw, ;050 Cig’ and by transforming
to the eigenstates of the effective hopping matrix:

Z k&, lcfcko ’ Cic = Z Uio k5 Cks - (D4)
k&
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This yields

Ej#E; E;

2

1

(\I" |Sl()/3|\lll) (‘IJI |Stoy |“IJ
(El El)(Ej - El)

”
E E i s
kk’qq’ ka l(]O'U(T(f UZOU/ k'é /Uqr lofatt UIOT/ T

p——— 56'¢t/

(W; |CkUC1(f rc | W)
(E E + Eqgv — 18qt)(<9q T Sqr)

(D5)

where Z” means that the indices k, k', ¢, ¢, 5, ', T, T’ can only take values such that ck, 5Cks|i) and c;f cqw|Jj) are not contained
in the low-energy subspace. For the summation indices it is required that

(k,6)# (K',6") and (q.7)#(q.7)

since i # [ and j # [. Plugging this into (D3) gives an expression that can be evaluated straightforwardly by numerical means.

We also have to compute the Berry connection, i.e., the matrix elements (\W;[0g|¥;) in (26) [see also (15)]. For i # j we can
again use (D2) since the single-particle energies are generically nondegenerate for finite J and since this implies that states |W;)
and |W;) with E; = E; must differ in more than one single-particle eigenstate. For i = j, on the other hand, (W;|dg|W;) must be
computed differently. We exploit that the many-particle state |\W;) is a Slater determinant:

(Do)

W) =cj el ...c) Ivac). (D7)
Therewith, we get
N
35, 1W;) =Y "cp . (Bs,cl) -] Ivac) (D8)
i=1
with
ds,ch =35, > UjonCly = Y @5,Ujoun)Cly = 3 > O5,Ujon Uy gl =3 (U 85,0 ). (D9)
jo Jjo jo m m
Multiplying (D8) with (\;| from the left yields
(W95 W) ZZ(UTBSﬂU),,mI (VaclCpy - - Cpy - CayCh < Chy e Ch | Vac)
6nlm
N /
=Y WU, Ulpn, = Y, (U 05,UNpw = (U 0, U ) (Wil | W), (D10)

i=1

where Z; indicates that the sum only contains those single-particle states that are occupied in the many-particle state |\W;). The
derivative of the U matrix can be computed by standard numerical means.

APPENDIX E: TIME-REVERSAL-SYMMETRIC
GROUND STATE

We consider the minimal model with Hamiltonian H given
by (47). For J = 0 the (electronic part of the) model is in-
variant under SU(2) spin rotations. For a given direction of
the classical spin, say S = Se, and for J > 0 the symmetry
breaks down to a U(1) symmetry under spin rotations around
the z axis. As argued in the main text, the local spin-dependent
perturbation is not strong enough to spin polarize the system,
irrespective of the coupling strength J. In this case the ground
state of H is invariant under time reversal, as is shown in the
following.

The antiunitary operator ® representing time reversal in
Fock space is defined via its action on the creation and anni-
hilation operators as

@c @T =cf

. ede (ED)

lT’

where i refers to lattice sites and o =1, | to the spin pro-
jection with respect to the z axis. Due to the remaining U(1)

(

symmetry, the Hamiltonian can be diagonalized in the spin-1
and spin-| sectors separately, i.e., the single-particle eigen-
states cza|vac) of H are obtained via a spin-diagonal and
spin-independent unitary transformation:

Ck(r Z Ulkcl(r

For the model (47) with § = Se., the effective hopping matrix
(51) is real and symmetric, and we can thus assume a real and
orthogonal transformation matrix U. The creation operators
referring to the eigenbasis of H in the one-particle subspace
thus transform as

(E2)

fof = o t et = ol
Oc, ' =¢; ), O, 0" =—¢p, (E3)
under time reversal.

For even N, the ground state of H is the Slater determinant
oce oce

(o) = [T ety [ TelyIvac),
k k'

(E4)
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where |vac) is the time-reversal-invariant  vac-
uum, k=1,...,Ny, and K=1,...,N, with
Ny = N, = N/2, as the ground state is unpolarized. Applying
® yields

occ occ

Olwe) = (=1 [ Jef, [ [ cbylvac), (ES)
k K

and, after reordering,

occ occ

Olwy) = (=M (=DM [T ely [l vac). — (E6)
k' k

For Ny = N, = N/2, however, the total sign is +1, and hence
the ground state is time-reversal symmetric

0O[¥) = [Yo). (E7)
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5 — Geometrical Spin Torque in a Magnet

Magnetic materials are an ideal platform for the geometrical spin torque arising in ASD and
NA-SD because they exhibit two key features. First of all, they break time-reversal symmetry,
which makes it possible to conduct the analysis in the weak-J limit using expressions from
linear response theory. Secondly, they spontaneously break a continuous symmetry, namely,
SU(2) spin-rotation symmetry, such that Goldstone’s theorem [92,93] predicts the existence
of massless excitations in the energy spectrum. This can strongly boost the geometrical
spin torque, which is demonstrated for the Heisenberg model in the following. It is found
that there is a strong dependence on the type of interaction, i.e., if the coupling is ferro- or
antiferromagnetic, as well as the presence of anisotropies. Furthermore, the dimension of the

lattice plays a crucial role that is reminiscent of the Mermin-Wagner theorem [94-96].

5.1 — Ferromagnetic Heisenberg Model

The quantum Heisenberg model is one of the best known models to describe magnetic phe-
nomena on a microscopic scale. It is suitable for models with permanent, localised magnetic
moments whose interaction can be modelled by an exchange interaction. The Hamiltonian

of the model reads

1
H= Z Jij {2(31*3]-_ + si_sj) + Asis? (5.1)
ij

with exchange couplings J;; and an anisotropy parameter A. In the following, it is assumed
that every quantum spin has the same spin quantum number s. For a negative exchange
coupling, the ground states of the model are the fully polarised states, i.e., |0) = [T,1,...),
in which all spins are aligned parallelly. As is commonly done, we choose the spontaneously-
symmetry-broken ground state to be aligned with our quantisation axis. In general, the

eigenstates of H are given by product states
|Sam1>1 ® |57m2>2 PRy |SamL>L = |m17m27 s 7mL> ) (52)

which constitute a basis of the Hilbert space. Assuming nearest-neighbour interaction only,

we get

J for R, — R; €4
Jy=" 7 (5.3)
0 otherwise,

where R; is the position vector of the ith site and ¢ is the set of nearest-neighbour translation

vectors. For a hypercubic lattice in d dimensions with lattice constant a = 1, one has

6 = {e$17 €5y exda _eaf)d} (54)
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5 Geometrical Spin Torque in a Magnet

with the canonical unit vector in the ¢th spatial direction e;;,. The Hamiltonian becomes

H = Z JH(si_sj + As;s3) (5.5)
<ij>

since for nearest-neighbour sites ¢ and j it is [s;r,s;} = 0. To describe the low-energy
excitations of the ferromagnetic Heisenberg model, it is convenient to introduce the Holstein-

Primakoff transformation [97]. This maps the spin operators onto bosonic operators a;

1

ﬁsf =5—n (5.6)
1 n;

ﬁsj =V2sy/1— 2—;ai (5.7)
1 t n;

75 = 2sa)4/1 — % (5.8)

with n; = a;-ral-. The bosonic operators fulfil the usual bosonic commutation relations and it
can be shown that the transformed spin operators still satisfy [s;q, sig] = EaBySiy- A Taylor

expansion in % of the Holstein-Primakoff expressions gives
oMo (d (5.9)
25 4s 52 )

such that for large spin quantum numbers it is sufficient to only consider the zeroth order,

n
1——~1. 5.10
V3o, (5.10)

For the approximation to be valid, one has to argue that 2s is much larger than (n;). If

i.e., make the approximation

1
8257

takes the form

one needs n; < 1, which is typically true for small temperatures. The Hamiltonian

H=Jy Z (QShza;raj + Ah2(s2 — saTai — sa;r-aj + nin;))

7
<ij>

1
= 2Jh%s Z (a;[aj - A (a;-ra,- + nm]>> + JgAR%s? Lz, (5.11)
s

<ij>

where z is the coordination number. Since we assumed n; < 1, it makes sense to also discard
the term oc n;n;. The terms of the resulting Hamiltonian are then at most bilinear in the

a-operators

H = 2Jyh’s Z (ajaj — Aa;rai) + JuAR*s?Lz. (5.12)
<ij>
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5 Geometrical Spin Torque in a Magnet

This Hamiltonian can be diagonalised by Fourier transformation of the bosonic operators

1 —ikR, 1 ikR;
a-:—g e ‘ag, a :—E ey 5.13

T 1 ikR; t 1 _ —ikR; T
a = —— e ‘a , A, = 5.14
i ﬁzk: k' Tk \fZ ( )

with k € BZ. Inserting this into (5.12), the first term transforms as

> iy = 5o
<ij>
l
7222 ik R —ik R+5)aTa )

i 6 kK

= (i 3 ei(k—k:’)Ri) 3 e * 30l ap
: 5

Kk

= Z Z e_ik‘sa;rcak
k &

_ Z % Z (eiké " e%ké) a;rcak
k 4]

= ZZcos(ké)aLak, (5.15)
k &

where it was used that i e i(k—kRi — drr and the second to last equality holds because
Y5 f(8) => 5 f(—06). For the second term, one finds

Z a;a; = zZa a;
<ij>
-2 Z Z ik Rigl g,

= zZaLak. (5.16)
k
The Fourier transformed Hamiltonian is diagonal and reads

= 2Jyh%s Z )al ax, + Eo (5.17)

with the dispersion w(k) := >4 cos(kd) — Az and ground state energy Ey = JyAh?s®Lz.
In the thermodynamic limit, k is continuous and the spectrum of low-energy excitations is
gapless. This is predicted by Goldstone’s theorem since the ferromagnetic Heisenberg model
exhibits spontaneous symmetry breaking. Concretely, the Hamiltonian is invariant under
SU(2) spin rotations. In principle, this is true for the ground state as well since it is only
necessary for all spin moments to be parallel aligned, while the direction of alignment is
irrelevant. Thus, there is an infinite number of ground states connected by SU(2) transfor-
mations. However, as mentioned above, a single one of those states is picked as the true

ground state consequently breaking the SU(2) spin-rotation symmetry [98]. From the form
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5 Geometrical Spin Torque in a Magnet

of the diagonalised Hamiltonian (5.17), it is sensible to interpret the low energy excitations
as bosonic quasiparticles of momentum k. The quasiparticles are called magnons and rep-
resent small deviations from the complete alignment of the spins. From a classical point of
view, these excitations are also known as spin waves. The magnons are then the quanta of
spin waves in complete analogy to phonons as the quanta of lattice vibrations [84]. Taking
only the first term in the Taylor expansion of the Holstein-Primakoff expressions (5.9) into
account, is, hence, also referred to as linear spin wave theory [99].

To compute the spin-Berry curvature of a single classical impurity spin coupled to the ferro-
magnetic Heisenberg model at zero temperature and for small quantum-classical coupling J,

one has to evaluate

2.J2 (0] sma k) (K| Smyar 10)
Q r=——"Im E 1

where |k) denotes a single-magnon state of momentum k and Ey = 2Jgh%sw(k) + Ey the

corresponding energy. A single-magnon state, without normalisation, is given by

k) = s~ (k) [0), (k| = (05" (k) (5.19)

with s~ (k) = \%Z S e *Rigm and s (k)T = st (—k). The normalisation can be straightfor-

wardly computed as

(0 s (—k)s™ (k) [0) = (0] (s~ (k)s™ ZS ) [0) = 27 (5.20)

assuming that the ground state |0) is already normalised. To compute the matrix elements
(0] Sma |k) the normalisation will be ignored for now and only included in the final expression

for Qya,mrar. This yields

(0] ¢ k) = (0] 75~ (k) 0) = %’“R (0] 57 10
(0] ¢ 1) = (0] s~ (k) 0) = — 2~ (0] 757 [0)
(0] 57 [k) = 0. (5.21)

The spin-Berry curvature is proportional to the imaginary part of the product of two such

matrix elements. Therefore, the only nonzero contributions come from a, o’ # z

T i —1 i—R; - -
(0] 57 k) (K| 57 |0) = Je R (0] s |0) (0] sFs5 [0)
. i ik(R-R _ _
(0] s¢ k) <k|s-|0>=—1e HBR) (0] 5557 10) (0] sF s [0)

(0] 52 [K) (k] 5% 10) = (0] ¥ [k (&l ¥ 10) = <~ *RR) (0] 5= [0) (0] s¥57 [0).  (5.22)

1°
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5 Geometrical Spin Torque in a Magnet

In the case s = % with 1) = (1,0)T the matrix representation of sj and s; is given by

S+_h<o 1>7s_h<o 0)
0 O 1 0
=stsT ) =h* 1), sTs 1) =0

sTsT ) =h*), sTsT ) =0, (5.23)

All in all, one has

tm{ (0] 57 [k) (k| ¥ |0) } —cos (Ri - R;))
Im{ (0] s¢ |k) (k|57 0) }
Rk

Im{(0] s k) (k| 55 |0) } = {(0\ s; k) (k| 5

——cos(k(R; — Rj))

——sin(k(R; — Rj)). (5.24)

To include the normalisation, a factor of \/21hi23 has to be added per matrix element involving

|k) such that the final expression is

J? sin(k(R; — R;))
Qizie = Qiyjy = =0 5.25
J Y3y QhZJ?_IL ; ( )2 ( )
J? cos(k(R; — Rj))
Qizjy = —Qjyiz = — EREA 5.26
i ad 2h2J% L Zk: w(k)? (5.26)

Here, the zx and yy components vanish since the sum over k contains both k and —k
and sine is antisymmetric. For a hypercubic lattice in d dimensions, it is z = 2d and thus
w(k) =) scos(kd) — A2d = 2(2:Z 1 cos(k;)) — 2Ad.

In the isotropic case, i.e. A = 1, the denominator becomes zero if k; = 0, Vi € {1,...,d}.
The elements of the vector R;; := R; — R; are all integers for a hypercubic lattice with lattice

constant set to one, such that at the points where the denominator vanishes cos(k(R; — R))
cos(k(Riij)) 1 1f

is nonzero. At the point where k = 0, one finds by Taylor expansion (k)2 o k|

we are in the thermodynamic limit and in d dimensions, one has

1 VWS d / d—1
— — d’k dk|k 2
15— Gy [t [fariwt, (5.27)

where Viys is the volume of the Wigner-Seitz cell, which is a® for a hypercubic lattice. For

the transition from a sum to an integral, it was used that

VivsVaz = (27)%, VL/VS =L, Ak = % (5.28)

with Ak the spacing between k points. This means that €., and €, diverge as ﬁ in
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5 Geometrical Spin Torque in a Magnet

three dimensions. For arbitrary dimensions, one has

]kz\d_4, ford >5
d—1cos(kR)
/dk‘k‘ “olk? xS Inlk|, ford=4 . (5.29)
k|7, ford <3

The lowest dimension for which the spin-Berry curvature does not diverge is five. In all
lower dimension, including the physical relevant d = 3, it is ill-defined and linear spin wave
theory breaks down. This is analogous to the so-called lower critical dimension in the context
of the Mermin-Wagner theorem. The theorem states that thermal fluctuations can prevent
spontaneous symmetry breaking in dimensions lower than two, which manifests itself by a
divergence of the variance of the order parameter [100]. The lower critical dimension is the
highest dimension for which this divergence occurs. Since for the ferromagnet the spin-Berry
curvature diverges for all dimensions d < 4, the theory cannot be applied to spin dynamics
in a sensible way. However, it seems useful to apply the same considerations as above to
the antiferromagnetic version of the Heisenberg model. The reason is that there the magnon
dispersion is « k at low energies such that the spin-Berry curvature is expected to be finite

already for dimensions lower than five. This is investigated in publication [II] below.
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The geometrical spin torque mediates an indirect interaction of magnetic moments, which are weakly
exchange coupled to a system of itinerant electrons. It originates from a finite spin-Berry curvature and leads
to a non-Hamiltonian magnetic-moment dynamics. We demonstrate that there is an unprecedentedly strong
geometrical spin torque in the case of an electron system, where correlations cause antiferromagnetic long-range
order. The key observation is that the anomalous torque is strongly boosted by low-energy magnon modes
emerging in the two-electron spin-excitation spectrum due to spontaneous breaking of SU(2) spin-rotation
symmetry. As long as single-electron excitations are gapped out, the effect is largely universal, i.e., essentially
independent of the details of the electronic structure, but decisively dependent on the lattice dimension and
spatial and spin anisotropies. Analogous to the reasoning that leads to the Mermin-Wagner theorem, there is a
lower critical dimension at and below which the spin-Berry curvature diverges.

DOI: 10.1103/PhysRevResearch.5.1.032012

I. INTRODUCTION

A magnetic moment coupled to a system of itinerant
electrons via a local exchange interaction of strength J ex-
periences a spin torque which leads to precession dynamics.
For several magnetic moments S,, (withm =1, ..., M), usu-
ally described as classical fixed-length spins, there are further
torques caused by, e.g., indirect exchange interactions medi-
ated by the electron system. These Hamiltonian spin torques,
well known in micromagnetics [1] and in the theory of
coupled spin-electron dynamics [2-8], all derive from inter-
action terms in the quantum-classical Hamiltonian [9] for the
spin and electron degrees of freedom. In addition, there is
a non-Hamiltonian spin torque that has a purely geometric
nature. This geometrical spin torque represents the feedback
of the Berry physics [10] on the classical magnetic-moment
dynamics.

Generally, such feedback effects have been pointed out
early [11-13] but have not been studied in spin dynamics
theory until recently [14]. For weak J compared to the typ-
ical energy scales of the electron system, the classical spin
dynamics is slow, such that the electron system accumulates a
geometrical phase which is gauge independent in the case of a
cyclic motion [10,15,16]. This Berry phase is closely related
to the Berry curvature, a two-form which, when integrated
in classical parameter space over a two-dimensional surface
bounded by a closed path C, yields the Berry phase associated
with C. For example, in molecular physics [17] and when
treating the coordinates of the nuclei classically, the feedback

Published by the American Physical Society under the terms of the
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of the Berry physics produces an additional geometrical force,
where the Berry curvature plays the role of a magnetic field
in the nuclei equations of motion. This effect is known as
“geometrical magnetism” [18,19].

The geometrical spin torque resulting from the spin-Berry
curvature (SBC) [14] is the analogous concept in the field
of atomistic spin dynamics [4,20]. As opposed to the closely
related geometrical friction term [18,19], i.e., Gilbert damping
[21], it is energy conserving. But, importantly, the SBC is
non-Hamiltonian and emerges for weak J, i.e., in the limit of
slow classical spin dynamics. However, the effects are typi-
cally weak [22] for a solid [23], such that it appears difficult
to disentangle the effect of the geometrical spin torque from
other contributions [24].

In this Letter we study the geometrical spin torque for
magnetic moments coupled to a magnetic solid: a correlated
D-dimensional antiferromagnetic (AF) insulator. This is a
generic situation realized, e.g., by magnetic impurities in the
bulk or by magnetic adatoms on the surface of the antifer-
romagnet. We demonstrate that the magnitude of the SBC is
governed by the magnon-excitation spectrum. This has very
general consequences: the SBC must diverge for D = 1 but
is regular for D > 3, see Table I. For D = 2 the SBC gener-
ically exhibits a logarithmic divergence as a function of any
perturbation causing a gap in the magnon dispersion, such as
magnetic anisotropies or external magnetic fields. The magni-
tude of the SBC and thus the impact on the magnetic-moment
dynamics is studied for the Hubbard model at half-filling
and zero temperature as a prototype of a correlation-induced
insulator.

II. TIME-REVERSAL SYMMETRY

Within adiabatic spin-dynamics theory [14,22], geomet-
rical spin torque is obtained from the SBC of the electron
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TABLE 1. Spin-Berry curvature of a spontaneously symmetry-
broken antiferromagnetic state with gapped single-particle excita-
tions. k: wave vector. See text for discussion.

Lattice Distance Magnetic
dimension SBC dependence ground state
1 Divergent - -

2 Log. divergent - Stable

3 Regular 1/R Stable
D>4 ~ [ttt g D=3 1/RP-2 Stable

system, see Eq. (2) below. Importantly, a finite SBC gener-
ally requires time-reversal symmetry (TRS) breaking in the
electron system [22]. If J is strong, as assumed in Ref. [14],
TRS is broken by the classical spin moment itself, as this
acts like a local symmetry-breaking field. TRS breaking can
be waived only at the cost of working with a non-Abelian
extension of the theory well beyond the adiabatic limit [25],
where the dynamics is governed by the generically finite non-
Abelian spin-Berry curvature. Another approach is to replace
the electron system with an entirely classical model composed
of “slow” and “fast” spin moments [26,27]. This circumvents
the necessity of TRS breaking altogether but still exhibits the
feedback of holonomy effects in purely classical systems [28].
For magnetic moments coupled to quantum systems and in
the physically relevant weak-J regime, a finite SBC can be
achieved with an external magnetic field, or with a (staggered)
orbital field as considered recently [22] with the Haldane
model [29] as a prototype of a TRS-breaking Chern insulator
[30]. However, fine tuning of the parameters is required to
achieve considerable effects [22]. Here we consider an elec-
tron system in which correlations induce a TRS-breaking AF
state. The AF order not only enables a finite SBC but also
strongly boosts its magnitude due to magnon modes in the
spin-excitation spectrum.

III. DYNAMICS OF MAGNETIC MOMENTS

We are interested in the slow dynamics of M magnetic
moments, described as classical spins S,, of unit length, which
are coupled to a correlated electron system with Hamiltonian
H, via a local exchange interaction Hi, =J Zﬁf:lsimsm.
Here, i,, is the site the mth moment is coupled to, and s; =
1/2 Zm, CITU T,4'Cio’» Where T is the vector of Pauli matrices,
is the local spin moment at site i of the electron system.
The total Hamiltonian is H = H(S) = H + H;n(S) and de-
pends on the configuration S = (S, ..., Sy) of the magnetic
moments.

Assuming that the electron system at any instant of time
¢t is in its instantaneous ground state for the spin configura-
tion S(¢), i.e., |W(?)) = |Wo(S(?))), the equation of motion of
adiabatic spin dynamics is given by [14,22]

S = (T 4 TE) xS, . )

Here T x S,, with T = 3(H(S))/8S,, = J(s;,) is the
conventional (Hamiltonian) spin torque, where (---) is the
instantaneous ground-state expectation value.

IV. GEOMETRICAL SPIN TORQUE

The second term, the geometrical spin torque T8 x §,,,,
is necessary to enforce the constraint |\W (7)) = |Wy(S(¢))) and
has been derived within a quantum-classical Lagrange for-
malism in Refs. [14] and [22]. This assumes that the ground
state is nondegenerate (otherwise non-Abelian spin-dynamics
theory [25] must be used) and that J is sufficiently weak so
that the classical spin dynamics is much slower than typical re-
laxation time scales of the quantum system H,. Alternatively,
the term may be derived within adiabatic response theory
[18,19,31] as the first nontrivial correction in a systematic
expansion of the response of a driven system with respect to
the driving speed, when applied to spin dynamics [32]. It is
given by

T%m) = Z Z SZm’m,oz/ot (S)Sm’a’eav (2)

o mao

with @ = x, y, z and the «th unit vector e, and where

0 0
Qmm’,aa’(s) - FAm’a’(S) - mAma (S) (3)

is the spin-Berry curvature. At each spin configuration S,
this is a real antisymmetric tensor (2,ma'e = —S2mm’ ae’)s
which is invariant under local gauge transformations of
the ground states |Wo(S)) > eS| Wy(S)). It is the exterior
derivative of the spin-Berry connection A,, =i (\IJO|%|\IJO),
which describes parallel transport of the ground state |W(S))
on the manifold of spin configurations M. For M classical
spins §,, € S2, this is given by the M-fold Cartesian product
of 2-spheres M = 8% x --- x S,

V. SPONTANEOUS ANTIFERROMAGNETIC ORDER

We consider a coupling of the magnetic spin mo-
ments to the single-band Hubbard model [33,34] on a
D-dimensional hypercubic lattice as a prototypical model
for itinerant magnetic order. Its Hamiltonian is H =
—t Y Y s o + U Y niynyy, where the nearest-
neighbor hopping ¢t =1 fixes the energy and (with i = 1)
the time scales. c;, annihilates an electron at site i with
spin projection o, and n;, = c;cig. The sums over i, j are
restricted to nearest neighbors, and L is the total number of
sites. It is well known [35-39] that at half-filling, repulsive
Hubbard-U and for D > 2, the ground state of the system
in the thermodynamical limit L — oo develops long-range
AF correlations. SU(2) spin-rotation symmetry and therewith
TRS are spontaneously broken, and the ordered state is char-
acterized by a finite staggered magnetization m = me, with
m=L""Y" zi(ny —n;) and z; = %1 for i in sublattice A or
B, respectively. We assume m > 0 for sublattice A.

At weak U, AF order is driven by the Slater mechanism
and perturbatively accessible [36,38]. Within self-consistent
Hartree-Fock theory [40], the one-electron excitation spec-
trum displays a gap A = Um at wave vector Q = (7, 7, ...)
in the conventional Brillouin zone. The two-electron spin-
excitation spectrum is well described by standard random-
phase approximation (RPA) but for the symmetry-broken AF
state [41-44].
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In the strong-U limit, the one-electron spectrum is dom-
inated by a large Hubbard gap A ~ U and well-developed
local spin moments, coupled via Anderson’s superexchange
[35,38]. Here, the model maps onto the Heisenberg spin-1/2
Hamiltonian with AF exchange Jy = 4¢>/U and AF long-
range order, see Refs. [37], [45], and [46], for example. To
compute the low-energy magnon dispersion and states, we
can apply spin-wave theory (SWT) [47] to the AF Heisenberg
model and use the Holstein-Primakoff transformation [48]
at linear order. Linear SWT is motivated by the fact that
single-magnon decay requires overlap with the two-magnon
continuum, so that the picture of a stable magnon gas is
protected by kinematic restrictions at low energies [49-52].

VI. SPIN-BERRY CURVATURE
OF AN ANTIFERROMAGNET

To compute the geometrical spin torque, we make use
of a Lehmann-type representation of the SBC starting from
Eq. (3). This is straightforwardly derived [22] using a
resolution of the unity, 1 =", |V, (S))(¥,(S)|, with an or-
thonormal basis of instantaneous eigenstates of Hej + Hinc(S):

(Wols? [W,) (s, | o)
(E, — Ep)?

Qi oo = _2J21 Z
n#0

“

Note that, due to the J2 prefactor, the S dependence of
the eigenenergies and eigenstates will provide corrections to
Eq. (4) only at order J>. As we refer to the weak-J limit, these
will be neglected in the following.

In the AF phase and assuming that the order parameter is
aligned to the z axis, (s;) = (—1)'me., there is a remaining
SO(2) symmetry of the energy eigenstates under spin rotations
around e,. This unbroken spin-rotation symmetry, together
with the spatial inversion and translation symmetries of Hy,
and the antisymmetry 2, 4o’ = —mwm.o'« [s€€ Eq. (3)] im-
ply that the spin-Berry curvature tensor is entirely fixed by
a single real number Q = 2,y »y = —p,yx for each fixed
pair of sites i,, i,s. All other elements must vanish, as is
detailed by the symmetry analysis in Sections A and B of the
Supplemental Material (SM) [53].

In a first step, for weak U, we compute the SBC via

d
Qo = =i — i, (@) +OUY), S

dw " =0

where Xy gor(@) = L71 Y e®Ri=R)y 1 (k, ) is the real-
space retarded susceptibility, obtained by the RPA (see SM,
Sec. C [53]). The relation Eq. (5) is easily derived by compar-
ing the representation Eq. (4) of the SBC with the Lehmann
representation of the susceptibility (SM, Secs. A and B [53]).
Therewith, the susceptibility in the symmetry-broken AF state
is seen to play a dual role for the spin dynamics: (i) via
Eq. (5) and Eq. (2) its frequency derivative at w = 0 yields
the geometrical spin torque T x §,,, and (ii) the static
susceptibility yields, in the weak-J regime, the conventional
RKKY spin torque T,(fl{) x S, with Tan) = 0HRrkkyY/9Sm,
where Hriky = J2 Y Xini .00 (@ = 0)SyeSwe is the pertur-
bative RKKY Hamiltonian of the AF state.

Iy — (kw)

TmOx ., (kw) /Ol

10!

1071

rXMr rr xmr rxX M rr xwr

FIG. 1. Left: Transversal retarded ground-state spin suscepti-
bility Im x,_(k, w) for U =2 and U =4 along high-symmetry
directions in the conventional D = 2 Brillouin zone, as obtained by
RPA. Right: Frequency derivative Im 9, x.,(k, @) (absolute values)
in the mBz, related to the SBC at w = 0. White dotted lines: Slater
gap A = Um (onset of the continuum). Lorentzian broadening w —
o + in with n = 0.045. Energy scale: t = 1.

For the Hubbard model on the D = 2 square lattice the
spin-excitation spectrum x._(k, w), see Fig. 1 (left) for U =
2 and U =4, consists of a continuum at high frequencies
wo>A=Um (A=0.75 for U =2, A= 2.76 for U =4)
and, furthermore, within the gap an undamped transversal and
doubly degenerate magnon mode. This mode takes most of
the spectral weight. The magnon contribution to the deriva-
tive 9, xxy(k, @) on sublattice A (Fig. 1, right) is even more
pronounced, especially for w = 0, where it is related to the
SBC by Eq. (5).

VII. GOLDSTONE THEOREM, IMPLICATIONS

In our second step, we exploit the fact that the spin-
excitation spectrum of an AF insulator has a universal
structure at low frequencies. This is due to Goldstone’s the-
orem, which enforces the presence of gapless magnon modes
[54-56]. In the collinear AF state and corresponding to the
two broken generators of the spin SU(2) symmetry, there are
two degenerate modes with a linear and isotropic dispersion
in the vicinity of the I" point in the magnetic Brillouin zone
(mBz). Linear SWT applied to the Heisenberg model that
emerges in the strong-U limit captures this physics, i.e., the
dispersion close to I' is given by %JHa)(k) = csk + O(K?),
where c; is the spin-wave velocity. Using the magnon energies
and eigenstates, we can compute the SBC in this limit from
Eq. (4) directly (SM, Secs. D and E [53]), ending up with

/ Pk cos [k(R;, — R;,)]
mBz

w(k)? ’

if both i,,, i,y belong to sublattice A (— sign) or B (4 sign),
and 2, = 0 else.

For D = 2, the linear dispersion close to I' then implies
a 1/k? singularity of the integrand and thus a logarithmic
infrared divergence. For D > 3, the local (m =m’) SBC
is finite. We note that the same arguments as invoked for
the Mermin-Wagner theorem [47,57], i.e., a divergence due
to the low-energy spin excitations, here lead to a lower

2% 1
Ji Q)P

Qmm’ =F (6)
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0 0.00
NQ’ 3D .M
a4+ ’Q’ o SWT
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S -3F * * =2
ti/t=0.1%, . s
4t . +-0.04
*
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FIG. 2. Local SBC as function of U for D = 3, as obtained
from RPA. Left: Qjoc/J>. Right: Qj,/J?U?. Diamonds: ¢, /t = 0.1,
see also Fig. 3 (left). Red arrow: D =3 SWT (U — oo) result.
n = 0.035.

critical dimension (D. = 3) that is shifted by one, see
Table I. The numerical value for the D =3 local SBC
is Qo &~ —0.084 J%/J2 = —0.084 J2U?/16t*. When scaling
the hopping as 1 = */+/D with * = const [58,59], the modu-
lus of the SBC decreases monotonically with D, and the SBC
approaches a finite mean-field value |Qyoc| — J?U?/32t** for
D — oo (SM, Sec. F [53]).

VIII. MAGNITUDE OF THE SBC

SWT predicts a U? dependence of the SBC in the Heisen-
berg limit for strong U. For U = 0, on the other hand, TRS
of the resulting paramagnetic state implies that it must vanish.
For U — 0, there is an intricate competition between the ex-
ponential suppression of the order parameter m oc e~ /Y i.e.,
of the “strength” of TRS breaking and thus of the SBC and, on
the other hand, the exponential closure of the single-electron
Slater gap A = Um and thus of the onset of the continuum
in the spin-excitation spectrum resulting in continuum con-
tributions that favor a large SBC. Our numerical results for
the local SBC in D = 3, as obtained from weak-coupling
RPA and strong-coupling SWT, are displayed in Fig. 2. With
increasing U we find a smooth crossover from the Slater to
the Heisenberg limit with a monotonically increasing |Qjqc|.

The nonlocal SBC at large distances R = ||R;, — R; || is
again governed by the linear dispersion at low frequencies.
Carrying out the integration in Eq. (6) for R — oo we find
Q(R) x 1/RD’2 (see Table I and SM, Sec. F [53]). For D = 3
this implies that the geometrical spin torque mediates a long-
range coupling in the spin dynamics.

Compared to previous studies [14,22,24-27] the D =3
value of the local SBC |Qoc| ~ 0.084 J%/J7 is several or-
ders of magnitude larger for realistic parameters J, Jg <
t,U. Renormalization of c¢; — ¢, ~ 1.1¢, due to magnon
interaction [60] leads to a slightly smaller SBC, |Qjoc| —
(CS/C; )2 [i0c].

There are at least two routes that lead to an even larger
|Q210¢|: namely, we can take advantage of the formally infinite
SBC in D = 2 and regularize the theory (i) by dimensional
crossover to D =3 [61-63], i.e., by switching on a small
hopping 7, in the third dimension (Fig. 2), implying J}JI- <
Jux = Ju,y = Ju, see Fig. 3 (left), or (ii) by switching on
a magnetic anisotropy to open a small gap in the magnon

s —gueneeee] 0.0
=0.1F  dimensional .‘3D spin <.
2 crossover @ anisotropy ® ISing ==
c J (] 41-0.1
S -o02f
< XXZ 1 05
3 JuS;S; +6'IIISiZS]Z
—-0.3f Heisenberg |03

1 1 1 1 1 1
102 101 10° 102 10° 102
Ji | Ju 4

FIG. 3. SWT results (dots) for anisotropic systems. Left, di-
mensional crossover: local SBC for D =3 but with a spatially
anisotropic nearest-neighbor Heisenberg exchange Ji < Ju. Right,
spin anisotropy: SBC as function of the coupling anisotropy param-
eter §.

spectrum (Fig. 3, right), i.e., by adding an Ising term 6 JuS;;S ;.
to the standard Heisenberg coupling JuS;S;. A moderate
Ji/Ju = 0.1 yields a SBC |Qoc| ~ 0.22J%/J7. About the
same enhancement is obtained for an anisotropy parameter
8§~ 1072,

IX. GEOMETRICAL SPIN DYNAMICS

For the AF ordered phase, Eq. (1) tells us that the dominat-
ing effect in the magnetic-moment dynamics is a precession
around the staggered magnetization m on a time scale 1/J.
This effect dominates the weaker (and slower) anisotropic
RKKY-type exchange on the scale J2. Importantly, the SBC
Q ~ J? enters the equations of motion as a renormalization
factor (for M > 1 classical spins as a matrix factor) rather
than a summand and thus does not compete with the stronger
direct exchange of order J (SM, Sec. G [53]). For M =1
this factor amounts to 1/(1 — ©,.S;), such that the most pro-
nounced effects are found for a SBC of intermediate strength,
Qioe = O(1). This holds true for M = 2 as well, as is detailed
in the SM, Sec. G [53]. Note that a singular renormalization
indicates a breakdown of the theory as this is the point where
the condition for nearly adiabatic spin dynamics is invalidated.
Note further that the precession comes with an inverted orien-
tation beyond the singular point.

X. CONCLUSIONS AND OUTLOOK

A hitherto unknown but generic interplay of electron cor-
relations, spontaneous symmetry breaking, gapless Goldstone
bosons, and a holonomy on the configuration space of classi-
cal spin degrees of freedom leads to non-Hamiltonian effects,
such as renormalization of precession frequencies, inverted
orientation of the precessional motion, or long-range inter-
actions, in the spin dynamics. This is due to a geometrical
spin torque which is finite for correlated AF ground states
in lattice models with dimension D > 3 and diverges for
D < 2, caused by the same mechanism that leads to the
Mermin-Wagner theorem, however, shifted by one dimension.
With a SBC Q.. = O(1) for typical parameters, the effect is
unexpectedly large. It is boosted by electron correlations and
further enhanced by spatial and spin anisotropies.

We expect a strong overall impact on the phenomenol-
ogy of atomistic spin dynamics, in particular on the field of
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antiferromagnetic spintronics [64—66], e.g., on spin-transfer
torques in antiferromagnets (see Ref. [67], for example).
An according concretization of the theory, however, has yet
to be worked out. Anisotropic one- and two-dimensional
magnetic-moment arrays, engineered atom by atom [68], or
two-dimensional (anti)ferromagnetic materials [69] represent
promising platforms for applications and comparison with
experiments.

Treating the magnetic moments S,, as classical vectors,
especially in the antiferromagnetic case [70], must be seen as
an approximation that avoids a full quantum many-body setup
but disregards correlation effects such as Kondo screening
or heavy-fermion behavior. The approximation may be jus-
tified for high spin quantum numbers, see, e.g., Refs. [70,71],
or generally in cases where there are well-formed spin mo-
ments that remain unscreened on timescales exceeding the
remaining timescales of the problem. The very presence of the
geometrical spin torque for the quantum-spin case, however,

has been demonstrated using time-dependent density-matrix
renormalization [14]. While this method and also exact time
propagation (TDSE) are limited to one-dimensional or small
systems and to very short femtosecond timescales, insightful
results for nonclassical spin-transfer effects [72] and quantum
spin transfer torque [73] were obtained recently. A consistent
effective low-energy theory for a system that is entirely quan-
tum mechanical with at least two largely different timescales
has yet to be developed.
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Section A: SO(2) symmetry analysis. The retarded

spin susceptibility is defined as
Xii o (t) = =iO(t)([8ia(t), sirar (0)]) , (7)

where © is the step function, s;,(t) = e'feits; e et
and (---) is the ground-state expectation value. Fourier
transformation to frequency space yields the Lehmann

representation in terms of an energy eigenbasis {|¥,,)}:

5 <<wosm|wn><wn|si/a'|%>

W+i77_(En_EO)

Xii e’ (W) =

n

<\I’0|Si'a'\‘I’n><\I’n|Sm\‘I’o> (8)
w"_in_(EO_En) .

We have the relation xii aa'(W)* = Xii/,aa’(—w). The

spectral density —(1/m)Imx;ir 0o (W) = Xiv,aa (W) —

Xii',aar (—w) /21 is an antisymmetric function of w.

In the AF phase with order parameter m = me,,
there is a remaining SO(2) symmetry of the nonde-
generate energy eigenstates under spin rotations around
e., which is unitarily represented by Ur = e #Stots¢
on the Fock space with the z-component of the total
spin Stot = »_; 8; as the unbroken generator and the
rotation angle ¢. We have UL|¥,) = ¢ |¥,) with
phases ¢,. Since s; is a vector operator, we have
U}T{smUR = Z/a Ropsig, where R = R(yp) is the stan-
dard real 3 x 3 matrix representation of SO(2) rota-
tions around e,. Hence, the first matrix element in
Eq. (4) can be written as (Uo|UrUpisiaUrUL|U,) =
PP Rap(p)et® (Ug|s;5| W, e~ . The phase factors can-
cel with those from the second matrix element, and we
thus find: Xii aar (W) = Zﬁﬁ/ Rap(@)xii g (W)Rg/a/(¢)7
Le., [x,, (W), R(p)] = 0 for all i,i" and ¢. It is easily ver-

ified directly that this implies

Xii! jxx (W) Xii ,xy (w) 0
X, (@) = | —Xiitay (W) Xiit,wa (W) 0 . (9)
0 0 Xii’,zz(w)

i.e., there are only 3 independent entries for each pair
1,4 (note that R is reducible, and furthermore Schur’s
lemma does not apply to representations over R).

(

Section B: Spatial symmetries. With Eq. (8), we im-
mediately see that the spin-Berry curvature is related to
the spin susceptibility via

.5 0
Qmm’,aa/ = *'LJQ%Ximim/,aa’ (w) w=0 (10)
up to correction terms of order J3, see Eq. (5). Therefore,
the same reasoning as above can be applied to the spin-
Berry curvature tensor and yields the same result for its
structure:

Qmm’,wz Qmm’,wy 0
Qmm’ = _Qmm’,zy Qmm’mz 0 . (11)
0 0 Qmm’,zz

In addition, for a given pair of sites i,, and i,,, we may
consider a combined transformation 7" o I, composed of
the space inversion R; — R; — R; with respect to i,,
followed by the translation R; — R;+(R;,, —R; ,) with
the translation vector R;, —R; ,. Tol is a discrete sym-
metry of the hypercubic lattice and interchanges i, with
ims. This implies that the Hamiltonian commutes with
the standard unitary (and also Hermitian) representation
Uriof To .

For i, and 4,,  in the same sublattice, the symmetry-
broken ground state is an eigenstate of Ury as well. Anal-
ogously to the SO(2) spin-rotation symmetry discussed
above, we can thus immediately see from the analy-
sis of the matrix elements in Eq. (4) that Qum/ ae =
Qm/m,aq- For the spin-Berry curvature we have the ad-
ditional antisymmetry, Qmm/ aor = —m/m,a’a; Which
follows from Eq. (3). With this we get Qmm/aer =
—Qm’ o’ a, 1.€., for each pair m, m/, the spin-Berry cur-
vature tensor is antisymmetric in the indices «a, o’ sep-
arately. Hence, with Eq. (11), we see that only the el-
ements Qpm/ 2y = —Qmm’ ye can be nonzero. Analo-
gously, for the spin susceptibility, the T o I symmetry of
the Hamiltonian implies X/ ao/ (W) = Xii,aa (w). With
the additional symmetry, Xii'.aa’(0) = Xi'i,a’a(0), which
follows from Eq. (8), this implies that the susceptibility
matrix Eq. (9) is diagonal for w = 0.

For i,, and i,/ in different sublattices, we concatenate
the transformation To I with a flip F' of the z-component
of all spins. This is unitarily represented by Ug, which is



defined via UgchF =¢;; and U}];CNUF = cit. We have
[Ur,Ur1] = 0 and [Up, Hy] = 0. The symmetry-broken
ground state and the corresponding excited states are
eigenstates of U = UiUr. Hence, we find for the a = o’
matrix elements

(Wol8i,alPn)(Wnlsi,,al¥o)
(Wo|UT 84, oUW )Ty |UTs;, o U[T0)
<\PO|5im/a‘\Ijn><\I]n|5imo¢|\I10> ) (12)

and thus Qmm’ aa = Qm/m,ae. With the antisymmetry
of the full tensor, Qym’ .aa’ = —m'm.a’a, We thus find
Qpm’ . aa = 0. On the other hand,

(Wol8i,a|Vn)(Wnlsi, y|Po)
= (Uo|UTs;,,, U0, ) (U, |UTs; ,, UWo)
= 7<\IIO|Sim/z|\Ijn><\Iln|simy|\110>7 (13)

since U;;ESWUF = 8; but UgsiyUF = —5;y. This implies
Qi oy = —Qmim,zy, and with the antisymmetry of the
full tensor we find Qs 2y = Qs ye- Together with
Eq. (11), we see that Qp,m/ 2y = 0, and hence the matrix

Qe = 01in Eq. (11).
Summing up, for arbitrary sites i,, and i,,» we have
0 20
Qo =1-200], (14)
0 00

and hence the spin-Berry curvature is fixed by a single
real number @ = Qs oy = Qnm,ay- Furthermore, 2 =
0 if 4., 7y belong to different sublattices.

Section C: Random phase approzimation. The ran-
dom phase approximation (RPA) represents a standard
weak-coupling approach to the magnetic susceptibility,
see, e.g., Refs. 41, 42. Tt can be motivated in various
ways, for example, via a partial diagrammatic summa-
tion. In general, the RPA Luttinger-Ward functional
®[G] [43, 44] is given as the sum of the two closed and
self-consistently renormalized first-order diagrams, i.e.,
by the Hartree and the Fock diagram. For the Hubbard
model the Fock diagram vanishes such that we are left
with

26 = Uy % S G (iwn)Gaiy (iww) . (15)

Here, i runs over the sites of the hypercubic lattice,
o =1,] refers to the spin projection relative to the z
axis, n labels the fermionic Matsubara frequencies iwy,,
and S is the inverse temperature. Computations are
done in the zero-temperature limit 1/8 — 0, which is
taken at the end. Furthermore, Gy; , denotes the local
one-particle Green’s function at site ¢ in the symmetry-
broken AF state, as obtained within the self-consistent

Hartree-Fock approximation. The Hartree-Fock self-
energy is generated by the Luttinger-Ward functional:
i o (iwn) = BO®/6G 0 (iwyn) = UL G —o (iwy,) =
U(cj_aci,c,)

On the two-particle level, the RPA yields a local and
frequency-independent irreducible vertex

2
(loc) ;. . 2 0°P
r ny Wn') = - - = .
.o (n; ) = 8 0Gii — o (1wn)0G; o (twn) v
(16)

This means that there is no feedback of two-particle cor-
relations on the single-particle Green’s function. The
structureless vertex allows us to easily get the transver-
sal magnetic susceptibility x,s+— (k,w) = ((s] ;5. ))w
as the solution of a strongly simplified Bethe—Salpéther
equation in the particle-hole channel:

X+7(k:,iyn) = XS:)),(’C’ W) +X(+O)7(k,i1/n)UK+7(k,iVn) .
(17)

Here, X, is a 2 X 2 matrix in the sublattice degrees of

freedom, and X(Ol the bare susceptibility matrix, which
is computed with the Hartree-Fock one-particle propa-
gators. The equation is diagonal in the wave vectors k
of the first magnetic Brillouin zone and in the bosonic
Matsubara frequencies iv,. The transversal susceptibil-
ity x4+— is related to the susceptibility tensor xqos in-
troduced in Egs. (7) and (8), via x4— = 2(Xaz — iXay)-
From the renormalized zeroth-order diagram, we get the
Hartree-Fock susceptibility in Eq. (17) as

. -11 .
XS’(L)G),+7 (k7 ZVTL) = T E Z GST7T(q7 an’)
q,n’

X Grs, (@ +k,ivy, +iwy ). (18)

After performing the summation over the fermionic fre-
quencies iw, analytically, we can replace iv,, — v + in
to find the retarded susceptibility on the real-frequency
axis. The frequency derivative in Eq. (10) is done nu-
merically. In the thermodynamical limit, the g sum over
the magnetic Brillouin zone in Eq. (18) can be converted
into a g-space integration. The latter is computed in
two or three dimensions via a standard adaptive g-space
integration technique for arbitrary v € R and for each
allowed wave vector k in the magnetic Brillouin zone of
a finite lattice with L sites and periodic boundary condi-
tions. Practical computations are performed at a finite
Lorentzian broadening parameter > 0 replacing the
infinitesimal 77, and convergence with respect to L is con-
trolled by runs for different system sizes L. The main
numerical error is due to extrapolation of the data for
n — 0.

Section D: Magnon spectrum of an antiferromagnet.
In the strong-U limit of the Hubbard model, the low-



energy physics is captured by the s = 1/2 antiferromag-
netic Heisenberg model

1
H:JHZ(2( —|—SS)+AS ) (19)
(ig)
with Jg = 4t2/U and A = 1. An anisotropy parameter
A > 1 can be used to discuss the effect of opening a gap
in the dispersion. The sum runs over all nearest-neighbor
pairs (ij).

We apply the standard Holstein-Primakoff transfoma-
tion for the model on the bipartite hypercubic lattice
with dimension D. For sites ¢ in sublattice A, the spin
operators are expressed in terms of bosonic annihilators
and creators, i.e.,

w

5] = aal,
si = V2sy/1—

sT = V2sal\ /1 - = (20)
25
while for sites j € B
s% = —s+blb;
J 773

+ o toly M
s; = V2sb; 1—%,

57 = V2s —%bj. (21)

The transformed Hamiltonian reads
L
H = JHSZ a;b; —l—aTbJr + A(a) al—l—bTb )]—5;7;JHAS2

(22)
where z = 2D is the coordination number, and L is
the number of lattice sites. Quartic and higher-order
magnon interaction terms resulting for the expansion of
the square root have been disregarded.

We drop the additive energy constant and block-
diagonalize H via Fourier transformation:
—ikR

ikR; bk

a; = ‘ak, by =

1 1

(23)

Here, R; are the translation vectors of the magnetic A
sublattice (the same for R; and the B sublattice), con-
sisting of L/2 unit cells, and k is an allowed wave vec-
tor of the first magnetic Brillouin zone (mBz). Defining
k = »_sc0s(kd) with nearest-neighbor vectors d, the
Fourier-transformed model reads as

H= JHSZ Vi (arbr + bkak) + zA(akak + bl kb)) (24)

and can be diagonalized by Bogoliubov transformation
ag = upOp + Uk/@;; ;b = upfr + UkCVL (25)
with real coeflicients ug and vg. We require

up —vp =1, (26)

to ensure that ag and [ satisfy bosonic commutation
relations, as well as

22 Augvg + Y (uj, + vi) 20 , (27)

as usual, to get the Hamiltonian to the form
H = Jus Z w
k

where we again dropped an unimportant constant energy
term. The magnon spectrum consists of two degenerate
branches with dispersion Jysw(k) given by

k)(afax + BL6k) (28)

wlk) = \/(z0) =% =

22A2 — (Z cos(k6)>
B

(29)
Close to k = 0 and in the isotropic case A = 1, the
dispersion Jysw(k) is linear,

w(k) = 2V Dk + O(k%) (30)
while for A > 1 the spectrum is gapped, and w(k) =
25VA? — 1+ O(k?).

From the conditions Eq. (26) and Eq. (27), we can
deduce the well-known results

u 1 L—&—l _1(ZA+1)
“ 2 \VGEAE - 2 \wlk) )

1 zA 1/ zA
2 <<ZA>2 =7 1) =5 (cr 1) @

Tk ___k
GAZ . 20(k)

vk

and

UV = — y (32)

see Refs. 47, 48.

Section E: Computing the spin-Berry curvature from
the magnon Hamiltonian. The contribution of the
magnon excitations to the spin-Berry curvature is ob-
tained from

(Ofs3: [k, m) (K, mlss ,| )
Z (Eo — Eg)? ’
(33)

Qmm’,aa’ = —2J21H1
k,n=1,2



where |k, 1) = a};|0) and |k,2) = B;;|O> are the single-
magnon states. Following Eq. (14), it is sufficient to
compute Qs = Qnm’ ay = —Qmm’ yz- Furthermore,
Qunme # 0 only for 4, and i, in the same sublattice, as
also argued in section B. Expressing the spin components
in terms of the Bogoliubov operators,

st = \/7 Z e B (o + vkﬁ;i)
s, = \/7 Z kR ukoz;rc + Ukﬁk)
= T

5; = Z elkR (ugpfBr + Uk@;[c) , (34)

F

we find

ik(R;—R;/)
)

0ls*|k, 1)(k, 1|s%|0 iiu267
<|z|7 ) i k

(057 |k, 2) (k, 2|s4]0) 2 vzetk(BimRi) (35)

I
[
s

L
for 7, ¢ in sublattice A, and
T .8 —1 i— R/
(0[5 |k, 1) (K, 1]5%,]0) = zzv,%e k(R —Ryr)
(0]% |k, 2) (k, 2]5%]0) = zzuiak(R “R;) (36)

for j, 7/ in sublattice B. This implies

Im >~ (0]s? |k, 7) (k, n]s4[0) = = cos(k(R; — Ryr))

L
n=1,2
. s
Imz (O[5 ke, m) (K, m|s5,]0) = —Zcos(k(Rj R;))
n=1,2
(37)

and finally we get

1 J? 2 287 cos( Zm - Ri )
i

Qmm’
s J2

;o (38)

where the upper sign refers to 4,,, i, in sublattice A and
the lower for 4,,,i,, in sublattice B. Recall that 2,,,,,,, =
0 if %, %y belong to different sublattices.
Eq. (38) can be evaluated numerically. For D = 3, for
example, we find
2
—0.084(]—2 (39)
Jh

Qloc ~

for the local element of the SBC with 4,, = 7,, in sub-
lattice A.

Section F: Different dimensions and distance depen-
dence. In the thermodynamic limit L — oo (and in the
isotropic case A = 1), the convergence of the resulting
integral in Eq. (38) over the magnetic Brillouin zone de-
cisively depends on the lattice dimension D. We consider
the critical contribution of the long-wave-length magnons
by integrating over a D-dimensional ball around k = 0
with small cutoff radius k., such that we can make use of
Eq. (30), i.e., of the linearity and isotropy of the magnon
dispersion for k — 0:

ke

1
: D-1 . D-1
Qe ilg%) : dk k ML o il_)ﬂlo : dkk 72
(40)
This yields
kP=2 for D >3
Qo ~Ink  for D =2 . (41)

1/k for D=1

For k — 0, the spin-Berry curvature diverges for D = 1
and D = 2. We conclude that a meaningful theory is
obtained in dimensions D > 3 only.

The magnitude of the spin-Berry curvature decreases
with increasing distance R = R;,, — R; ,. For D > 3
its dependence in the large-R limit is governed by long-
wave-length magnon excitations, and we have:

ke .
& /0 dk kP! / inc%(kffose), (42)

where [ d) denotes the surface integral over the (D —1)-
dimensional unit sphere, and 6 the angle between k and
R. Furthermore, we made use of Eq. (30) for k smaller
than the cutoff k.. We note that the distance dependence
at large R is isotropic. Substituting kR — k in the one-
dimensional k integral immediately yields

1
RD-2 '

For D = 3, we have Q(R) « 1/R. In the infinite-D limit,
we expect a local spin-Berry curvature

To compute the local element m = m’ of the spin-
Berry curvature Eq. (38) in this limit, we start from the
representation

Q(R) (43)

1

-2 d -
SJI2{ [N xPD(x)22A2_ T

Qloc: D 5

(44)

where, for dimension D, we have defined the density func-
tion

mBz

pp@)= 2 Db —w/VD), (1)

k

and where we have used Eq. (29). We have z = 2D for the
D-dimensional hypercubic lattice and, in the Heisenberg



limit of the Hubbard model, Jg = 4t2/U = 4t*?/DU,
when using the scaling t = t*/\/ﬁ with t* = const. In the
limit D — oo, this scaling of the hopping ensures that the
kinetic energy of the Hubbard model remains nontrivial
and balances the interaction term [59]. Moreover, the
density function converges to a Gaussian [59]:

pola) = pcli) = 5= ex0 (—2) R

In the Heisenberg limit and with the scaled hopping, we
thus have

2772 oo
1JU / dzpp(z) 7 (47)
s 16t AAZ —32/D

— 00

QIOC(D) -

which for D — oo, and assuming s = 1/2 and A = 1
converges to

1

Qoc(00) = ~ 357

J2U?. (48)

This represents the mean-field value of the (Icoal) spin-
Berry curvature in the antiferromagnetic state at large
U.

Section G: Spin dynamics.

To compare with the result obtained for D = 3, we
must use the same scaling of the hopping. This yields
J2U?
16t

Moc(3) = —0.084 D? ~ 1.51-Q(c0).  (49)

D=3

For lattice dimensions D > 3 we find: Qc(4) =~
1.22Q(00), Qoc(5) &= 1.16 Q(00), Qoc(6) = 1.12Q(00).
Hence, given the standard scaling of the hopping with
D, the absolute value of Q..(D) increases with decreas-
ing D and finally, for D = 2 diverges.

Finally, when addressing the dimensional crossover
[61-63], we consider the Heisenberg model given by
Eq. (19) again, but with spatially anisotropic nearest-
neighbor exchange couplings Jg = Jux = Juy > Ju,z-
Proceeding analogously to Sec. C, one ends up with a
modified magnon dispersion only:

w(k) =/ (zenA)* =75 . (50)
Here, we have defined an effective coordination number
Zei = 2(Jux + Juy + Ju.)/Jux. Furthermore, v; =
2(Ju,x cosky + Ju,y cosky + Ju,cos k) / Ju x.

The equations of motion Eq. (1) for the classical spins comprise the conventional
(Hamiltonian) and the geometrical spin torque, see Eq. (2).

In the weak-J limit, the former results from the local

direct exchange J as well as from the indirect RKKY-type exchange. We have:

Sm = J<3im>(0) X Sm + Jzzxi i /(O)Sm/ X Sm + Z Z Qm’m,,a’a(s)sm’a’ea X Sm ) (51)

where (...

a m'a’

y(0) denotes the expectation value at J = 0. For the non-vanishing components of the spin susceptibility
and of the spin-Berry curvature on sublattice A we have

2A 2 X cos kE(R,— R;)

Xiit = Xiit wa(0) = Xiir 4y (0) = T L a w(k)? (52)
and
2 o mBz o R
T _ijﬁz zk: COb(k(sz)z Ri,.) . (53)
Specializing Eq. (51) for M = 1, i.e., for a single classical spin, we get
S = TSH) x 81+ Q1 (e, x 5'1) x S1, (54)
where
T = 75O + xi,4, (€2 x S) X € . (55)
With
o -7 T
™| 7 _T’ﬁ) (56)
U O
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the cross product can be written as a matrix-vector product, T§H) x S = IgH)S 1, and the equation of motion reads:
. 1
S =——71Wg (57)

The classical spin undergoes a purely precessional dynamics around the z axis, but with a renormalized precession
frequency. The renormalization is due to the local spin-Berry curvature ), = €11 and is the strongest for 2, = O(1).
Right at Q. = 1/57., the precession frequency diverges. This implies that the spin dynamics is no longer adiabatic
and the theory breaks down.

In case of two classical spins, M = 2, the equations of motion (51) can be cast into the form

S, = TgH) x S +T§ge°) x 81,
Sy = TéH) X S +T;ge°) x 8o, (58)
where
T = J(s:)© + J2xi0, (€2 x 1) X e + J2xiiz (€2 x S2) x e,
TgH) = J(8,) O + J%xi,0, (€. X S3) X €.+ J*xiyi, (e2 X S1) x e . (59)
and

ngeo) = Qll(ez X Sl) X Sl + QlQ(ez X S2) X Sl
ngeo) = QQQ(GZ X S2) X S2 + QlQ(ez X Sl) X S2 . (60)

Here, we have assumed that the two spins couple to sites in the same sublattice, as otherwise the spin-Berry curvature
vanishes. The local spin-Berry curvature term can be treated in the same way as in the M = 1 case, while the nonlocal
term can be written as a matrix-vector product:

(1—Q41512)81 TSH) x 81— Q12A§Z)S2 ,

(1 — QQQSQZ)SQ = TgH) X SQ — ngAgZ)Sl s (61)
with
*Sm,z 0 0
A9 = 0 =S,.0]|. (62)
Sma Smy 0

This allows us to cast the equations of motion into an explicit system of ordinary differential equations:

Sl -1 T(H) X Sl
. =M L . 63
(52) <T§H> x S (62)
Here, the 6 x 6 matrix
_ (]. — Qllslz)l QlQA(1Z) (64)
Q12Aéz) (1 —Q2255.)1

is given in terms of the components of the spin-Berry curvature tensor. Eq. (63) demonstrates that the effect of the
geometrical spin torque is not simply additive and hence does not directly compete with the conventional spin torque,
but enters the spin dynamics as a multiplicative (matrix) factor.

The determinant of M can be computed analytically:

det M = (]. - QHSlz)(l — QllSQZ) [(1 — Quslz)(l — QQQSQZ) — 9%2512522}2 . (65)

The theory breaks down if det M = 0. We consider det M as a function of the local elements Q.. = 211 = (25 and
assume that the nonlocal elements are small, Q,onioc = |Q12] € Qioe. We immediately see that the zeros of det M are
of the order of unity. This implies that anomalous spin dynamics, which is substantially affected by the geometrical

spin torque, is expected if Q1o = O(1) and thus close to, but yet different from the zeros of M.
[
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5.3 — Linearisation of the Effective EOM

Above, the derivation of effective equations of motion for classical impurity spins coupled to an
antiferromagnet was limited to cases with one and two impurity spins. More generally one can
consider a setup where there is one classical spin at every lattice site. For an antiferromagnetic
quantum-classical exchange interaction, the classical spins order antiferromagnetically as well
and exhibit collective excitations, namely, spin wave excitations. Here, linearisation is used
in an attempt to derive the corresponding dispersion relation and analyse the impact of the

geometrical spin torque.

Linearisation can be an effective way to analyse the dynamics of a (nonlinear) differential
equation around an equilibrium point. A typical procedure is to determine an equilibrium
configuration as a starting point and then Taylor expand the differential equation up to linear
order in the deviation from that point. Here the differential equation of interest is the effective

equation of motion for the classical spins

as
prmEACH (5.30)

where f(S) = (1 — M(S))"'A(S)S is a nonlinear function of the complete classical spin

configuration S = (S1,...,Sy). The Taylor expansion up to linear order is given by
dS ey OF 2
i f(S*) + 75 S*éS—i— O(6857) (5.31)

with the equilibrium configuration S* and 4.5 := (S — S*). Of course, ignoring everything
beyond linear order requires 6.5, i.e., the deviation from the equilibrium configuration, to be
small. Since 8* is an equilibrium configuration, its time derivative is zero and thus S = 6S.
The quantum-classical coupling considered here is positive such that in the ground state local
quantum spins and classical spins are ordered antiferromagnetically. On the other hand, this
also means that the classical spins are ordered antiferromagnetically among themselves, with
the classical spins in sublattice A (B) pointing in negative (positive) z direction. Expanding
the factor (1 — M(S))~! yields

(1-M(S) ' =1—-M(S) "+ (9s,(1—M(S) ")|s=5-68m + O(65%).  (5.32)

The derivative can be evaluated by the rule

0, U N z)=-U " 0,U)U!
= 9s,,(1—M(8))™" = (1 - M(S))""(0s,,M(S))(1 — M(S))"". (5.33)

For the other factor, one gets

A(S) = A(S*) + ) _ 05, A(S)|5=5-68m + O(65). (5.34)
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Plugging both expressions into the EOM and ignoring terms of order §S2, it is

68 = [(1—M"'A + (1 - M) Zas Alg0Sm, +Z (8s,, (1 — M) 1)|g-68mA* | S
=1-M)TAS + |( 1265 S*5Sm+z (0s, (1 — M)™Y)|g+6SmA*| S*
=(1- M A*(SS+Z&ST"A\S*6S S*+Z 8s, M)|g-(1 — M*)"1568,,A*S*
=(1- M) |A(S")6S + ) 0s,,Als-08mS" | , (5.35)

where M* = M(S*), A* = A(S™), and in the last equality it was used that A(S*)S™ vanishes
since v,,(S*) points into the z direction for all m. In the next step, one can calculate the

equilibrium quantities M™* and A*. Starting from the definition, this gives

ma,m’a’ Z 5,3’)/04 m "o ;mf3

= Zgﬂza mo/ ,mp

= :F’S’ Zéaa’gﬁzaﬂm’a’,m& (536)
B

where sign F signifies whether m is from sublattice A (-) or from sublattice B (4). However,
for the spin-Berry curvature computed in publication [II] this sign does not matter, since
Qnar mp is nonzero only when m and m’ are from the same sublattice and picks up a minus
sign when changing the sublattice. Also note that M* is symmetric under the exchange

m,a <+ m',a’. The matrix A can be written as

Ama m'a’ — 5mm’B = mm Z Eao’aBUmp
= S’ Z Ea’a,B Sim,ﬁ )+ J? Z Xmm/lﬂv(())sm//,y). (5.37)
B m''y

In this section, (s; ) denotes the expectation value at J = 0, dropping the superscript (0)
used in [II]. Here both (s;,,) and x (0) are independent of the S;,’s. This means that

(8Smaé(s))m’a’,m”a" = 5m/m//J265ma Z Ea//a/gxm/m757(0)5m7
mpy

= O’ J2 Z €a’ o/ BXm'm,Ba (0)
B

= 5m’m”J25a”a’aXm’m,ao<(O) (538)

since in the antiferromagnetic model it is Xy/m ga(0) = Xm/m.aa(0)0go. The derivatives of A
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are actually independent of the classical spins. Furthermore, one has

Ama,m’a * = mm Z Ea/ aB Szm,ﬁ> + J2 Z Xmm”,ﬁz(o)s:n”z)

m/!

= 5mm’5a’azj <3im,z> y (539)

which is antisymmetric under the exchange m,a < m’,o’. Therefore, the first term of the

linearised EOM can be written as X465 with an antisymmetric matrix

Xmam’o/ = Z ( (S*))mam o A(S*)m”a”m’a’
=J Z 1 M(S*))mam Oz”ém"m/ <Sim//,z>€o/o//2' (540)

Similarly, one can formulate the second term in the form X5S. Writing everything in com-

ponents, yields

(1— M) 95, A08maS* = Z [((1 - M*)"'ds,,,A) §*] 6Sma

mao

:Z Z |: 1 M* 1asmaA)m’o/,m”a” S;kn”a”em’a’ 5Smo¢

mo m/ o’
m//a//
= Z Z Xm/oz’,ma55maem’a’a (541)
m/a’ ma
where X is defined as
jzm’a’,ma - Z ((1 - M*)_lasmaé)m/a/’m//au S:;l”a”
m//a//
=J? Z(l - M*);L}agﬁbdgz&aXMm,aa(O)S;%Z- (542)
mao

All in all, the linearised EOM can be written as 58 = ﬂés with M = X+X. In components

one has

Mmam’a’ = Z(l M*) 7 ga oz (Jdﬁ%m’ <Siﬁ“z> - J2Xﬁ1m’,a’a’(0)s;%z) ) (543)
i
where it was used that (1 — M*);@am& = (1-M),, ! aa. The linearised EOM can be

formally solved by

3S(t) = exp (ﬂt) 5S0. (5.44)

To get a sensible solution, it is important for the eigenvalues \; of M/ to have a real part
Re{\;} < 0. Otherwise, there are unphysical modes that diverge exponentially over time.
Imaginary eigenvalues, for instance, can be ensured if the matrix ﬂ is antisymmetric. The

first term
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(L= M) (i) Jearas (5.45)
is indeed antisymmetric under exchange of m,a <> m/,a’. This can be seen as follows:
(1 — M*)~! is only nonzero for m and m’ from the same sublattice and also symmetric under
their exchange. If m and m’ are from the same sublattice, then (s;, .) = <sim,,z>, i.e., the
term as a whole is symmetric under the exchange of m and m’. Under the exchange of o and
o/, it is obviously antisymmetric and thus antisymmetric under the simultaneous exchange.

The second term is

> (1= M) T e a0 X ater (0)Sy (5.46)

m
and is antisymmetric under the exchange of o and o/. This is because the only nonzero
terms have o # o' and a,a’ € {z,y} such that y is invariant under the exchange. Con-
cerning the spatial indices, note that (1 — M*)~! and X are symmetric under their exchange
and, due to (1 — M*)~! being nonzero only for spatial indices from the same sublattice, m
only takes on values from the same sublattice as m. When m and m’ are from the same
sublattice their exchange leaves the expression invariant, since (1 — M*) L and Xmm’ ara’(0)
have the sublattice translation invariance and m does not change sublattices, such that S, .
remains unchanged too. On the other hand, for m and m’ from different sublattices, one has
Yol — M*)T_nlm => (11— M*);}m as (1— M*);}m depends only on the distance between
sites m and m, and has the same value on both sublattices. For x there is also no significant
change since its spatial indices are from different sublattices before and after the exchange.
Furthermore, it still has sublattice translational invariance. However, after the exchange of
m and m’ from different sublattices the sum in (5.46) filters m for a different sublattice, such
that S, . changes sign, and we have an overall sign change.
Therefore, (5.46) is antisymmetric under the simultaneous exchange of spatial and spin in-
dices only if the spatial indices are from the same sublattice and symmetric otherwise. In
conclusion, M as a whole is not antisymmetric under said exchange in general. Although
this does not exclude M from only having eigenvalues with real part Re{\;} <0, it is found
numerically that for the parameter configurations we are interested in ﬁ typically does have
some eigenvalues with Re{\;} > 0. Thus, for our purposes the linearisation of the EOM is

not beneficial.
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6 — Dissipative Spin Dynamics

So far, in the derivation of spin-only theories for classical spins coupled to a quantum me-
chanical host system, the main focus was on the geometrical spin torque connected to the
antisymmetric part of the magnetic susceptibility x. In contrast, the contribution of the sym-
metric part of x has been mentioned only briefly. This contribution gives rise to the Gilbert
damping, which can be crucial for the spin dynamics. Above, it is was shown how this can be
derived via linear response theory. This chapter introduces another kind of response theory
called adiabatic response theory (ART) [71,72], which focusses on an expansion around the
adiabatic limit rather than the strength of the quantum-classical interaction. ART can be
seen as a finite temperature generalisation of ASD. Its derivation and subsequent application
to spin dynamics will take up the first part of this chapter. It will be shown that ART yields
expressions for both, the spin-Berry curvature and the Gilbert damping. This will provide
the theoretical foundation for the results of publication [III] found at the end of this chapter.
There, the results for the Gilbert damping from ART and LRT will be compared at the
example of a single impurity spin coupled to a one-dimensional host system of conduction
electrons. The publication also deals with dissipative spin dynamics of multiple impurities in

two dimensions. Overall, the nonlocalities of the Gilbert damping will play a decisive role.

6.1 — Adiabatic Response Theory

The question answered by adiabatic response theory is how a driven system responds to
a slow perturbation. The connection to adiabaticity comes due to the perturbation being
slow and the theory can be seen as a generalisation of concepts like adiabatic evolution
and Berry’s phase. Berry and Robbins [71] developed the first theory of this kind using
the microcanonical ensemble from statistical mechanics. More recently, Campisi, Denisov
and Héanggi [72] developed an adiabatic response theory for open quantum systems using
a canonical ensemble. The important steps in the derivation of the latter theory will be
reproduced here with the goal to apply it to quantum-classical spin systems. The starting

point is a quantum-classical Hamiltonian of the form
H(S) = Hp + Hsp + Hs(S) (6.1)

describing a system coupled to an ideal thermal bath of fixed temperature 7" modelled by
the bath Hamiltonian Hg, the system bath coupling Hsg, and the system Hamiltonian Hg
that depends on time-dependent classical parameters S(t) = (S1(t), Sa(t),...), which in this
thesis are classical spins. As usual, the system Hamiltonian can itself be separated in a
similar fashion as Hg(S) = Hqu + Hint(S) + Ha(S). Further important quantities are the
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instantaneous equilibrium density operator and the corresponding partition function [72]

o~ BH(S(1)

PUSW) = gy 2SO = (e*m‘(S(t))). (6.2)

Also recall the definition of a Heisenberg operator O(t) = UT(t)OU (t), where U(t) is the time
evolution operator, and its expectation value as well as the equilibrium expectation defined
by

(O(t)) := tr(p™1(S(0))O(t)) = tr(p(t)0),  (O)g(y = tr(p*I(S(1))O). (6.3)

An important quantity that will be needed to develop the theory is the dissipated work Wy;s,
which is defined as the difference between the work performed when changing the external
parameters and the adiabatic work. The adiabatic work is the work that is performed if the

change of parameters is infinitely slow. The work due to parameter change is defined as [101]

t
W = / dt' AV A Hy, (6.4)
0

where A denotes the external parameters and Hj the parameter dependent Hamiltonian.
Note that in the quantum case W is represented by an operator but is not an observable
[102,103]. On the other hand, the adiabatic work is given by

At
Wad:/ dX (VaH»)$
Ao

t
= / dt' A (VA HA)S. (6.5)
0

For the dissipated work, one has
Wais = W — Waq

B /ot dt'A [VAHx — (VaHA)Y] - (6.6)

The reason that the dissipated work is useful in adiabatic response theory is that it will be
very small if the evolution of the system is near adiabatic. Concretely, its nonequilibrium
expectation value in the adiabatic limit is zero [72]. Thus, the important physical quantities
can be perturbatively expanded up to first order in Wyis, namely, the expectation values
of observables. This will be shown using the example of quantum-classical spin systems.
Here, the “external” parameters are the classical spins, i.e., A = S(t) = (S1(t), S2(t),...)
and Wyis = fg dt'S, St |Vs, Ht') — <VSmH>?551/]- For an interaction term of the form
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Hmt = sz Simsm, it is
WdlS - J/ dt Z S |:87/m ) <31m>21/
/ i Zs Nas; (1), (6.7)

Writing the work as W = H(S(t),t) — H(So), one can prove the important intermediate

result

<O(t)efﬁH( 1) 5%(50)) = (Ut )OU(t)e*B (5(0),t) BH(SO)>S
0

~tr (pGQ(SO)UT(t)OU(t)e—ﬁH(S(t),t)657.[(50))

©2) Z(5(t) [ —swiso)pt 1p &) BH(S0)
= e ! ( U)oU) gy U

= ¢ Waa 41(0p%(S(1)))
— W (0)S (6.8)

which can also be written in the form

<O(t)e*ﬁ7'l(s(t),t)eﬁ('H(S(t),t)*Wdis)>eSq — <O>?9q(t)‘ (6.9)
0

Further, one needs the operator expansion formula [104]

B
ePAe—BA=B) _ 1 —l—/ due' Be~A-B)
0

B
=1+ / due*Be A + O(B?), (6.10)
0

where the first equality can be proven by differentiating both sides with respect to 8 and
exploiting that it is true for § = 0. Using this, one gets for the difference between the expec-
tation value of an operator O(t) in the Heisenberg picture and the corresponding equilibrium

expectation value in the Schrédinger picture:

(A0(t)) :==(0(1)) — (O)g,

S(0)
— _ —BH(S():1) BH(S (1))~ Wais) \ *
(0(1) ~ (Olt)e e Vs,
B eq
= / du <O(t)e‘“H(S(t)’t)Wdise“H(S(t)’t)>S +O(W2,). (6.11)
0 0

With the explicit expression of Wy;s for our spin system and setting O(t) = J s(»:’) (t), i.e., the

(2
ath component of the mth local spin, one has

JAs® (B) = 72 / % / duy (s (eSO As, (MO ) G (1) — O(WE,),
m/’ ’
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where the expectation value in the integrand can be written as

tr [p(wsgj)e—umS(t))U(t, ) As; UT(t, 1) (S0) (6.13)

with U(t,t') = U()UT(¥'). Up to first order in Wy, one can replace p(t) with p*4(S(t)). In
order to develop adiabtaic response theory, one also has to make the assumption that the
correlation function in (6.11) decays quickly compared to the variation of the classical spin,
which is, therefore, frozen at S = S(t). This is again justified by the timescale separation

between the fast quantum and the slow classical degrees of freedom. Then one can write

Ut t') m e HSOIE ) (6.14)

and replace S(t') with S(t) everywhere. Put together, we can simplify (6.13) as

tr [,oeq(S(t))sgz)(—iu)Asim, (t' - t)] - <s§z)(—iu)Asim, (t' - t)>;q(t) : (6.15)

where it is sl(-f;)(—iu) = e“H(S(t))sga)e_“H(S(t)) and we used that p4(S(t)) and e“(S®)

m

commute. All in all, one has the result

J<As J2/ dt/ duz —iu)As; ,(t'—t)>:t) S, (t)

= J? Z K “’”(t), (6.16)

m/

or in matrix-vector notation

J(As;, (1) J2ZKW, () S (6.17)

Here K is a matrix with elements given by

¢
(aa/) ’ (a) . (a/) , eq
K. = (= \ —
9 (5() /0 it /O u () (i)~ )
t B eq / eq
— | dt' | du{s\V (i @ —6)) 1
/0 /0 u<8“"( ) >S(t> <S’m’( )>S<t) (6:18)

The single-operator expectation values appearing in the second term are actually time-

independent as a straightforward calculation shows

(S, (—iu)) gy = tr pRU(S (1)) A s, ~uH(SW)

= tr[p°4(S(t))As;,,]
I (6.19)

In the first term of (6.18), one can make the substitution ¢’ — 7 = ¢t — ¢’ and then rename
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7 — t'. Thus, it is

eq

K at’ | d @)y
foer / / / U ) Gy ( )>S(t)
(a) (a")\®4
/ dt’ / du S(t) <Sim/ >S(t). (6.20)

Like in the case of the magnetic susceptibility in linear response theory, it is useful to separate

K into a symmetric and an antisymmetric contribution
= (@) (@) (@) e
Zml ) / dt’ / du —iu)s; (—t") + s, (—iu)s; (—t')>

— [t [au (s (s 21
/ /u i) )<5“>s<t> (621

oo < 2L [ (s i) - Sl Y e
In the literature [71,72] the antisymmetric part is called geometric magnetism, while the
symmetric part is known as geometric friction. The reason for these names is that in the
EOM derived by adiabatic response theory the symmetric part has a damping effect, while
the antisymmetric part appears in a way similar to the Lorentz force. The latter can be
shown as follows. Locally K% is a skew-symmetric 3 x 3 matrix. In three dimensions, its

product with a column vector can be written as a vector product

0 —Kz3 Ky
K'=| Ky 0 -K;
~Ky, K 0
. . 1
= KA =K' x A with K4 = (K|, Ky, K3)7, ie., K = -5 > eirky. (6.23)
ik

In terms of spin operators, we have

1t P
K, = —2/ dt’/ du (s;,, (—iu) x s; ,(—t")). (6.24)
" 0 0 "
Using the symmetric and the antisymmetric part, (As;, (t)) can be expressed as

(Asi, (1) =T K, . (S()Smw

—1/7,/

=J Z KS . (SW)+ KR, (S1)Sm. (6.25)

In the effective EOM resulting from ART, the full expectation value of the local magnetic

moment s;, . is replaced by its equilibrium expectation and its first non-equilibrium correction

<A8im>

dSpm,

ek J(8i,)grp X Sm + J (Asi, ) X Sp. (6.26)

S(t)
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6.2 — Lehmann Representation

Similar to the magnetic susceptibility from linear response theory, it can be advantageous to
express the symmetric and the antisymmetric part of the conductance matrix in the instan-

taneous energy eigenbasis of the system defined by

H(S(1)) [m, S(t)) = En(S(1)) [m, S(t)) - (6.27)

Applied to the integrand of the antisymmetric part of K, which will be referred to as

A .
ma’m/a,(—zu, —t') to save space, one finds
I;lm e (—iu, —t') = tr [pe;g uH Z(m) —u?—te—it/HSZ(o/l)eitl’}-[ —a,m o a/,m,]
n;én
= Z ¢—BEn o(uit')(En—E,y (n, @)1y (! ‘3 HC) (6.28)
n, n'

where all the Hamiltonians are given for the parameter configuration at time t, i.e. H =
H(S}). To do the ¢’ integral in the limit ¢ — oo, one needs to introduce a regularising factor

of ™' ¢f. section 3.3, with an infinitesimal 7. This yields

dff et En—Ee—nt' — ' 6.29
/0 b, —E, +1in ( )
Remember that in the end 7 has to be taken to zero but only after taking the thermodynamic
limit. For finite systems, calculations have to be carried out with a small but finite 7, the
specific value depending on the system size, see for example the discussion in [23]. Combined

with the u-integral, which gives

B B(En_En’) —1
d U(EnfEn/) — € .
/0 ue E,—E, (6.30)

one has for the antisymmetric part

o) 0NN ey () @1 o) ) o
tmbm! 27 ~ (Ep, — En +in)(Ep — En)  (En— Ep +1in)(En, — Ey)
1 n#n' , e BEw _ o—BEn
- - 31 { @) 7y (! 5" }
Z ~ my(nf s, ) (w']s,,, ) (En — En +in)(E, — Ey)
. n;én _
’ 1 (& BEn
I { (a) 1 (a) }I 6.31
Z Z o {nl i, W) s ) I ) (B = By (6.31)

where going from the second to the third line one has to exchange n <+ n/ in the first term.

If nondegenerate states are assumed, one can discard the regularisation of in such that

n#n’' Im{(n\ st In’) (n/| st |n>}
Alaa))y 2 _BE im -
K == n . .32
imint = 7 ;; ‘ (Ep — )2 (3%
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In the case of weak J and weak coupling to the bath, the energy eigenstates and the cor-
responding eigenvalues might be expanded in both. The lowest-order quantities are then

independent of J as well as the system-bath coupling. The conductance matrix becomes

; n#n’ Tm{ (@ () [/ (/)] 5 |,0)
Koo (] =0) = % > eI {< | TE |(0) ><(o>>2 = >}, (6.33)
n,n’ En _En’

where ‘n(0)> and ESLO) are eigenstates and eigenenergies of Hg(S). The zero temperature
limit, i.e., § — oo, of (6.33) yields

o) 5 m{(0]s{” |n) (n| 5" 10} }

by ESRY) ’
n#£0 (EO En)

(6.34)

again dropping the superscript (0). This is the same as (3.32), i.e., in the weak-J limit the
expressions for the geometrical spin torque in linear and adiabatic response theory coincide.

In the symmetric part (6.21), the first term can be written as

%Ze‘ﬁEne"(E” n) it (Bn—E ( n|s; (a) ‘n><n ’s \n —|—Hc> (6.35)

For the single-operator expectation value, one gets

<S§Z)>e; =tr [PESEZ)] = %Z e PEn (] Sz(‘i) n), (6.36)
t

n

such that the second term is

a o 1 _ , a
< : )>S(t) <s§m/)>?(t) 72 %;e PEEED) (] Sz(m) n) (n ‘ Sipt

n’> : (6.37)

One ends up with

m

(676 1 e
bi;(z /) 2Z dt/ du[Ze ,BEneu(E -E, )zt(En E,/) (<n| ()|TL>< |S )|TL>+HC>

n,n’

2 _ , o
—Z2§je6w“Enmnw;Hm<s“Hnﬁ

n,n’
1 ﬂ( n—E ) 1 o o
=57 dt {Z ¢ PEn gt (= 6]57 (<n| ss n') (/| s n) + H-C-)

n,n’

20 B )
*gaEZeﬂ@“ﬂnanﬁwm< s . (6.38)

n,n’

where the first sum has a divergence at n = n/. In the thermodynamic limit, however,

B(En*E /)
e n’—1 __ :
“EE, — B using

L’Hospital’s rule. For SU(2) spin-rotation invariant systems and in the absence of spontaneous

the spectrum of eigenenergies is continuous and one finds limg, g ,

magnetic order, the expectation value (n| sf} |n) vanishes such that in the first sum the term
n = n’ can be excluded, while the second sum is zero as a whole. This strongly simplifies the
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expression for K and yields

t 7ﬁE o 7[3En
S(aa’) _ 1 / it (En—B,NE " —e
KZ,,LZ 4 Z/ dt Z € En_En/ <n| l,n

) |n/) (| SZ(«:’/,) [n) + H.c.)

n#n'
—BE, _ o—BEn
2 ot (Bn—E,) € M€ (@) |1y 1) ()
/ dt’ ; E B, Re{(n\slm In') (n's;, \n)}
’Lt (EnfEn/) 7’L'tl(En7En/)
:—f/ w3 et Re{ (n] o ') (o] () )} T ~(6.39)

With the usual procedure of evaluating the ¢ integral in the limit ¢ — oo, one gets

Re{ (n] (2 [n') ('] 5(%) m) }

— —BEn
e Im - , (6.40)
Zml ' T;, (En — Ey)(En — Ep + ”7)
which in the zero temperature limit 8 — oo gives
Re{ (0] 5( In) (] s(*) |0) }
K0 =23 Im (6.41)

= (Eo — En)(Eo — En +1in)
In the equations of motion, the symmetric part of the conductance matrix produces spin
dissipation analogous to the Gilbert damping. This will be investigated in publication [III],
found directly below, for a tight-binding model of conduction electrons. The setup of a single
classical impurity spin will be used to compare the expression for the Gilbert damping derived
via ART with the one from LRT derived in chapter 3.
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The real-time dynamics of local magnetic moments exchange coupled to a metallic system of conduction
electrons is subject to dissipative friction, even in the absence of spin-orbit coupling. Phenomenologically, this
is usually described by a local Gilbert damping constant. Here, we use both linear response theory (LRT)
and adiabatic response theory (ART) to derive the spin friction microscopically for a generic single-band
tight-binding model of the electronic structure. The resulting Gilbert damping is time dependent and nonlocal.
For a one-dimensional model, we compare the emergent relaxation dynamics as obtained from LRT and ART
against each other and against the full solution of the microscopic equations of motion and demonstrate the
importance of nonlocality, while the time dependence turns out to be irrelevant. In two dimensions and for a
few magnetic moments in different geometries, it is found that the inclusion of nonlocal Gilbert damping can
counterintuitively lead to longer relaxation times. Besides the distance dependence, the directional dependence
of the nonlocal Gilbert damping turns out to be very important. Our results are based on an expression relating the
nonlocal Gilbert damping to the nonlocal tight-binding density of states close to the Fermi energy. This is exact
in the case of noninteracting electrons. Effects due to electronic correlations are studied within the random-phase
approximation. For the Hubbard model at half filling and with increasing interaction strength, we find a strong

enhancement of the nonlocality of spin friction.

DOI: 10.1103/PhysRevB.111.014402

I. INTRODUCTION

The understanding of the relaxation dynamics of local
magnetic moments on an atomistic level represents an essen-
tial step for further progress in the field of nanospintronics
[1-4]. A prototypical model within atomistic spin-dynamics
theory [5-8] is given by the multi-impurity Kondo model with
a few localized spins, replaced by classical vectors of unit
length to represent the local magnetic moments. This is also
known as the s-d exchange (Vonsovsky Zener) model [9]. Its
Hamiltonian has the form H = Hy + Hiy,, where H; is a tight-
binding model of the electronic structure on a D-dimensional
lattice, and where Hiy is a generic local exchange interaction
between the classical spins S,, (with m =1, ..., M) and the
local spin-moment operators §;, at the sites i,, of the lattice.
In its most simple form, assuming a single spin-degenerate
orbital per site, one has

=YY Tichcio+J) 8,Sm e))

(ii") o=1,1 m

Here, T} is the hopping amplitude between sites i and i, and
J > 0 is the local exchange-coupling strength.

The time dependence of the electron and the classical-spin
degrees of freedom follows the general rules for quantum-
classical dynamics [10,11]. As the model is quadratic in the
electron annihilators and creators, c¢;, and c (i=1,
sites, 0 =1, | spin projection), for each spm conﬁgurat10n
S=(Sy,...,Sy), there is a closed system of equations of
motions, for the one-particle reduced density matrix and for
the classical spins. The dynamics of the latter is governed by
classical Landau-Lifshitz equations Sm = Jd(H ) /908, x S,

2469-9950/2025/111(1)/014402(19)
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Here, we are interested in the relaxation dynamics of
systems with a few impurity spins, M =1, ..., 10, for the
single-orbital model given by Eq. (1) in the thermodynam-
ical limit L — oo. The computational effort for solving the
related coupled system of nonlinear ordinary differential
equations roughly scales quadratically in the number of lat-
tice sites L = [P and linearly in the propagation time ¢ [11].
To avoid unwanted reflections (or interferences) of propa-
gating excitations from the system boundaries (or due to
periodic boundary conditions), however, systems with a linear
extension [ ~ vt must be considered if v is the (ballistic)
propagation speed. The Gaussian electronic part can be for-
mally integrated out within a path-integral formalism, but at
the cost of a highly time-nonlocal effective action for the
classical spins, which, if treated exactly, does not improve
the scaling.

For one-dimensional (1D) systems, absorbing bound-
ary conditions, e.g., using a generalized Lindblad master-
equation approach to couple the edge sites of the conduction-
electron tight-binding model to an external bath, have turned
out to be helpful [12,13]. It has been demonstrated that this
allows one to exceed the characteristic femtosecond electronic
scale set by the inverse nearest-neighbor hopping by more
than five orders of magnitude. For D > 2, however, an ex-
act time propagation of an initial state on the pico- or even
nanosecond scale appears out of reach, but is quite relevant
from general considerations of the timescales of magnetic pro-
cesses [14]. Even at thermal equilibrium and using advanced
Monte Carlo techniques, quantum-classical hybrid systems
with a linear extension / < 30 in D = 3 are computationally
challenging [15].

©2025 American Physical Society
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On the other hand, for physically relevant applications,
the classical-spin dynamics takes place on a characteristic
timescale y,, which is more than an order of magnitude
slower than the femtosecond (7, ~ 1/T) electron dynamics
set by the nearest-neighbor hopping 7. This implies that
the electronic quantum state follows the classical dynamics
almost instantly, i.e., the electron dynamics is almost adia-
batic and characterized by a typical retardation time 7., much
shorter than 7.

This situation has motivated theoretical efforts to approx-
imately “integrate out” the fast electron degrees of freedom,
using the interrelated assumptions of weak J and small
Tret- These justify a double expansion, namely, (i) a pertur-
bative treatment of the exchange coupling J, followed by
(ii) an expansion in the retardation time as put forward in
Refs. [16-19]. This results in an effective spin-only theory,
given by a (generalized) Landau-Lifshitz-Gilbert (LLG) equa-
tion [20],

Sm = Z-Imm’sm’ X S+ Zamm’sm X Sm/s (2)

where both the Gilbert damping «,,y and the indirect
Ruderman—Kittel-Kasuya—Yosida (RKKY) exchange interac-
tion J,y [21-23] must be computed from the J = 0 ground
state of the electron system.

It has been pointed out [11,24,25] that the Gilbert damping
e 18 usually nonlocal, i.e., dependent on two spatial indices
m, m' with o,y # 0 for m # m'. In addition, and depending
on the translational symmetries of the underlying system, the
Gilbert damping can be inhomogeneous, i.e., &, can be m
dependent or, more generally, o,,,» can depend nontrivially
on both m and m’. Here, assuming a hopping matrix that fully
respects the translational symmetries of the lattice, we con-
sider the homogeneous case only and focus on the nonlocality
of the damping. Moreover, the purely electronic part Hy of
the Hamiltonian (1) is invariant under SU(2) spin rotations.
With this choice, we also disregard anisotropy effects and thus
assume for a 3 x 3 Gilbert-damping tensor that dg me =
L Ba With o, &' = x, y, 7.

Importantly, even for the conceptually simple model
Hamiltonian given by Eq. (1), the local and the nonlocal
elements of the Gilbert damping are nonzero and actually
comparatively large. The physical mechanism is a retardation
effect, as described in Refs. [11,26]: Although the impurity-
spin dynamics is slow compared to the femtosecond timescale
of the electron dynamics, the quantum state does not instantly
follow the time-dependent impurity-spin configuration, i.e.,
the electron dynamics is slightly nonadiabatic. Already for
the (M = 1) single impurity case, this implies that § and
(8) are noncollinear, which in turn produces spin damping.
This view should be contrasted with previous work, where the
local damping «,,, is attributed to relativistic effects, i.e., to
spin-orbit coupling [27—41]; see, also, the related discussion
in Ref. [25].

In the quite common continuum (as opposed to the discrete
tight-binding) approach, the nonlocality of the Gilbert damp-
ing is typically accounted for by additional gradient terms
0,S(r, t) [42-48]. This assumes a weak spatial variation of the
damping on the atomic scale and that the leading correction
beyond a fully local damping suffices. On the contrary, we

will demonstrate that ¢y,  is typically even more nonlocal
than, e.g., the RKKY interaction J,,,,, at least for the model
studied here.

With the present paper, we focus on the generic, nonrel-
ativistic model given by Eq. (1) on the D = 1 chain and on
the D = 2 square lattice, and study the local and nonlocal ele-
ments of the Gilbert-damping matrix. To this end, we derive a
compact expression for «,,,, based on the local and nonlocal
tight-binding density of states.

Furthermore, we discuss the impact of the spin damp-
ing on the relaxation dynamics for systems with different
number M of impurity spins coupled to the electron sys-
tem in various geometries. For two classical spins (M = 2)
coupled to next-nearest-neighbor sites of a one-dimensional
tight-binding chain, it has been observed [49] that the lo-
cal and the nonlocal elements of «,,,  are exactly identical,
o] = dpp = a1y = op1, and that this results in a completely
undamped spin dynamics. This counterintuitive effect actually
represents a general feature of D = 1 classical, quantum, and
quantum-classical bipartite multi-impurity models [25,49]. If
and how this still manifests itself in higher dimensions is an
obvious question to be answered.

The LLG equation (2) is rederived for the model given by
Eq. (1) by invoking linear response theory and, subsequently,
by an expansion in the retardation time and corresponding
truncation, i.e., using the two above-mentioned approxima-
tions controlled by (i) weak local exchange J and (ii) short
typical retardation times. We demonstrate that the result
is essentially the same when interchanging the order of
the approximations, i.e., when first starting from the com-
pletely different formalism of adiabatic response theory [50],
adapted to the present case, and make use of a weak-J
approximation thereafter. For D = 1, the impurity-spin re-
laxation dynamics from both approaches will be checked
against the fully numerical solution of the exact equations of
motion.

Both formalisms show that ¢,y = @,y (¢) is actually time
dependent. However, very different time dependencies are
obtained when evaluated numerically. This and the impact on
the long-time dynamics and the relaxation time is studied for
the D = 1 case, where the linear and the adiabatic response
approaches can be checked against the full solution.

The paper is organized as follows: In the next section, we
discuss the fundamental equations of motion for the coupled
spin-electron dynamics. The linear response and the adia-
batic response approaches are introduced in Secs. III and IV,
respectively. Section V is devoted to computational details.
Results are presented in Sec. VI, which address the time de-
pendence and the nonlocality of the spin friction (Secs. VI A
and VIB), the dynamics of a single spin driven by a mag-
netic field (Sec. VIC), and the breakdown of the effective
theory if there is a van Hove singularity at the Fermi energy
(Sec. VID). The anomalous dynamics of two impurity spins in
D = 1isdiscussed in Sec. VI E. We then proceed with dimen-
sion D = 2 and analyze the local and nonlocal spin friction in
Sec. VIF and the distance and directional dependencies of the
Gilbert damping in Sec. VIG. The effects of spin friction on
the dynamics of two impurity spins and of impurity-spin ar-
rays are analyzed in Secs. VI H and VII. Electron-correlation
effects, on the level of the random-phase approximation,

014402-2



MICROSCOPIC THEORY OF SPIN FRICTION AND ...

PHYSICAL REVIEW B 111, 014402 (2025)

are touched in Sec. VIJ. Our concluding remarks are
given in Sec. VIIL

II. FULL SPIN DYNAMICS

Starting from the Hamiltonian, given by Eq. (1), the exact
equations of motion for the classical spins S,,, with m =

1,...,M and |S,;,| = 1, and of the one-particle reduced den-
sity matrix p(t) with elements
Pio.io (1) = (W(D)|c] i | V(1)) 3)

are readily derived (see, e.g., Ref. [11]). We find
d
TSmO = J(si,)e X Sn(t) = ;Bm X Su(t), (4

where (s; ); is the expectation value of the local spin at
site i, of the electron system in the N-electron state |\W(t)).
If T denotes the vector of Pauli matrices, we have s; =
% Y o' Ci Too'Cior- The last term on the right-hand side results
from local magnetic fields B,, coupling to the impurity spins
S, i.e., we have replaced the Hamiltonian in Eq. (1) by H >
H— Zm B,,S,,. This will be convenient in the following. The
equation of motion for the density matrix is given by

d
i—p(t) = [T ), p(t)], ®)

where T (¢) is an effective hopping matrix with elements

M
" J
Tt () = 8o0 T + Z80 ) 61, TaoSul®). (6)

m=1

Initially, at time ¢ = 0, we specify a certain start con-
figuration $(0) = [S1(0), ..., Sy (0)] for the impurity spins.
Furthermore, we assume that the electron system, at time
t =0, is in its ground state for J = 0. The corresponding
ground-state one-particle reduced density matrix,

p(0) = O(ul =T), )

is formally given in terms of the Heaviside step function
O(---) and can be computed by diagonalizing the hopping
matrix T'.

In the multi-impurity-spin case (M > 1), real-time dynam-
ics is initiated by suddenly switching on Hi. For M = 1, we
suddenly switch the direction of a local magnetic field B that
couples to the impurity spin S.

Equations (4) and (5) form a closed set of nonlinear or-
dinary differential equations for the spin configuration § =
(S1,...,Su) and p. This can be solved numerically by stan-
dard techniques for a D-dimensional lattice with a finite
number of sites L = [P. Accessible propagation times 7 are
limited by the requirement 7 < /v, where v is the (ballistic)
propagation speed.

III. LINEAR RESPONSE THEORY

The effective spin-only dynamics, determined by the
LLG equation (2), is obtained in the limit of weak J and
short retardation times. In the linear response approach,
we start by treating J perturbatively. The corresponding

Kubo formula reads
t
s =0 2 [ AT o8t = 0+ 00D @)
m 0

The integral kernel is given in terms of the unperturbed (J =
0), retarded, nonlocal, and time-homogeneous magnetic sus-
ceptibility,

X2 t) = —i0ne " ([s¢ ). st O] ©)
Here, (---)© denotes the expectation value with respect to
the unperturbed system at J = 0. Furthermore, n > 0 is an in-
finitesimal, and « = x, y, z. Since I:Iel is invariant under SU(2)
spin rotations, the susceptibility is diagonal with respect to
the directional indices and also o independent: x%% (1) =
80{0/ Xmm' (t)

As a second approximation, we assume that the retardation
time 7 in Eq. (8) is small, i.e., that the integral kernel ), ()
is peaked at small 7, on the characteristic timescale 1/7 of the
electron system, as compared to the much slower timescale
on which the classical spins evolve. This justifies a Taylor ex-
pansion S, (t —t) =S,/ (t) — ©S,y(¢) + - - - . Truncating the
expansion after the first order and inserting into Eq. (8) yields

(si,,,>t =J Z |:/0 dt Xmm’(f)i|sm’(t)
¥ [[artmmo sao. a0

With Eq. (4), we then get

d
ZSn(t) = ;Jmmmsm/(t) X Sp(t)
+ > o (DS (1) X Sp(2)

— Y "By x Su(t). (11)

where we have defined the time-dependent RKKY exchange
interaction,

t
Sy (1) = -12 / dt Xmm’(r)» (12)
0

and the time-dependent Gilbert damping,

t
amm’(t) = _JZ/ drtt Xmm’(f)- (13)
0

Equation (11) should be compared with the LLG Eq. (2).
Apart from the additional magnetic-field term, the main dif-
ference is the time dependence of the coupling constants.
The time-independent RKKY interaction, defined as
Sy = 1imy_, oo Sy (¢), corresponds to an effective RKKY

Hamiltonian, Hrgxy = 3 Zﬁim " Tt SwuSy- We furthermore
define the time-independent Gilbert damping as o, =
lim;_, oo 0 (). The sign in the definition (13) of the damping
matrix is chosen such that «,,,, > 0. (This is opposite to the
convention used in Refs. [11,49]). Through Fourier transfor-

mation of the susceptibility, xu. (@) = f dt €% Y (T), We
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get the alternative representation,

d
—Im (0 = 0).
dw

(14)

d
Upm' = ijz_Xmm’(a) = O) = _J2
dw

Most convenient for the numerical simulations, however, is
the representation of the damping matrix,

m

Cmm' = 2-]2Almt ,((,() = 0)2 (15)

in terms of the local or nonlocal tight-binding density of states
Aj7(w). In the context of a single impurity spin and local
Gilbert damping (m = m’), a derivation of Eq. (15) is given in
Refs. [51-54]. A general derivation is given in the Appendix;
see, also, Refs. [11,18,55,56].

Assuming a translation-invariant system with lattice vec-
tors R; and periodic boundary conditions, we have

1 k(Ri—
(@) = 7 3 MBS0 + = e, (16)
k

where e(k) = e(—k) is the tight-binding dispersion and u
is the chemical potential, which fixes the average particle
number (N).

According to the derivation given in the Appendix, the
temperature dependence of the damping parameters can be
obtained via

) / 2
Q= —EJ /dxf (0A;,i,, (x)". 17)

In the low-temperature (8 — oo) or in the wide-band limit,
we can replace the one-electron spectral density by a constant,
Aii, (X) = P This yields

a'® —

o) = 2J2p,%,m,. (18)

Hence, a nontrivial temperature dependence at low tempera-
tures is due to the variation of the spectral density near w = 0.
We can make use of the Sommerfeld expansion in powers of
B2 to make this explicit. A straightforward calculation yields

3
T _
S = %) + ——[(pmm )+ Do O] + OB,

6 B2
(19)
where we have defined
w _ 4
Loy = 1,,,1 ,(X) . (20)

dx m
x=0

IV. ADIABATIC RESPONSE THEORY

In the limit of weak J and short retardation times, the
same effective spin-only dynamics, given by Eq. (2), is ob-
tained when first assuming that the electron system almost
adiabatically follows the spin dynamics, while the weak-J
approximation is done at a later stage. This can be seen
by starting with the adiabatic response theory as outlined in
Ref. [50] and adapted to the case of spin dynamics.

The considered setup is that of an open quantum system,
driven by external parameters S = (S, ..., Sy) and in con-
tact with a large thermal bath at temperature 1/8. The total

Hamiltonian is
Ao = H + Ay + Hsp, @D

where A is the Hamiltonian given by Eq. (1), Hg denotes the
Hamiltonian of the thermal bath, and Hgg is the system-bath
interaction. The latter terms, Hg and ﬂSB, are introduced for
formal reasons only and can be disregarded at the end of the
consideration, assuming that the system-bath coupling is suf-
ficiently weak. Finally, we will also take the zero-temperature
limit 8 — oo.

The goal is to determine the expectation value (s; ), of the
local spin of the electron system at site i, in the many-electron
quantum state, for a given trajectory of the classical spins S(¢')
with ¢/ < ¢. This is needed for Eq. (4) to obtain a closed set
of equations of motion for the classical spins S only. To this
end, we start with the thermal (canonical) equilibrium value
(s,m)(se(‘})) for a fixed spin configuration S(¢) at time ¢. In the

adiabatic approximation, we would have (s; ), = (sim>(si?;.

Within adiabatic response theory, the difference,

(As;, (1)) =

is computed perturbatively in the deviation from a strictly
adiabatic, infinitely slow spin dynamics S(¢). The “small pa-
rameter” is given by the dissipated work [50,57],

(50,050 (22)

(si,,,>t S@t)®

t . . R
W = /0 dt’ S(H{VsHIS()] — (VsHISE) g ). (23)

where HA[S(t)] is the total Hamiltonian (1) for a given spin
configuration. Note that W is an operator, but not an observ-
able [58,59]. The dissipated work can be interpreted as the
difference between the work performed on the system along
a certain trajectory S(¢) in the spin-configuration space and
the work along the same path but traversed adiabatically. For
an isothermal process, the second contribution is given by the
free-energy difference between the initial and the final state at
S(0) and S(r), respectively.
As detailed in Ref. [50], one finds

(Asi, () =Y K[t SO1Sw(0), (24

up to first order in W. Here, K,y is a 3 x 3 matrix for each
index pair m, m’, which depends on ¢ explicitly, and also
implicitly via S(¢). The elements of this matrix are given by

Ko, SO)J—/ dt/ du 52 (—in)s? (' = D)

- f dr’ f du s (—iu))(;(j';
0 0

x (s (' — t))(;(‘g . (25)

Here, o, o' = x, y, z and u refers to imaginary time. Inserting
(s;, )¢, as obtained from Eqs. (22) and (24), into Eq. (4), we get

T(si,) 58 % S () = > By x Su(1)

m

+I2Y Y K[t SO1Swaeq X Su(t). (26)

o ma

Sn(t) =
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In the second step, we additionally assume that J is weak.
For a fixed spin configuration S(¢), the static, equilibrium
expectation value (sim)ée(?; in the first term on the right-hand

side of Eq. (26) can be expanded in powers of J as

(83,0500 = i) 50+ T D XS (1) + O, (27)

where X = Xmm (@ = 0) is the static and unperturbed (J =
0) magnetic susceptibility, i.e., the w = 0 Fourier component
of %% () = 8 Yy (t) defined in Eq. (9). The first term,
(s,-m)ge;%, vanishes as there is no spontaneous magnetic order
for a system of noninteracting conduction electrons and since
the magnetic field B, only couples to the impurity spin S,,,.
With this, the first term on the right-hand side of Eq. (26) re-
duces to the RKKY term Zm, J? K S (8) X 8, (2), if terms
of the order of J3 are neglected. Since the K matrix in Eq. (26)
already carries a J? factor, we can then disregard its de-
pendence on S(7) as this would produce terms of O(J?) as
well. With the same argument and since the model is SU(2)
symmetric and does not support spontaneous magnetic order,
the second term on the right-hand side of Eq. (25) can be
disregarded. We are left with

! B
Ko (1) = 6°° / dr’ / du(s¢ (—iu)s? (@' — ). (28)
0 0

Inserting a resolution of the identity 1= |¥,)(¥,]
with energy eigenstates between the spin operators
in Eq. (28) and expressing the expectation value as
Z7'S e PE (W, | ---|W, ), one can derive a Lehmann-type
representation. This involves matrix elements (W,|s¥|W,)
with eigenstates of the J = 0 Hamiltonian H,. In the sector
with even total particle number N, the latter is invariant
under time reversal, [, Hy] = 0, where the representation
of time reversal is given by an antiunitary operator ® with
®2=1, 00" =1, and Os;0" = —s;. A straightforward
consequence is that the matrix elements (W,|sY|¥,) =
(OW,[s¥|OW,) = (U, |0Ts¥O|W,)* = —(W,|s*|W,)* € iR
are purely imaginary (see, also, Ref. [60]). This immediately
implies that K is symmetric, K,‘j:l‘;; ) = Kg,’f‘n(t).

It is important to see that there is a finite antisymmetric
part for strong J, i.e., in the regime where the weak-J ap-
proximation does not apply, e.g., for systems directly coupled
to an external magnetic field or systems where time-reversal
symmetry is explicitly broken in the electronic sector, as in
the case of the Haldane model [61]. In the equations of mo-
tion for the classical spins, this would lead to an additional
geometrical spin torque,

D Qe SIS waen X Sulh), (29)
resulting from the spin-Berry curvature,

Qe (S(t)) = JAH KA [S()] — KEEIS(1)1}. (30)
Previously, this was derived within the framework of adiabatic
spin dynamics [60,62-64]. The spin-Berry curvature repre-
sents the feedback [65] of the Berry-phase physics [66] in the
electron system on the dynamics of the classical degrees of
freedom. Here, we see that the same geometrical spin torque
can be derived within the context of adiabatic response theory

[50] as well. Importantly, the spin-Berry curvature is a geo-
metrical object and only depends on ¢ via S(¢), if the explicit
t dependence of Kg;;’, [¢, S(¢)] in Eq. (25) can be disregarded,
i.e., in the long-time limit.

Let us return to our main focus, namely, spin damping.
Generally, we define

Ko (1) = MK [t, SO+ K221, SO} 31
Specifically, for the time-reversal and spin-SU(2) symmetric
model H,; considered here and in the weak-J limit, the sym-
metrization is superfluous and, furthermore, the 3 x 3 tensor
is actually isotropic, i.e., K (t) = 8* K, (). Hence, the
last term on the right-hand side of Eq. (26) reads

D e ()8 (1) X Sy(0), (32)

m

when identifying
Cm (t) = szmm’ (t) (33)

With the term Eq. (32) and with Eq. (27) inserted into Eq. (26),
we find the same spin-only effective equation of motion (11)
that was derived within linear response theory and the sub-
sequent perturbative treatment of retardation effects, but with
two exceptions: The RKKY coupling constants are time inde-
pendent and the expression given by Eq. (32) for the damping
constants differs from Eq. (13).

V. COMPUTATIONAL DETAILS

The fundamental equations of motion (4) and (5) as well
as the effective equations of motion (2) can be solved using
standard numerical techniques [67—69]. On timescales up to
~10° in units of the inverse nearest-neighbor hopping 1/T,
the achieved numerical accuracy is sufficient, i.e., the effects
of numerical errors are invisible in all the spin-dynamics plots
shown below.

We consider a tight-binding model of noninteracting elec-
trons He on a D-dimensional lattice with periodic boundary
conditions such that diagonalization of the hopping matrix
T =UeU" is achieved analytically via Fourier transforma-
tion. Hence, the tight-binding dispersions are given by

e(k) = —2T cos(k) — 2T’ cos(2k), (34)

for D = 1, where the nearest-neighbor hopping 7 = 1 fixes
the energy (and with 7z = 1 the timescale) and where 7" is the
next-nearest-neighbor hopping. The lattice constant is set to
unity as well. For D = 2, we have

g(k) = —2T'[cos(k,) + cos(ky)] — 4T’ cos(ky) cos(ky). (35)

The necessary ingredients for the effective equations (2)
or, more generally, for the effective equations of motion with
time-dependent parameters, given by Eq. (11), can be com-
puted numerically as follows.

We start with the RKKY interaction parameters J,,, (¢).
These are obtained from Eq. (12) by performing the T
integration numerically. For the integrand, we use the
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representation

Xmm’(r) = ®(T)e_nt1m|:(

ol e~ iTT
A —_— (36)
BT —pl) 4 1 i 1+ e BT—n1) i,/

of the (J = 0) retarded magnetic susceptibility, where we made use of the fact that the hopping matrix is diagonal in

the spin indices o, ¢’ and spin independent. With Uy = T

occ

Xt (T) = ©(T)e” " Im

We see that the susceptibility is symmetric with
respect to m, m'. As argued above, this is a con-
sequence of the time-reversal symmetry of H,.

Importantly, the wave-vector summations over the occu-
pied or unoccupied points in the first Brillouin zone factorize.
This allows us to address fairly large systems and to control
the thermodynamic limit. The L — oo limit should be taken
with a finite n > 0 in the regularization factor e~"*, which
appears in the definition of the retarded susceptibility given by
Eq. (9) and which ensures the convergence of the limit — oo
in Eq. (12). The latter is necessary for the computation of the
time-independent RKKY coupling, J,,,,,y = lim,_, oo Jyny () =
J? X (@ = 0). The limit n \ 0 should be taken in the end.

Within linear response theory, the time-dependent Gilbert-
damping parameters o, (t) are obtained from Eq. (13) via
numerical integration. The time-independent parameters
are obtained from Eq. (A9).

Within adiabatic response theory and for weak J, the
identification Eq. (33) leads us exactly to the same effective
equations of motion (11) that were obtained within linear
response theory, albeit with a different expression for o, ()
as compared to Eq. (13). For its numerical evaluation, we first
consider Eq. (28). Making use of isotropy and time-reversal
symmetry, K,‘,’;f‘n ) =K,,, (t) = 8K, (1), inserting a reso-
lution of the identity with an orthonormal basis of eigenstates
of A, as described below Eq. (28), and evaluating the corre-

sponding matrix elements of si' and sj?"/ yields
T(lt +u)
mm(t)— / dt / du ﬂ(T #1)+1
m'm
o= Tt +u)
“N1yepa—m )| - (38)
mm’

and, after diagonalization of the hopping matrix T,

kR,m—R,
Ko (1) = Zf[s(k)—u]fm e(k'))e™ :
kk'
(b
o oK Ry R, ) / dr’ / du ey
0 0

(39)

Here, f(x) = 1/(e?* + 1) is the Fermi function. We carry out
the integration over imaginary time u with the case distinction
(i) e(k) #e(') and (ii) e(k) = e(k’). Using the iden-
tity (P07 — D f @) f(=x) = f(=0)f () = f(O)f(=x') in

—ikR;

, and in the zero-temperature limit 8 — 0o, one gets

unocc

2 Zew(k)f ik(R; ,—Ri,) Z —ik'(Ri,,—R; ,) —ze(k | (37)

(
addition and carrying out the #’ integration, we arrive at

e(k)2e (k)
D flelo) — wf (n — e

7%
ik )R, —R; | (1 —

K (t) = 17

ei[s(k)—s(k')]t )]
le(k) — e(k')]?
KUY, 40)

Im[e

where the first term refers to case (i) and where the second
term refers to case (ii), and is given by

oo 1‘3 e(k)=s(k')
eg /
Kot () =575 Z fletk) = f (e — e®))]
kk'
% eik(R,‘mfR,‘m/)efik’(lefRim,)' (41)

In the thermodynamic limit L — oo, this second term van-
ishes, unless there is a macroscopic number of degeneracies in
the tight-binding dispersion ¢ (k). Assuming that this is not the
case, taking the zero-temperature limit 8 — oo, and inserting
into Eq. (33) we find

0OCC unocc

oy (1) —JZL2 Z Z

i(k—k" )R, _Rim,)(l _ ei[s(k)fs(k')]t ]

(e(k) — e(k'))?
Unfortunately, the numerical evaluation is much more time

consuming as compared to linear response theory, i.e.,
Eq. (13) and Eq. (37).

Im[e

42)

VI. RESULTS

A. Time-dependent spin friction

In the effective spin-only theory, the relaxation towards the
ground-state spin configuration is determined by the Gilbert
damping s (t). As shown above, there are at least three
different ways to calculate this quantity, namely, (i) via linear
response theory (LRT), resulting in Eq. (13); (ii) via adiabatic
response theory (ART), resulting in Eq. (33), and, finally,
(iii) one usually assumes time-independent damping constants
Wy = 1iMy, o0 0y (). We start the discussion by a corre-
sponding comparison. This is done for a one-dimensional
tight-binding model with dispersion Eq. (34) at half filling.
The next-nearest-neighbor hopping is set to 7’ = 0, for sim-
plicity.
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FIG. 1. Time-dependent local Gilbert damping a(t)/J* as ob-
tained from linear response theory (blue) and from adiabatic response
theory (green) for the one-dimensional system at half filling. 7 = 1
sets the energy scale (and with /i = 1 the timescale). Orange line:
Linear response theory with n = 0.01. Calculations for 7/ = 0, L =
10°, and periodic boundary conditions.

Figure 1 shows results for the local Gilbert damping for a
system with L = 10° sites. Periodic boundary conditions are
assumed such that o, (t) = ay(t) is m independent. Within
LRT, we find that « (¢ ) exhibits an undamped oscillation, after
some initial decay at shorter times. Fourier analysis yields a
dominating frequency wyy ~ 2.0, which stems from the van
Hove singularities at wyy = %2 in the local density of states,
as already explained in Ref. [11]. Within ART, the same oscil-
lation frequency is found, but there is a strong damping of the
oscillation such that oy (#) converges to an essentially constant
value «y &~ 0.040J> on a timescale of roughly ¢ = 50.

For the nearest-neighbor Gilbert damping «;, the same
qualitative behavior is observed for both approaches, LRT and
ART, as can be seen in Fig. 2. However, the time-independent
nearest-neighbor damping constant vanishes, o) &~ 0. The
same values for the local and the nearest-neighbor damping,
ap ~ 0.040J?% and o, ~ 0, are obtained from LRT with a finite
regularization parameter 7. In Figs. 1 and 2, results are shown
for n = 0.01 (orange lines). However, within numerical accu-
racy, the damping constants, ¢¢ and «;, do not depend on the
choice for 7, as long as n is sufficiently small (but n 2> 1/L,
since the limit » N\ 0 must be taken after the limit L — c0).
This independence of 1 is expected; see the discussion in
Refs. [11,49] and the discussion of the two-dimensional sys-
tems below. It is remarkable, however, that both approaches,

0.02} LRT
= 0.00
g
-0.02}
0 50 100 150 200 250 300
timet

FIG. 2. The same as Fig. 1, but for the nearest-neighbor damping
Oll(l)/.lz, ie,d =iy —i,=1.

103,
- 1|
al 10
>
3
d=0
10-1_
d=2
-1.0 ~05 0.0 0.5 1.0

TI

FIG. 3. Local and next-nearest-neighbor damping parameters, o
and o, for the D = 1 system at half filling as a function of the next-
nearest-neighbor hopping 7”. Calculations for L = 10°.

LRT and ART, yield the same local and nonlocal damping
constants.

B. Nonlocal spin friction

We have also calculated o, for larger distances, d =
iy — im. Both approaches precisely reproduce the finding of
Refs. [25,49], namely, oy42 = oy = const > 0 for even dis-
tancesd = 0,2,4, ... and oy, = oy = const = 0 for odd d.
This distance (in)dependence of o is a characteristic feature
for the D = 1 model at half filling.

Another, at first sight nonintuitive, numerical result is the
T’ dependence of the local and the next-nearest-neighbor
Gilbert damping. This is shown in Fig. 3. We find that
ao(T") = ax(T’) = const for all 7" with =T < T’ < T/. The
critical next-nearest-neighbor hopping is given by T, = T'/2.
Furthermore, oy (T') = a3(T’) = 0 within the same 7"’ range
(not shown). For |T’| > T/, the T’ dependence of «,(T’) is
nontrivial. Again, this result is characteristic for D = 1 and
half filling.

There is a simple proof for both the peculiar d and T’
dependencies of «y;(T’), which is based on the density-of-
states formula given by Eq. (15). We first note that 7] = T'/2
is the critical value for a Lifshitz transition of the Fermi
“surface.” If —T) < T' < T/, the occupied k points lie in
the range —kp < k < kg, with kg = 7 /2 in the first Brillouin
zone [—m, ], i.e., kg is independent of 7' in this 7" range.
However, for |T’| > T/, the “Fermi-surface volume” splits
into three disconnected parts. This is illustrated with Fig. 4.

For D=1, -T/ <T' < T/, and for L — oo, we can ex-
press the spectral density A;(0) = A, ; (0w =0) with d =
I,y — I, In the form

i

Aq(0) = L /n dk &3l — e (k)]

27 J_n
k=ke )

1 woa (A2 )
o ;e ( dk

- % cos (%d) % (43)

with Fermi wave vectors kr = £m /2. With Eq. (15), this
demonstrates that iz (7”) is independent of 7’ and oscillates
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k

FIG. 4. Dispersion (34) for various T'. Blue: T’ = 0.0 (no off-
set). Green: T' = 0.25, with vertical offset Ae = 0.5. Red: T' =
0.50 (Ae = 1.0). Violet: T' = 0.75 (Ae = 1.5). Horizontal dashed
lines: respective chemical potentials u, corresponding to half filling.
Thick lines indicate occupied states.

between 0 and oy = J?/87T? &~ 0.0398J2 (with T = 1) for
odd and even d, respectively.

C. Single-spin dynamicsin D = 1

While LRT and ART yield the same Gilbert damping
constant o,y = lim,_, oo &y (1), the time dependence of the
damping is very different, as discussed above (Figs. 1 and 2).
The resulting spin dynamics, however, turns out to be essen-
tially independent of the approach used, at least in the regime
where the effective spin-only theory applies. In addition, the
time dependence of the damping is practically irrelevant for
the spin dynamics.

We start the related discussion with Fig. 5, which shows
the time evolution of the x component of a single impurity
spin coupled to a site of the one-dimensional model with
T’ = 0. Initially, the impurity spin points in the x direction,
and the electron system is prepared in its ground state for

10T 100 107 102 103

FIG. 5. Time dependence of the x component of a single impurity
spin S coupled to a site of the D = 1 tight-binding model via a local
exchange interaction J. At time ¢ = 0, where J is suddenly switched
on, the spin points in the x direction. For ¢ > 0, the spin dynamics
is driven by a finite local magnetic field B = (0, 0, B) in the z di-
rection, which couples to S. Dashed blue line: LRT calculation with
time-dependent damping. Solid orange line: LRT calculation with
constant damping. Parameters: L = 4000, 7' = 0,J = 0.3, B = 0.5,
half filling.

J = 0. At time ¢ = 0, we suddenly switch on the exchange
coupling J and, in addition, a local and time-independent
magnetic field B = (0, 0, B) in the z direction, which couples
to the spin, i.e., H+— H—BS (see, also, the discussion at the
end of Sec. VIC). The purpose of the field is to drive the
spin dynamics. In fact, for + > 0, the spin starts to precess
around B with the Larmor frequency w =~ B, as seen in the
oscillations of S, and of S (not shown). On a timescale of a
few thousand inverse hoppings, the spin finally aligns to the
field, i.e., §; — 1 (not shown) and S,, S, — 0. Importantly,
Fig. 5 shows the prediction of LRT, as obtained from the
equation of motion S(¢) = oo (t)S(t) x S(t) — B x S(t) with
time-dependent «(¢) (dashed blue line) and for the same
equation of motion but replacing o(¢) — oo, i.e., for time-
independent ¢ (solid orange line).

There are no significant differences, either at early times or
for times close to the relaxation time. Furthermore, inspection
of the numerical data shows that the agreement becomes even
better with decreasing field strength. The obvious interpre-
tation is that the precession timescale 1/B set by the field
strength B is long compared to the timescale for the oscilla-
tions of oy that is set by the electronic band width, such that
only the average over many « oscillations is actually relevant.
This argument becomes increasingly pertinent with weaker
(and thus more physical) field strengths B.

We have also calculated the spin dynamics within ART.
The result perfectly agrees with that shown in Fig. 5. After the
previous discussion, this was only to be expected since, within
ART, «(t) oscillates with the same frequency as seen within
LRT (cf. Fig. 1) and converges to the constant « after a few
oscillations anyway. We conclude that the time dependence of
the Gilbert damping is practically irrelevant for the resulting
spin dynamics within both approaches, LRT and ART. From
this point on, we therefore use LRT with time-independent
damping constants o, .

The predictions of the effective spin-only theory agree very
well with the results obtained from the full theory, i.e., from
Egs. (4) and (5). For a numerical evaluation of the full theory
up to a propagation time #,,p and avoiding unwanted finite-
size effects, i.e., interferences due to excitations propagating
back to the impurity spin (in the case of periodic boundary
conditions), one must consider systems with L 2> Vtprop, Where
v = de(kp)/dk is the Fermi velocity. At half filling and for
T’ = 0, we have vg = 2. This implies that a system with L =
1000 sites is sufficiently large to see complete spin relaxation,
if the relaxation time is 7 < 500.

As can be seen in Fig. 6, this is the case when choosing
J =0.5 and B = 1.0 (see top panel). While S, (and S|, not
shown) oscillates with the Larmor frequency w =~ B, the z
component of the spin monotonously increases from S, = 0
fort =0to S, & 1 for t & 300. The dynamical evolution is
qualitatively the same for both the full theory and the effective
spin-only theory. The agreement is even quantitative; there is
merely a small difference of a few percent between the full
and the effective theory visible in the z component of S(¢)
around ¢ = 100, and the relaxation is somewhat faster in the
full theory.

Physically relevant coupling strengths J and magnetic
fields B (or effective “Weiss” fields produced via RKKY
exchange in a multi-impurity-spin system) are generically
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FIG. 6. Time dependence of S, and of S, as obtained from the full theory (solid orange line), Eqs. (4) and (5), compared to the effective

theory (dashed blue). Top: Calculations with J = 0.5 and B = 1.0 for a chain of length L =

1000 with periodic boundaries; 7' = 0. Middle:

The same, but for / = 0.5 and B = 0.5. System size: L = 2000. Note the different timescale. Bottom: The same, but for / = 0.3 and B = 0.5.

System size: L = 4000. Note the different timescale.

much weaker. A weaker field B implies a smaller preces-
sion frequency and thus a slower spin dynamics. Hence,
this implies a more adiabatic motion and thus improves the
short-retardation-time approximation. In fact, comparing the
results at fixed J = 0.5, for B = 1.0 (Fig. 6, top panel) with
those obtained for B = 0.5 (Fig. 6, middle panel), one finds
an even better agreement between the full and the effective
theory for the smaller field strength. Note that the relaxation
time increases with decreasing B. We have thus extended the
maximum propagation time to o, = 1000 and, accordingly,
the system size to L = 2000.

Similarly, a weaker J, at fixed B, improves the weak-
coupling approximation. In the bottom panel of Fig. 6, for
J =0.3 and B = 0.5, the agreement between the full and
the effective theory is perfect on the scale of the figure. The
relaxation time increases once more.

The results discussed so far have been obtained by simul-
taneously switching on the coupling J and the field B at time
t = 0. This setup for initiating the dynamics is the one that
is conceptually consistent with the linear response approach.
Alternatively, we have tentatively initiated the dynamics by
starting from the coupled system at finite J and switching
on the field B only. Using this second setup and within the
full theory, we did not find any significant differences in the
spin dynamics. This is easily understood since, (i) for the
considered coupling strengths, there is only a very weak po-
larization of the conduction-electron local magnetic moment
(s;,) att = 0. AtJ = 0.5, for example, its magnitude amounts

to |{s;,)| ~ 0.064, i.e., almost an order of magnitude smaller
that the saturation value, and hence its feedback effect on the
spin dynamics is weak. (ii) While in the first setup (s;,) = O at
time ¢ = 0, the moment very quickly polarizes in the course
of time to the same value |(s;,)| &~ 0.064 that is found atz =0
in the second setup. In fact, the polarization takes place on the
fast electronic timescale and is fully completed already after
t = 1/T = 1. We can thus state that the spin dynamics practi-
cally does not depend on the preparation of the initial state.

D. Van Hove singularities

Besides J, the strength of the (local) Gilbert damping
also depends on the density of states at the Fermi energy, as
Eq. (15) demonstrates. A divergence of the density of states at
the Fermi energy then implies a divergent damping constant
op. The analysis of the effective equation of motion for a
single spin [11,56,70],

St) =y St) x S(t) — B x S(t),
gives the exact analytical result,
l1+all
(o4 B ’

for the relaxation time t. The relaxation time diverges for
op —> OQ.

We have checked this against the numerical evaluation of
the full theory, given by Eqgs. (4) and (5), for the half-filled

(44)
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FIG. 7. Time evolution of the x component of S, in a setup with
two spins §; and S, at distance d = 2 and for J = 0.1. Results for
T’ =0 (blue line), T’ = 0.6 (orange). The green line is the result
of a calculation for 77 = 0.6, where «, is set to zero. Parameters:
L=10°%n=107".

system, J = 0.5, B = 1.0, and next-nearest-neighbor hopping
T’ = —0.5, where the density of states exhibits a strong 1//w
van Hove singularity at the Fermi energy (see Fig. 3). In
addition, slightly smaller 7" < —0.5 have been considered.
Contrary to the prediction of the effective theory, we find a
finite relaxation time of the order of T = O(10?). This shows
that the effective theory fails if the (dimensionless) parameter,
given by the product of J with the density of states at the Fermi
energy, is large.

E. Two-spin dynamics in D = 1

In the case of two impurity spins at distance d = i,y — iy,
and vanishing magnetic field, the effective equations of mo-
tion read

S] =J;8, x 81 4+ apS; % S] + g8 % Sz, 45)

S2 =J481 x 82 + apS» XS2+C(dS2 XSl. (46)

Here, we have disregarded the time dependence of «,(¢), as
discussed above, but also of the RKKY coupling J,(¢) [see
Eq. (12)]. The latter shows an oscillatory time dependence
with the same characteristic frequency w,y = £2 that was
found for «,(?), but decays quickly on a timescale of a few
tens of inverse hoppings. Using the same reasoning as for the
damping, we can also ignore the t dependence of J;(¢), if J is
sufficiently small.

As discussed above, for half filling and if -7, < T’ < T,
the damping parameters o for all even d are equal, while
oy = 0 for arbitrary odd d. Hence, coupling the two impurity
spins to neighboring lattice sites, the nonlocal damping van-
ishes and, independent of the initial spin configuration, one
finds a relaxation of the spin system to its ground state that is
driven by the local damping parameter og only.

For distance d = 2, the situation is completely different
(see, also, the discussion in Ref. [49]): Exploiting the fact that
oo = o and adding the two Eqgs. (45) and (46) immediately
implies that Sy = S + 5, is a constant of motion and, con-
sequently, S5, is constant as well. We conclude that the spin
system does not relax at all, if d is even.

This is demonstrated with Fig. 7, where the time depen-
dence of the x component of S; is shown for a system with

101f
&~ 100 :
= L =1x10°
(e}
S
3 1
10 L =1x10°
L S L=20x10°
100 10° 10% 10° 102 107

n

FIG. 8. Local Gilbert-damping parameter (0, 0)/J? as a func-
tion of the regularization parameter n for different system sizes L.
Calculations for the D = 2 square lattice with next-nearest-neighbor
hopping 7' = —0.3.

two impurity spins at distance d = 2, initially prepared as
mutually orthogonal, §1S, = 0. In fact, there is no relaxation
for T’ =0 and S|, exhibits an undamped oscillation. This
appears to be counterintuitive.

On the contrary, for 7' = 0.6 > T = 0.5, the two-spin
system relaxes to its (ferromagnetic) ground-state spin config-
uration. The rather long relaxation time T ~ 10° is due to the
chosen weak coupling strength J = 0.1. The relaxation is due
to the fact that g = a5 is no longer enforced by the arguments
leading to Eq. (43): At T’ = 0.6, we find ap = 1.169 and
ay = 0.581.

Figure 7 also shows the time evolution of S;,(z) for the
same 7’ = 0.6, but neglecting the nonlocal damping, i.e., the
result of a calculation where we have ad hoc set ay = 0.
Intuitively, one would expect that switching off the nonlocal
damping would lead to a longer relaxation time. However, as
is seen in the figure, the opposite behavior is found and t, in
fact, decreases if one sets oy, = 0.

F. Local and nonlocal spin friction in D = 2

The numerical computation of the local and the nonlocal
elements of the (time-independent) Gilbert damping «,,,y on
the D = 2 square lattice proceeds along the lines described in
Sec. V. As for D = 1, a proper choice of the regularization
parameter 7 is decisive.

Due to translational symmetry, the damping parameters
oy only depend on the distance vector R = (R,, R,) between
the two sites i,, and i,, in the square lattice. Figure 8 shows
the local damping parameter (0, 0), and Fig. 9 shows the
nonlocal damping parameter (9, 9), i.e., for two spins S; and
S, along the diagonal with distance vector R = (9, 9), which
is the maximum distance considered here.

Note that the limit L — oo should be taken for a finite
n > 0, and that the n N\ O limit should be taken in the end.
For R = (0, 0) (Fig. 8) and for n = 1073, the thermodynamic
limit is reached with L > 4 x 10% in practice. The same result
for a(0, 0) is obtained with larger parameters, e.g., with n =
1072, where the thermodynamical limit is reached even earlier
(L =1 x 10° is sufficient). Computations with, e.g., L = 10°
and 1 = 1072 are fully converged. A too small 1 requires
larger system sizes, otherwise one only resolves finite-size
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FIG. 9. The same as Fig. 8, but for the nonlocal Gilbert-damping
parameter «(9, 9)/J> for sites linked by the distance vector R =
9,9).

artifacts. For a too large 1, on the other hand, results start to
get an unphysical n dependence (even for sufficiently large L).

Achieving convergence, i.e., lim,\ o lim;_, o (- - - ), is more
difficult for longer distance vectors R. At R = (9,9) (see
Fig. 9), there is an n-independent plateau for sufficiently large
L (eg,L=4x 10°) in a smaller n range, n = 1073-1072
[note the logarithmic scale for a(R)/J?].

In the rest of the paper, we consider classical spins that
are exchange coupled to a half-filled conduction-electron
system with nearest-neighbor hopping 7 = 1 and finite next-
nearest-neighbor hopping 7’ on the D = 2 square lattice. The
tight-binding dispersion is given by Eq. (35). Considering a
finite next-nearest-neighbor hopping is essential for D = 2
and at half filling since for 7' = 0 the density of states ex-
hibits a logarithmic van Hove singularity at the corresponding
chemical potential.

This is also seen in Fig. 10, which shows the © dependence
of the local damping «(0, 0) for different 7’. For T’ = 0, the
chemical potential corresponding to half filling is © = 0, i.e.,
the Gilbert damping diverges and the effective theory would
break down, as discussed in Sec. VID. With decreasing
T’, the location of the divergence shifts to lower chemical

potentials. At T’ = —0.3, the singularity is located at
0.3r
0.2
~
=)
S
3 0.17
0.0 | ] i i i
-4 -2 0 2 4
m

FIG. 10. Local Gilbert damping «(0,0) for the D =2 tight-
binding model as a function of the chemical potential y for different
values of the next-nearest-neighbor hopping. Blue line: 7’ = 0.
Orange: 7' = —0.1. Green: T’ = —0.3. Parameters: L = 105, n =
1072, At T’ = —0.3, half filling is achieved with u &~ —0.66.
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FIG. 11. Distance dependence of the RKKY interaction J(R)
(upper panel) and of the Gilbert damping «(R) (lower panel), both
normalized to unit local exchange J, along the y axis of the square
lattice, R = (0,R,). T = 1,7 = —0.3,L =4 x 105, n = 1 x 1073,
Inset: A ground-state spin configuration.

u ~ —1.19, while half filling is achieved with u ~ —0.66,
where (0, 0) ~ 0.055 is still small.

G. Distance and directional dependence

In the one-dimensional case and for 7’ with =T, < T’ <
T/, the counterintuitive relaxation dynamics of two spins at
distance d results from the extremely nonlocal spin friction
given by oy = %[1 + (=1%o, as has been discussed in
Sec. VIB.

For higher-dimensional lattices, D > 2, the dependence
of the Gilbert damping «(R) with R = |R| can be computed
analytically, when assuming a free dispersion e(k) = % One
easily finds

a(R) x for R — oo. “47)

RD—1
This may be compared to the well-known distance depen-
dence of the RKKY interaction,

1
J(R) x %D for R — o0, (48)

which decays more rapidly with R. Analytical results for «(R)
for all R and including the proportionality constants (but still
assuming a free dispersion) can be found in Ref. [25].

Here, for the tight-binding dispersion and for not too large
distances, we show that the distance dependencies are less
regular and that the directional dependencies are much more
important. Numerical results for the D = 2 tight-binding sys-
tem and a generic value for the next-nearest-neighbor hopping
T' = —0.3 are shown in Figs. 11 and 12. Along the y axis
with R = (0, R,) (see Fig. 11), we find an oscillatory depen-
dence of J(0, Ry) with decreasing amplitude as R, increases.
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FIG. 12. The same as Fig. 11, but along the diagonal
R = (R;,R;) with R, =R, =R,;. Inset: A ground-state spin
configuration.

The nonlocal Gilbert damping «(0, Ry) is positive and shows
slight oscillations with decreasing amplitude. Remarkably, all
nonlocal elements «a(0, R,) with R, > 1 are smaller by more
than one order of magnitude as compared to the local Gilbert
damping «/(0, 0).

Along the diagonal of the square lattice (see Fig. 12), the
RKKY coupling is negative (ferromagnetic) rather than oscil-
latory at short distances R, = R, < 4. Likewise, the Gilbert
damping exhibits a strong directional dependence. For nearest
and next-nearest neighbors along the diagonal, i.e., for R =
(1, 1) and for R = (2, 2), it is much stronger as compared to
nearest- and next-nearest-neighbor positions along the y axis,
R = (0,1) and R = (0, 2), for example.

H. Effect of nonlocal Gilbert damping in D = 2

To study the effect of the nonlocal Gilbert damping on
the relaxation dynamics of impurity spins in two dimensions,
we first consider a setup with two classical spins that are
exchange coupled to next-nearest-neighbor sites, i.e., R =
(1, 1). Figure 13 shows the relaxation time 7 as a function of
the next-nearest-neighbor hopping 7', starting from an initial
state where the two classical spins are orthogonal.

Of course, the definition of 7 is somewhat arbitrary. As an
operational criterion for (almost) full relaxation of R impurity
spins, we employ the condition

R-1

1
IS F 1l <, (49)
r=1

R—-1
with the — sign in the case of a ferromagnetic alignment in
the ground state and with the + sign for antiferromagnetic
alignment. Furthermore, we choose € = 0.001. We find that

the criterion given by Eq. (49) is completely fulfilled for a
sufficiently long time evolution so that we can define the
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FIG. 13. Relaxation time 7t as function of the next-nearest-
neighbor hopping 7’ for a system with two classical spins that are
locally exchange coupled with J = 0.1 to next-nearest-neighbor sites
of the square lattice, R = (1, 1). In the initial state, the two impurity
spins enclose the angle 7 /2. Blue: Computation including the non-
local Gilbert damping. Orange: Computation with nonlocal Gilbert
damping set to zero. The conduction-electron system is at half filling.
Parameters: L = 4 x 10°, n = 0.01.

relaxation time t as the latest time for which Eq. (49) no
longer applies.

As can be seen in Fig. 13, T monotonously increases
with increasing |T’| up to |7’| = 0.6, while for |T’| > 0.7,
the t dependence becomes more complicated. This is partly
related to the 7’ dependence of the ground-state spin con-
figuration, which is determined by the RKKY interaction.
For T’ =0and R = (1, 1), we have J(R) < 0, i.e., ferromag-
netic coupling. A finite (positive or negative) T’ increases
the tendency towards antiferromagnetic coupling. In fact, we
find J(R) < O (ferromagnetic) for the data points up to 7’ =
0.6, and for 7' = 0.8, while J(R) > 0 (antiferromagnetic)
for 7/ = 0.7, 0.9, 1.0. This “irregularity” in the ground-state
spin configuration and in the relaxation time is due to the
nontrivial 7’ dependence of both the RKKY coupling and
the Gilbert damping. In all cases, the impurity-spin configu-
ration in the fully relaxed state is identical to the ground-state
configuration.

The relaxation timescale crucially depends on J and is
clearly unreachable in practice by full quantum-classical the-
ory at a local exchange coupling J = 0.1. The numerical
results of the effective spin-only theory (Fig. 13) show that
roughly, the relaxation time is of the order of 7 ~ 10% (see
blue symbols) and thus, at the same value for J, about two
orders of magnitude larger than for the D =1 case (see
Sec. VIE).

Let us note here that the spin dynamics is numerically very
stable and does not significantly change when sharpening the
tolerances for numerical errors in the solution of the system
of differential equations. Furthermore, slight deviations in the
initial state, e.g., a small change of the angle enclosed by the
two spins, only leads to small changes of t.

Interestingly, a clearly shorter relaxation time is obtained
when disregarding the nonlocal Gilbert damping. At 7' =
+0.3, where the value for «(1, 1) is about 18% of the local
damping (see Fig. 12), a decrease of T by about 10% is found,
when ad hoc switching off the nonlocal damping. The effect
becomes stronger with decreasing |7”|.
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Let us mention that for 7/ = 0, the relaxation time is infi-
nite in the effective theory due to the van Hove singularity at
the Fermi energy of the half-filled conduction-electron system
(see the discussion in Sec. VID). The equations of motion
given by Eq. (2) are meaningless in this case since a(R) is
divergent.

The finding that including nonlocal Gilbert damping leads
to longer relaxation times is reminiscent of the results found
for the D =1 lattice. For the D = 1 case, the effect could be
explained analytically as the result of an emergent conserved
quantity that is not caused by a symmetry of the Hamiltonian;
see Sec. VIE. The main point is that an infinite relaxation
time is obtained if wg = oy, which is exactly realized for
impurity spins coupled to next-nearest-neighbor (distance d =
2) sites on the D =1 lattice. For the D = 2 case, the ratio
a(1,1)/a(0, 0) is clearly smaller than unity (see Fig. 12 for
T’ = —0.3) and, therefore, there is a weak reminiscence of
the effect only, but still the relaxation time increases due to
nonlocal damping. This is corroborated by the observation
that the effect is practically absent if the impurity spins couple
to nearest-neighbor sites along the y axis of the square lat-
tice, where we find «(0, 1)/«(0, 0) =~ 0.001 (see Fig. 11 for
T'=—-0.3).

I. Relaxation of spin arrays

For the above-discussed setup with two impurity spins cou-
pled to the square lattice, the local Gilbert damping dominates
the relaxation dynamics. Considering more impurity spins
introduces additional complexity: The spatial structure of the
RKKY interaction might lead to magnetic frustration, and the
growing number of nonlocal damping terms might result in a
qualitatively different relaxation dynamics.

Here, we study systems in two different chain geometries:
(i) nearest-neighbor chains of R impurity spins along, say, the
y direction, as visualized with the inset in Fig. 11, and (ii)
next-nearest-neighbor chains of length R along a diagonal of
the square lattice; see the inset in Fig. 12. The respective re-
laxation times 7, defined via Eq. (49), are shown as a function
of the chain length R in Figs. 14 and 15.

We start with the discussion of the chain along the y axis.
Two different initial spin configurations have been considered.
The filled circles in Fig. 14 refer to the first initial configura-
tion, a 7 /2-spin spiral state at time # = 0, where each spin
S, is obtained from S,,—; by a 7 /2 rotation around an axis
perpendicular to the first spin S;.

The computations have been performed for 77 = —0.3,
where we have a strongly positive RKKY coupling between
nearest neighbors and a smaller but still positive RKKY
coupling between next-nearest neighbors; see Fig. 11. While
this implies significant magnetic frustration, we find that the
ground-state spin configuration of the chain is antiferromag-
netic forall R = 2, ..., 10. This ground-state configuration is,
in fact, reached on roughly the same timescale T ~ 108 (atJ =
0.1) for all chain lengths R. We find that the relaxation time
is clearly shorter for chains with even R, opposed to chains
with an odd number of spins. This implies a rather regular
oscillation of 7 with R and might be traced back to the choice
of the initial state. Indeed, a less regular R dependence of t is
seen for the second initial spin configuration, where we have
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FIG. 14. Relaxation time 7 as function of the number of spins,
R, as determined via Eq. (49) for € = 0.001. Computations for
a system of R impurity spins (R = 2-10) coupled to the sites
(0,0),(0,1),(0,2),...,(0,R—1) of the square lattice; see inset
of Fig. 11. Filled circles: data obtained for an initial spin con-
figuration with §,, = 0" 'S, for m=2,...,R, where O is the
orthogonal 3 x 3 matrix representing a 7 /2 rotation around a fixed
axis perpendicular to §; (/2 spin spiral). Open circles: initial
spin configuration given by S, = (—1)"S, for m =3,...,R and
S| = O8S, (antiferromagnetic configuration with first spin rotated by
w/2). S; is kept fixed during the time evolution. Orange and red
symbols: relaxation time as obtained from computations with all
nonlocal Gilbert-damping parameters set to zero. Blue and green
symbols: computations including the full nonlocal Gilbert damping.
Parameters: L =4 x 10°, n = 1073, 7" = —0.3.

assumed all spins aligned antiferromagnetically, except for the
first, which is rotated by 7 /2 around an axis perpendicular to
the directions of the remaining spins and kept fixed during the
subsequent dynamics.

For both types of initial states, there is no general overall
increase or decrease of t with increasing R, i.e., the relax-
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FIG. 15. The same as Fig. 14, but for impurity No. of spins
coupled to the sites (0, 0), (1, 1), (2,2),...,(R—1,R—1) along a
diagonal on the square lattice; see inset of Fig. 12. As in Fig. 14,
the first initial spin configuration (filled circles) is a 7 /2-spin spiral.
Contrary to Fig. 14, however, the second configuration (open circles)
is given by a ferromagnetic spin configuration, except for the first
spin S, which is rotated by 7 /2 (and kept fixed during the time
evolution).
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ation timescale T ~ 10® roughly remains constant. This hints
towards a dominantly local relaxation mechanism, where the
relaxation time is mainly dominated by the approach of the
local ground state, while reaching the overall collinear spin
structure is not very crucial.

This view is corroborated by the observation that the local
Gilbert damping still dominates the relaxation dynamics: For
both types of initial conditions, we have performed computa-
tions with all nonlocal damping switched off, i.e., «(R) =0
for all R except for R = (0, 0). Results are displayed by or-
ange and red circles in the figure. While there is some effect
of the nonlocal damping, it is generally small. This is remark-
able since the number of nonlocal damping terms grows as
R(R — 1)/2 with R, i.e., quadratically for large R opposed
to the number R of local damping terms. We also note that
switching off the nonlocal damping counterintuitively leads
to shorter relaxation times t for some R, as discussed above
for R = 2, but there seems to be no clear trend.

This is very much different for chains along the diagonal
of the square lattice; see the results in Fig. 15. Here, the
RKKY couplings J(R) for the first three distance vectors
R=(1,1),(2,2), (3, 3) are non-negligible and all negative
(ferromagnetic); see Fig. 12. Hence, there is no significant
magnetic frustration. In fact, the ground-state spin configu-
ration turns out to be ferromagnetic for all R and is always
reached as the final state of the relaxation dynamics.

For the diagonal spin chain, we find that the relaxation time
T increases with the number of spins, R, for both initial spin
configurations, the global 7 /2-spin spiral (filled circles) and
for an initial configuration (open circles) with only the first
spin S| rotated by 7 /2 out of the ferromagnetic ground-state
configuration. The growth of t with R is plausible in both
cases since there is a total impurity-spin difference between
the initial and the final configurations, which linearly grows
with R. As the total spin of the full quantum-classical system
(including the conduction electrons) is a constant of motion,
this difference must be compensated in the course of time
by a corresponding difference in the conduction-electron sys-
tem. In other words, the necessary amount of spin dissipation
grows with R and leads to a (superlinearly) growing relaxation
time. Note that for the second type of initial conditions, only
the component of the total spin along the direction of §; is
constant. This reasoning is also supported by the fact that
overall the relaxation times are about an order of magnitude
larger (of the order of T ~ 10°) for the spin chain along the
diagonal compared to the chain along the y axis (t ~ 108).

The data obtained for the initial R = 4 spin spiral represent
an exception and, to a lesser extent, those for R = 8§ as well;
see the respective peaks of T(R) in Fig. 15. As already dis-
cussed above (Fig. 14), this appears related to the period of
the 7 /2-spin spiral, as for R =4, 8, 12, ... the total impurity
spin is zero and thus the necessary spin dissipation is at a
maximum. We have checked this by analogous computations
for a 27 /3-spin spiral. As expected, the corresponding relax-
ation times peak at R = 3, 6, 9 with strongly decreasing peak
heights as R increases.

Finally, switching off all nonlocal Gilbert damping con-
stants, a(R) = 0 for R # (0, 0), has a substantial impact on
the relaxation time for the spin chain on the diagonal. Very
consistently, the relaxation time slightly decreases for both

types of initial states, if R = 1, 2, 3—this is the counterintu-
itive effect observed and discussed earlier. For R = 5,6, .. .,
on the other hand, we find an increasing relaxation time. We
attribute this trend reversal to the fact that the overall larger
nonlocal damping (see Figs. 11 and 12), in combination with
the growing number of nonlocal terms as R increases, now
substantially adds to the local damping mechanism.

J. Weakly interacting systems

The derivation (see the Appendix) of Eq. (15) is based on
the application of Wick’s theorem and thus cannot be used to
compute the Gilbert damping in the case of a correlated elec-
tron system. Therefore, we compute «,,,y via the frequency
derivative of the magnetic susceptibility at w = 0, i.e., via
Eq. (14). Addressing weakly interacting systems, the random-
phase approximation (RPA) [64,71-73] is employed here. We
start from Eq. (37) for the noninteracting retarded magnetic
susceptibility, denoted here as Xr(rg?)f(t)’ to get x Ok, w) via
Fourier transformation from real to k space and from time to
frequency representation. The interacting RPA susceptibility
is then obtained as

x V&, »)

Xk, w) = W, (50)

for the D = 2 Hubbard model on the square lattice,

Hy = Z 7}['0;6‘[/0 +U annw, (51)
(@) o=1,4 i

where U is the strength of the on-site Hubbard interaction.

On the level of one-particle excitations, the RPA cor-
responds to the Hartree-Fock approach. We consider the
paramagnetic phase of the Hubbard model at weak U and fi-
nite next-nearest-neighbor hopping 7’ # 0. As has been found
within Hartree-Fock theory [74], the paramagnetic state of the
system becomes unstable towards an antiferromagnetic state
at a finite critical interaction U, = U.(T").

Our numerical calculations have been performed for lat-
tices with L = 512 x 512 sites, periodic boundary conditions,
a large inverse temperature 8 = 500, and using a small reg-
ularization parameter n = 0.015. We have checked that the
results do not significantly depend on these choices and are
representative for the zero-temperature and the thermodynam-
ical limit. In particular, we recover the known results for U,
[74]. At T’ = —0.3, for instance, we find U, ~ 2.53, which
is straightforwardly obtained as the singularity of x (k, w) at
k= (r,m)and w = 0.

In reciprocal space, the frequency derivative of the suscep-
tibility can be computed analytically,

0)
diX(kyw)= dyx (k,Oa))/da)z. (52)
w [1+UxOk, )]

Via Fourier transformation of x(k,0) and of dx(k, 0)/dw,
we find the distance-dependent RKKY interaction J(R) and
the Gilbert damping «(R) in real space. Figure 16 shows the
nearest-neighbor RKKY coupling J(0, 1)/J? as well as the
local Gilbert damping (0, 0)/J? as functions of U for T’ =
—0.3. In reciprocal space, on approaching the phase transi-
tion via U — U, ~ 2.53, we have x(k,0) ~ (U, — U)~! at
k = (m, ), while dx (k,0)/dw ~ (U, — U)~2. The stronger
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FIG. 16. U dependence of the RKKY interaction J(R)/J? be-
tween nearest neighbors R = (0, 1) (blue) and the local Gilbert
damping o (R) with R = (0, 0), as obtained from RPA calculations
for the half-filled Hubbard model with 7' = —0.3 on the square
lattice. Parameters: L = 512 x 512, n = 0.015, 8 = 500.

divergence of dy/dw compared to x leads to the stronger
enhancement of «(R), compared to J(R), which can be seen
in the figure.

Generally, the increase of the local Gilbert damping with
increasing U for the square lattice is consistent with the re-
sults of a previous study performed for a single impurity spin
coupled to the D = 1 Hubbard model [75], where a decreasing
relaxation time with increasing U has been found in the weak-
interaction regime.

More importantly, however, we find that the Hubbard in-
teraction causes a strongly nonlocal Gilbert damping. This
is demonstrated by the results shown in Fig. 17, where the
full spatial dependence of the RKKY interaction J(R) and
of the Gilbert damping «(R) is plotted, after normalization
to the respective local element. For U = 0 (left panels), one
recovers the above-discussed directional dependence of the
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FIG. 17. Distance and directional dependence of the RKKY in-
teraction J(R)/J(0) and the Gilbert damping «(R)/c(0), normalized
to the local values (color scale) for R,, R, = —8, =7, ...,7,8. RPA
calculations for the half-filled Hubbard model at 7/ = —0.3 and for
U=0,U =2, and U = 2.5, as indicated. Parameters: L = 512 x
512, n = 0.015, B = 500.

Gilbert damping (bottom panels). As compared to the RKKY
interaction (top panels), this is much more pronounced. With
increasing U (see the middle panels for U = 2.0), the direc-
tional dependence of «(R) is strongly enhanced due to the
strong increase of the nonlocal damping parameters, relative
to (0, 0).

At U = 2.5 (upper right panel of Fig. 17), the RKKY
coupling exhibits a checkerboard pattern with J(R) strongly
oscillating between positive (antiferromagnetic) and negative
(ferromagnetic) values. Comparing with U = 2.0, we see that
this pattern extends spatially and is expected to eventually
cover the entire lattice upon approaching the phase transition
at U. ~ 2.53. This is indicated by the closed nodal line of
RKKY-coupling zeros extending spatially with increasing U'.

Similarly, in the same spatial region enclosed by this
line, the Gilbert damping at U = 2.5 (lower right panel)
is found to oscillate. Eventually, for U — U,, the spatial
structure of the Gilbert damping is expected to be given by
a(Ry, Ry)/a(0,0) — (—1)®*+R This is very reminiscent of
the distance dependence of the Gilbert damping on the D = 1
chain, oy /09 = %[1 + (—1)4], which has been discussed in
Sec. VI B for the noninteracting case.

For a system with, e.g., two impurity spins coupled to
next-nearest-neighbor sites with R = (1, 1), and if one trusted
the effective theory right at the phase transition, the spatial
structure of the (divergent) Gilbert damping would imply that
the total spin S| + S and the enclosed angle arccos(S;S>)
are constants of motion and thus the system never relaxes
to its ground-state spin configuration. However, it remains
an open question as to what the relaxation dynamics would
look like in D = 2 and for U — U, since the absolute (unnor-
malized) Gilbert damping is divergent (Fig. 16) and, hence,
the effective spin-only theory is likely to break down at the
critical point.

VII. CONCLUSIONS

Local magnetic moments, modeled as classical spins and
locally exchange coupled to an extended metallic system
of conduction electrons at zero temperature, undergo a re-
laxation dynamics. To reduce the computational complexity,
it is tempting to describe this dynamics within an effec-
tive spin-only theory. Actually, this is necessary to access
the emergent relaxation timescale, which can be orders of
magnitude longer than the fast femtosecond timescale of the
conduction-electron dynamics.

This reduction to a spin-only theory is possible by in-
voking two mutually interrelated approximations: (i) The
exchange-coupling strength J is small compared to, e.g., the
nearest-neighbor hopping matrix element 7'. (ii) The electron
dynamics follows the spin dynamics almost adiabatically, i.e.,
the retardation time of the electron system is short compared
to the spin-dynamics timescale. Within the framework of lin-
ear response theory (LRT), one focuses on step (i) first, and
adopts step (ii) in a subsequent step, while in the framework of
adiabatic response theory (ART), one starts from step (ii) and
later on adopts the weak-J approximation of step (i). Both ap-
proaches, LRT and ART, yield a system of nonlinear differen-
tial equations of motion involving the impurity-spin S, only,
as well as time-dependent and nonlocal parameters, namely,
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the RKKY interaction strengths J,,, (f) and the Gilbert-
damping parameters o,/ (¢), and possibly external magnetic
fields coupling to the spins. The parameters J,,, (t) and
oy (t) are properties of the conduction-electron system only
and are closely related to its retarded magnetic susceptibility.

The reliability of the effective spin-only theory has been
tested against the numerical solution of the full coupled
quantum-classical electron-spin dynamics for a single spin,
driven by an external field B, coupled to a one-dimensional
tight-binding electron system. The expressions for Jy,, (t)
and o, (t), as obtained within LRT and ART, exhibit a
quite different time dependence. It has been found, how-
ever, that the static RKKY interaction and the static Gilbert
damping J,y = UMy oo Sy () and oty = limy s o0 0t ()
perfectly agree. Furthermore, the strong temporal oscillations
of J,w () and «,,,/(t) seen within LRT are irrelevant for
the spin dynamics as they take place on the fast electron
timescale only. In fact, if J is sufficiently weak and if the
spin-dynamics timescale ~1/B is sufficiently slow, then al-
most perfect agreement is found when comparing the LRT and
ART results against each other and against the results of the
full theory.

To achieve computationally manageable relaxation times
(within the full theory), this comparison was done for val-
ues of J and B of the order of T. Realistic values for J
are very specific to the concrete system being considered,
but will typically be an order of magnitude smaller than T':
Assuming a nearest-neighbor RKKY exchange of the order of
Jrrxy ~ 0.01T (with Jrgxy ~ 1 meV) or smaller (see, e.g.,
Ref. [76]), we may deduce from Jrgxy = J>x ~ J*/T atypi-
cal value J = 0.1T for the local exchange. Realistic values for
B are even smaller. Hence, for computations addressing real
systems, one may expect that the reliability of the effective
theory is even better.

In the absence of an external driving field B, the timescale
on which the spin dynamics takes place is governed by the
RKKY coupling. Since J,,,» o JZ, one actually has to control
the exchange-coupling strength J only. We have derived a
simple expression for the Gilbert damping in the wide-band
limit, oy = £J?p2,,» which involves the (nonlocal) densi-
ties of states p,,,y at the Fermi energy. This shows that the
dimensionless parameter J o, is a suitable control parameter
for the reliability of the effective theory. In fact, if the local
density of states p,,, diverges, as in the case of a van Hove
singularity, the effective theory is found to break down.

The D =1 case turns out to be critical in the sense that
the Gilbert damping «; does not decay as a function of the
distance d = i,, — i,y but rather oscillates between the local
value oy and zero for even and odd d, respectively. This causes
an anomalous spin dynamics where relaxation is prohibited
by an emergent conserved quantity that does not derive from
a symmetry of the full Hamiltonian. This anomaly has al-
ready been discussed in Ref. [49] for T’ = 0. Here, we could
demonstrate that it occurs for the absolute value of the next-
nearest-neighbor hoppings 7' that are smaller than a critical
value 7] = T /2 and were able to relate the critical value to
a Lifshitz transition of the Fermi “surface.” Our analysis also
explains why the relaxation time counterintuitively decreases
when disregarding the nonlocal terms m # m’ in the matrix of
Gilbert-damping parameters o, .

This is actually a recurring theme in the discussion of
relaxation dynamics in D = 2 dimensions: For two, initially
orthogonal impurity spins coupled to next-nearest-neighbor
sites on the square lattice and for all values of 7" (|T’| < T),
we again find a decrease of the relaxation time when ad hoc
switching off the nonlocal Gilbert damping. As compared to
D =1, however, the effect is much smaller such that even
disregarding the nonlocality of the Gilbert damping might be
a reasonable approximation, depending on the value for 7.

For the D = 2 square lattice and distances R = |R| up to
R ~ 10 lattice constants, we did not see a universal simple
power law a(R) o« R~P~D, which is expected for large R
(assuming a free, oc k> dispersion). More importantly, the
nonlocal Gilbert damping exhibits a strong directional de-
pendence. This reflects itself, e.g., in the relaxation dynamics
of one-dimensional spin chains coupled to the square lattice.
For chains with 2-10 impurity spins coupled to nearest-
neighboring sites along the x or, equivalently, the y direction,
the relaxation time 7 turns out to oscillate with the length
of the chain without a significant overall increase of 7, in-
dependent of the initial spin configuration. On the contrary,
for chains of spins coupled to next-nearest-neighboring sites
along a diagonal direction, there is an overall superlinear in-
crease of t with the chain length. The same behavior is found
for an initial r /2-spin-spiral configuration, as compared to an
initial state, where all spins are in their ground-state (ferro-
magnetic) configuration, except for an edge spin rotated by
7 /2 that is kept fixed during the time evolution. The strong
increase of T with the chain length can be explained with the
necessarily increasing amount of spin dissipation.

There are several main lines of relevant future research: (i)
Our studies can straightforwardly be extended to more realis-
tic models for the electronic structure and also combined with
ab initio band-structure calculations. In particular, it would
be interesting to consider multiorbital systems and to see the
effect of band degeneracy on the nonlocality of the Gilbert
damping.

(i1) The present study had focused on systems with a gap-
less metallic electronic structure and weak local exchange J,
where Gilbert damping is the dominant leading-order effect.
For gapped systems, on the other hand, the spin dynam-
ics is additionally affected by the geometrical spin torque
[60,62,64,77]. Semimetals, where one would expect a dras-
tically reduced damping and a still well-defined geometrical
spin torque [60], are worth studying. Furthermore, somewhat
relaxing the almost adiabatic time evolution, by truncating
at the next higher order in the expansion in the typical
retardation time 7., brings in additional effects such as
nutation [63,78-80].

(iii)) Modeling the impurity local magnetic moments as
classical spins can only be a first step towards a theory of spin
friction and dissipative dynamics of quantum spins. Clearly,
this is a hard correlation problem as it essentially requires
a conceptually and computationally feasible treatment of the
long-time dynamics in a multi-impurity Kondo model.

More promising is (iv) to study the effect of electron
correlations on the relaxation dynamics of classical impurity
spins. This type of problem can be addressed within the pre-
sented LRT and ART frameworks. It essentially requires a
computation of the zero-temperature (or the finite-temperature
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equilibrium) retarded magnetic susceptibility close to w = 0.
In a first attempt to address a weakly correlated conduction-
electron system, here we have applied the RPA to the
half-filled Hubbard model at finite next-nearest-neighbor hop-
ping T"’. This is already interesting since with increasing U the
paramagnetic phase of the electron system becomes unstable
towards a k = (7, ) antiferromagnetic phase. Close to the
phase transition, the Gilbert damping matrix o, is found
to be overall strongly enhanced and strongly nonlocal. The
numerical data suggest that right at the phase transition, the
distance dependence is simply given by a(R) o< e*® with k =
(mr, ), which would cause spin dynamics without any dis-
sipation. However, right at the phase transition, the effective
spin-only theory itself is expected to break down. Important
next steps would therefore be to replace the RPA by a more
advanced technique, to study the system for U above the
critical interaction, and to address the strong-coupling regime.
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APPENDIX: REPRESENTATION OF THE NONLOCAL
GILBERT DAMPING IN TERMS OF THE NONLOCAL
DENSITY OF STATES

To derive Eq. (15) for the Gilbert damping matrix, we
start from the definition of the retarded susceptibility given
by Eq. (9). The computations are done at finite temperature
1/B, and the zero-temperature limit B — oo is taken at the
end. Since ([s (7), sf‘ (0)]) is a free expectation value, Wick’s
theorem applies and can be used to decompose the two-
particle correlation into products of one-particle correlations.
A straightforward calculation yields

X2 (1) =89 Ot )e ™™
x Im[(c;,q (1)c] (O (e] ,(0)ci,o (D). (A1)

The one-particle correlation functions can be obtained from

the (nonlocal) one-particle density of states, given by
Eq. (16), as
(Cia(t)cj/g(o» = /‘dxf(_x)Aii,(x)e—ixt’
<C§’a(0)cia(_t)> = /dyf(y)Aii,(y)ei,W_ (A2)

Here, f(x) = 1/(e?* + 1) denotes the Fermi function. Using
Eq. (A2), we find, for the frequency-dependent susceptibility,

X () = 8% / / dxdy f(—=x)f (A (DA (Y)p(x, ),
(A3)
with
,O(x y) d ta)t@(t)e—r]flm(e—txt l\t)
l

( > (A4)
w—x+y+in w—}—x—y—i—zn

Note that A;; (x) is real. Inserting this result in Eq. (A3) and us-

ing the identity f(—=x)f(y) — f()f(=y) = f(¥) — f(x), we
arrive at
ow/ All (x)All ()7)
Xi (@) = dxdy[f(y)— f(x )]—x i
(AS)

For the second representation of the Gilbert damping in
Eq. (14), we only need the imaginary part of Xi“i,“/ (w). Using
the identity (—1 /7 )Im(x + i~ =8x), taking the w deriva-
tive of Im le"i,"‘/(a)), and evaluating the result at w = 0, yields

Qi = %Jz // dxdy8'(y — )[f (y) — fFOAi (0)Ai (y).

(A6)

The prime at the § function denotes the derivative with respect
to the argument. After exchanging the integration variables
x <>y for the summand involving f(x) and using §'(—x) =
—3(x), this simplifies to

aip = mJ? / / dxdy §'(y — x)f (DA (XA (v). (A7)

To carry out the integration over y, we use integration by parts.
This leaves us with

dii = —7TJ2/de’(X)Aﬁ'(X)2

—J? f dx f(x)A;r ()AL (x). (A8)
Consider the second term. We have A;(x)A}(x)=
%(d/dx)Aii/(x)z, so that we can use integration by parts
once more. For a tight-binding density of states, there is no
residual boundary term. Hence, we finally get the result
T oo / 2

o = _EJ /dxf (A (x)". (A9)
Since f’(x) — —3(x) in the zero-temperature limit, this gives
Eq. (15).
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7 — Summary and Outlook

This thesis analysed the microscopic dynamics of local magnetic impurities coupled to a host
system to understand the different effects that are at play on the atomistic level. This anal-
ysis covered mainly three effects, namely, the RKKY interaction, the Gilbert damping, and
the geometrical spin torque. The second overarching topic is that of the different theories
that can be used to describe the spin dynamics: adiabatic spin dynamics (ASD), non-Abelian
spin dynamics (NA-SD), linear response theory (LRT), and adiabatic response theory (ART).
Throughout this thesis, the impurity spins were approximated as classical vectors to make
numerical computations more feasible, while the host system is always quantum mechanical.
The first part of the thesis addresses the geometrical spin torque that can be traced back to
the spin-Berry curvature ) and is absent in the standard treatment of spin dynamics using
the LLG equations. It arises if the dynamics of the classical impurity spins is treated as slow
compared to the dynamics of the host system. On a mathematical level, this is implemented
by constraining the host system to always be in the instantaneous ground state corresponding
to any given classical spin configuration. The adiabatic constraint, upon being incorporated
in a Lagrangian formulation of the theory, results in a geometrical spin torque influencing the
dynamics of the classical spins. This adiabatic spin dynamics (ASD) theory was originally
formulated in [56] and was discussed in chapter 4. Publication [I] builds upon the Lagrangian
formulation and shows that ASD can be expanded to the case where the adiabatic constraint
is relaxed. Namely, the state of the host system is not constrained to only the ground state
but to a low-energy subspace consisting of the n lowest multi-particle eigenstates for a given
spin configuration. This new theory is called non-Abelian spin dynamics (NA-SD) theory
with the term non-Abelian stemming from the fact that the spin-Berry curvature and hence
the geometrical spin torque is no longer a one-dimensional scalar object but an n > 1 dimen-
sional matrix-valued one [105,106]. In publication [I] NA-SD is tested with the same model
system as in [56], a single classical spin coupled to a one-dimensional chain of conduction
electrons. Two phenomena that could not be explained within the framework of ASD can
now be resolved. Namely, the effective spin dynamics resulting from NA-SD shows spin nu-
tation, which is a higher order effect not present in ASD, and the non-Abelian spin-Berry
curvature is nonzero for any number of particles, whereas the Abelian one is only nonzero for
an odd number of particles [56]. The latter observation can be explained by the fact that the
ground state of the model system for even N is always time-reversal symmetric, irrespective
of the strength of the quantum-classical exchange coupling J. In general, the non-Abelian
spin-Berry curvature in a time-reversal symmetric system is finite as opposed to the Abelian
one, see publication [I].

To build on the findings of publications [I], one can look for more systems to which NA-SD
can be applied. Especially considering their physical relevance since [I] mainly builds up the
theoretical framework of NA-SD and applies it only to a minimal model. Systems for which

the application of NA-SD is expected to be fruitful are systems in which we expect the ground
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7 Summary and Outlook

state to become degenerate with at least one other state at some point throughout the induced
dynamics. This includes system with symmetry-induced ground-state degeneracy [107,108].
In these cases one naturally has to include multiple states when constraining the host system
to its ground-state manifold. Additionally, NA-SD can also be used to systematically expand
the restriction to the ground-state manifold to include low-lying excitations relevant for the
low-energy physics and corresponding dynamics. Another class of interesting systems is that
of topological insulators where only a few energy eigenstates are separated from the rest by
an energy gap. One example would be a Chern insulator with a boundary and edge states
lying in its band gap [109,110]. At half-filling such a system has a degenerate ground state
due to these edge modes. A similar reasoning can be given for topological superconductors
with defects featuring Majorana zero modes inside the superconducting gap [111].

While ASD and NA-SD are in principle applicable for all values of J, one is often only in-
terested in the weak-J regime, e.g., weak coupling between classical spin impurities and the
host system. In this regime, the natural theory to use is linear response theory. It has been
shown that applying a weak-J approximation to ASD [57] and comparing with results from
linear response theory with an additional adiabatic approximation [45] yields the same ex-
pressions for the geometrical spin torque. However, one has to be careful because for weak
J the geometrical spin torque vanishes if the host system is time-reversal invariant. A class
of systems that are not time-reversal invariant are systems with spontaneous magnetic or-
der, described, for instance, by a Heisenberg model. Due to the mechanism of spontaneous
symmetry breaking, they also exhibit gapless excitations called Goldstone modes. This is
important since the Lehmann representation of the spin-Berry curvature features the energy
difference between the ground state and excited states as a demominator. Thus, if gapless
excitations are present, the Lehmann representation has divergent terms. Of course, for an
actual divergent {2 the theory becomes meaningless but for certain systems and dimensions
the divergences can be regularised to yield a finite but large quantity. In such systems, the
geometrical spin torque is then especially significant. That the spin-Berry curvature can be
enhanced by a divergence of an energy-difference denominator was first shown in [57]. The
second publication [II] investigates this with an antiferromagnetic Heisenberg model for a
host system. In the thermodynamic limit, and using well-known spin wave theory, one gets
an analytical expression for the spin-Berry curvature in terms of a k integral, which can be
shown to converge in d = 3 and produce an exceptionally large result.

While from a purely theoretical point of view the spin-Berry curvature as a concept is already
quite interesting, boosting its magnitude is relevant for real world applications. Therefore,
the discussed setup may be a good candidate for measuring the geometrical spin torque
in an experimental setting. Suitable systems can be atom-by-atom engineered nanomag-
nets [112,113]. Measurements might be achieved using ferromagnetic resonance techniques
[114,115], for instance using spin-polarized scanning tunneling microscopy [116,117]. Looking
further ahead, a large geometrical spin torque might prove useful in applications to antifer-
romagnetic spintronics [15,118,119].

Apart from the geometrical spin torque, two other crucial effects govern the microscopic dy-

JRKKY

namics of local magnetic impurities: the RKKY interaction and the Gilbert damping
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a. The former is an indirect exchange interaction between local magnetic entities mediated
by conduction electrons. It was absent in the first two studies since these were done for
systems with only a single classical impurity spin. The Gilbert damping mechanism, on the
other hand, is a phenomenological damping mechanism refining the equations of motion for
damped magnetisation dynamics devised by Landau and Lifshitz. Originally, it was used on a
macrospin level within the framework of micromagnetics but in recent times it has also been
derived from first principles on an atomistic level. The third publication [III] contributing to
this thesis analyses the impact of JFXY and a on the spin dynamics of quantum-classical
impurity models with one or several impurities in one and two spatial dimensions. Both
effects can be computed via the magnetic susceptibility using LRT [45]. Publication [III] also
adapts ART to quantum-classical spin systems to compute the microscopic dynamics. ART is
suited for describing slow perturbations, as opposed to the weak perturbations of LRT. When
putting both theories on equal footing, by applying a weak-J approximation to ART and an
adiabatic expansion to LRT, they yield the same results for the spin dynamics. From a phys-
ical point of view, the focus of the analysis in [III] is the nonlocality of the Gilbert damping
tensor, in contrast to its common treatment as a scalar parameter. Here, the main insight
is that the Gilbert damping in d = 2 has a strong directional dependence and nonlocalities
can have a significant impact on the relaxation dynamics. Counterintuitively, one finds that
in some cases the inclusion of nonlocal terms even hinders relaxation. The publication also
considers the effect of small correlations U in the host on the values of JREKY and o. These
lead to an even stronger nonlocality.

Adding to this it would be interesting to see the effect of stronger correlations [55] on the
nonlocalities. In the large-U limit it might be possible to apply the spin wave calculations
from [II] to the calculation of o and get an analytical expression. As in the case of the spin-
Berry curvature, an experimental verification of the theoretical results would be significant.
The Gilbert damping has already been measured for different materials [114] also including
its nonlocalities [120]. Again, atom-by-atom engineered magnetic structures are the most
promising candidates for an experimental realization of the spin chain dynamics studied in
[ITI]. In this context the computation of spin relaxation dynamics for real materials is also a
worthwhile direction of research.

As described above, the Gilbert damping and the spin-Berry curvature can be seen as different
sides of the same coin, since they are respectively proportional to the frequency derivative
of the symmetric and the antisymmetric part, or alternatively the real and the imaginary
part, of the magnetic susceptibility evaluated at w = 0. This raises the question of how « is
connected to the so-called quantum metric g, because g and €2 can be seen as the real and the
imaginary part of the quantum geometric tensor [121,122], reminiscent of the relationship
between a and Q. A natural follow-up is then to investigate the relation between o and g,
and a possible impact of g on the spin dynamics. The arguably most important question
for all setups considered in this thesis is how to apply timescale separation in the case of
quantum impurity spins. To this end, a workable theory concerning the application of an
adiabatic constraint to two coupled quantum systems with largely different timescales would
have to be worked out [65,123].

102



Appendices

103



Auxiliary Calculations

Homogeneity of the Magnetic Susceptibility
It is
<‘§Z(t)x§z’ (t/)> = Tr [e_BHethgie—iﬁteiﬁt’§ile—if[t’i|

Tr [e—ﬁﬁeiﬁ(t—t’)gie—iﬁ(t—t’)gi/]

w N|— N =

i(t —t)57(0)), (A.1)
where we used the cyclic property of the trace. For the magnetic susceptibility, it follows

Xiaitar (8, 1") = =1O(t — ')([31,a(t), 317, (t')])
= —iO(t — ") ([8ia(t = 1), 5.0/ (0)]), (A.2)

i.e., the susceptibility is homogenous.

Spin-Berry Curvature of a Magnet via the Susceptibility

The frequency representation of the antisymmetric part of the magnetic susceptibility Xf; sor (W)

is related to the spin-Berry curvature €, ;7o via

Qia,irar = =10 Xinirar (W) (A.3)

w=0

with the quantum-classical exchange coupling J. Hence, it is possible to compute 2 by first
computing the Fourier transform of XA(t) and then taking the derivative, instead of working
directly with the Lehmann representation of the spin-Berry curvature. Here this alternative
way is explored for the antiferromagnetic system discussed in publication [II]. To this end,
the ground-state expectation values (8; o(t)3y o/(0)) are needed. First the expectation values
for t = 0 will be calculated. The step to the time-dependent quantities is then simple. For

zero temperature and in the spin-wave approximation, it is

_ 4s . _L'R.,
<S,L' SZ-/> — f e 'L(kRz k Rz ) <(ukak + Ukﬁ]t;)(uk,a;’ =+ 'UkIIBk/)>

kK’

4 ; /
kK’

4 .

_ fs e—zk(Ri—Ri/)ui’ (A.4)
k

where the spin operators are expressed in terms of Bogoliubov operators and the expectation
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value is taken in the corresponding vacuum state. Analogously, one gets

(5750 = % Zkzeik(Ri—Ri,)vi

(st = (s = (sts3)” = (s755) " =0

<Sj+5j,l>(0) _ % Zk:e—zk(Rj Rip?

(i) = Zk:ez‘k(Rg Ry

(sts5 >(0) = % ,%: TR R ( (upag + B (g By + vk/a};,)>(0)
_ % k e ik(Ri-Ry)

(s552)" =2 R

(st7)" = (s7)" = T e P

() = () = () = () =

()9 = — (s5)¥ = s - %Z”?«

The time evolution of the spin operators can be computed straight forwardly as

+
S

) . 4s - . . . i
(t) _ ethS;i-e iHt _ lf 2 :e’le(uke’Htake iHt + vkethﬁl];e th)7
k

where the time evolution of the Bogoliubov operators is

oo
. . 1 .
ethake iHt _ § :7[2Ht,04k]m —e thst(k)ak
m)!

m

with w(k) :=
was used that [H, o)

[ﬁi, akr} = 0. For a};, Bk, B}; analogous results hold. Therewith:

(sj(t)si—,(o»(o) _ 4f3 ¢ iR(Ri=Ry) 2 =it (k)
k
(si (t)s;‘;(o»(o) _ 4Lj eik(Ri_Ri’)vie—itw'(k)
k
) 4 4 .
<3;r(t)3;(0)> = fs ¢~ k(B =Rj1),,2 o —ite! (k)
k
0 ' -
<S; (t)S;r/(O)>( ) _ 4[/78 Z ezk(Rj—Rj/)uie—ztw (k)
k

(A.6)

(A7)

(A.8)

(A.9)

(A.10)

(A.11)

(A.12)

(A.13)

(A.14)

(A.15)

\/(Az)? — ~2 and the m times nested commutator [-,],,. In deriving (A.15), it

—Jgsw(k)oy, which in turn follows from [Ag, ag] = —dgp 0 and

(A.16)

(A.17)

(A.18)

(A.19)
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B (0) _ 0) 4s i itw!
(s7@)s70) " = (s7®)sF(0)) = = Y e R Ryt () (A.20)
k
RO O 4s<~ _uip R iy
<s;r(t)si (0)> :<si (t)sj(0)> = = Y e KR Ryt () (A.21)
k

with the definition w’(k) = Jgsw(k). One can use those expectation values to compute the

elements of the magnetic susceptibility
. —nt e o’ ©)
Niavar (1) = =10 ([s2(2), 53 )] ) (A.22)

In the spin-wave approximation it is

(s (1), sH N = ([s¥(8), s4(0)] )
= 1 [t 05z ) + (5750 — (s )57 1) ~ (5757 (1)”)
([s2(2), s4(0)])” = — ([s¥(0), s (0))

which is true even if 7 and i’ are not from the same sublattice. Thus, one has

Xizira(t) = — f@ e Z ( ( —ik(Ri—Ry) =it (k) _ eik(Rq-,—Rmeitw'(k))
2 (e—szi—R i) it (k) _ pik(Ri—Ry) —ztw'(k)))
Xjogral(t) = — f@ et Z (0 (PR it/ B) _ (bR =Ry it (1)
] (67 k(RrRo () _ Ry =Ry i (09 )
Xizjo(t) = — 7@ e Z UV ( TRy R (e—W<k> — et (k)

= B S mocn(b ~ ) 0

Xizi’ y( Z 6 -t Z ( ( k(Ri—R,/) *thl(k) 4 eik(Ri*Ri/)eitw’(k))

_U’% e—zk(Ri—Ri/)eztw (k:)+eik(Ri—Ri/)6—itw’(k))>

5 —stw’ i _R.,) it
Xjzj'y(t) L@(t "tz< ( k(R —Rjr) g—itw!(k) o oik(R;—Rjr) it (k))
—uj, (e’lk(Rj*Rj’)e“W'(k) + eik(Rer/)e—itw’(k)»

Xizjy (t) Z@(t)@ ntzukvk ( —ik(R;—R;) _ eik(Riij)> (64@/(;:) _ eitw’(k)) —0,

i.e., the susceptibilities on the different sublattices are connected by exchanging ug and vg.
Calculating the Fourier transform f_oooo dt@(t)ei(wj[w(k)””)t and evaluating it at w = 0 yields
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2 2
0y — SN Yk TV ([ —ik(Ri—Ry) | ik(Ri—Ry) A2
Xirtalw =00 = =73~ (¢ e ) (4.23)

2 2 ‘ A
e =0 = 3 S (7 o) a2
k
w 5 2upvg o—ik(Ri—R;) ik(R;—R;)

i (w _ 0) _ _Zi Z ui + U]%; (efik(Rl‘*Ri/) o e’ik(RifRi/)) =0 (A 26)
ey L - w'(k) )
Yim (w:0):—iizui+ i(elk(R ~Ry) _ cik(R;—Ry >)_o (A.27)

jzi'y I — (k) ) :

where 77 was set to zero after doing the integral. Some components of the susceptibility
become zero due to the summand being antisymmetric regarding k. The derivative with

respect to w evaluated at w = 0 gives

T2 _ s L (—ik(Ri-Ry) _ jik(Ri—Ry)
ZJ 8&)X’L$Z ir(w) S =1 L - W/(k)2 (6 € )
2&]2 Sin(kﬂ(Ri - RZ/))
== Zk: Ik =0 (A.28)
2s.J2 sin(k:(R» — R-/))
. _ J i) _
—1% 00X jjta (@) T Zk: ()2 =0 (A.29)
_ijzanimjr(w) =0 (A30)
w=0
Coa _ s 1 —ik(Ri—R,) | ik(Ri—Ry)
Pl = (e )
B 25J2ZCOS R R)) (A.31)
k
: 23J2 cos( R R )
_ZJ28jo:Ej’y(w) Z ) ) (A.32)
w=0 k

where due to ([s?(t), s%(0)] >(0) = ([s¥(t), s%(0)] >(0) the zx elements have the same value as
the yy elements. One sees that the only nonvanishing components are the zy terms and their
value is the same as the one calculated via the Lehmann representation of the spin-Berry

curvature in publication [II].
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