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We investigate non-adiabatic effects on the magnon frequency in an interacting system of localized
spins and itinerant electrons. Including the lowest order corrections to the adiabatic dynamics in an
analytically solvable model, applicable to simple ferromagnets like Fe, Co and Ni, we find that the
magnon frequency is renormalized by a geometrical torque arising from the electronic spin Berry
curvature. Comparison to exact numerical simulations reveals that our analytical solution captures
essential low-energy features, and provides a mechanism for the magnon frequency hardening ob-
served in recent first principles calculations for Fe, provided the geometrical torque is taken into

account.

Understanding the dynamics of low-energy magnetic
excitations is a promising route towards realizing com-
pact and energy efficient spintronics and magnonics de-
vices [1-3]. In magnetic insulators, effective spin models
give a good description of the magnetic properties [4—6]
due to the large energy gap between charge and mag-
netic excitations. However, in itinerant magnets, the
spin-electron coupling needs to be accounted for. For
systems with large-spin ions such as Fe, Co and Ni, a
semi-classical approximation of the coupled spin-electron
dynamics is typically employed [7—11]. This is seem-
ingly justified since the large difference in time scales of
electronic and magnetic excitations permits a separation
into fast and slow degrees of freedom: If the electrons
are assumed to follow the spins adiabatically, they can
be integrated out and incorporated via additional terms
in the effective spin equation of motion [12-14]. The
effective terms are proportional to a spin Berry curva-
ture that arises due to the adiabatic transport of the
electronic states through the phase space defined by the
spins. Since the momentum space Berry curvature un-
derlies a variety of topological phenomena [15-18], also
the spin Berry curvature can be expected to have a sig-
nificant influence on the system.

To calculate the magnon excitations of realistic mate-
rials, usually one out of the following two strategies is
adopted: A mapping of the system onto an effective spin
model, whose parameters are either computed from first
principles or fitted to experimental data [19, 20], or the
use of ab initio methods such as time-dependent density
functional theory (TD-DFT) to perturbatively calculate
the frequency dependent transverse spin-spin response
function [21-23]. Although these approaches work well
in many situations, the mapping to a spin model neces-
sarily neglects dynamical effects coming from electronic
excitations, and most ab initio calculations are restricted
to linear response in the magnetic field strength. As re-

cent first principles calculations have shown [24], adia-
batic treatments miss qualitative effects of the magnon
dynamics such as an anomalous hardening and narrowing
of spectral peaks with increased perturbation strength. It
is therefore of large interest to extend present treatments
to address corrections to the adiabatic approximation.

Here we present a semi-classical model of magnon dy-
namics in itinerant magnets appropriate for simple fer-
romagnets like Fe, Co and Ni. The model is analyti-
cally solvable to next-to-leading order in the adiabatic
parameter w/e, where w and e are the respective char-
acteristic energy scales of the spin and electron system.
We show that a careful treatment of the adiabatic limit
gives rise to a geometrical torque in the effective spin
equation of motion, which is due to the electronic spin
Berry curvature. Including the geometrical torque in the
spin equation of motion is found to have a drastic effect
on the magnon frequency over a range of spin-electron
couplings, which corresponds to the regime where low-
energy spin-flip excitation are resonantly created in the
electronic system. The effects on the magnon frequency
are largest in the weak perturbation regime, and our re-
sults are thus of relevance to interpret linear response
calculations. The dependence of the magnon frequency
on the strength of an external perturbation is in good
agreement with first principles results for Fe in the non-
linear response regime [24].

We consider a coupled system of spins and itinerant
electrons, appropriate for itinerant magnets such as Fe,
Co and Ni, described by a Hamiltonian of the form
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Here the operator ¢;, destroys an electron at site ¢ of
spin projection o, and S; is the operator at site ¢ for
a localized spin of magnitude S. The parameters ¢ and



J respectively determine the nearest neighbor electron
hopping amplitude and strength of the exchange inter-
action, g gives the spin-electron coupling, and B; is an
external magnetic field. The electronic spin operator is
defined by §; = Zm, é;[a'rgg/éw/, where 7 is the vector
of Pauli matrices. In the following we assume that the
localized spin operators can be replaced by their quan-
tum averages, S, = <§1> = S;, which becomes exact for
S — oo [25, 26].

To derive an effective equation of motion for the spins,
with the electrons in their instantaneous ground state, we
consider the problem in the Lagrangian formalism. This
approach was recently employed to study the dynamics
of a single spin interacting with a bath [27], and two
coupled spin systems with different time scales [28]. Here,
it is generalized to extended spin-electron systems. The
Lagrangian of the coupled system is [29]

£= Y AdS) S+ ilwl g W)~ (WH), ()

where the vector A; satisfies the condition Vg, x A; =
—S,;. In the adiabatic limit the electronic wave func-
tion depends parametrically on S = {S1,Ss,...,S,},
and so the second term can be written i(U[S]|0;|¥[S]) =
i >°,(W[S]|0s,|W[S]) - S;. Taking the variation of the La-
grangian with respect to S; the spin equation of motion
is

$ =80 (708, 4ols) 1B TS]). O
(9)
where s; = (8;) = (V|8;|¥). The last term on the right
hand side is a geometrical torque arising from the adia-
batic evolution of the electrons, and is given by
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Here Greek indices denote the components of a spin vec-
tor, and Q?jﬁ is the spin Berry curvature of the electrons.
A similar equation of motion for the magnetization has
previously been derived within TD-DFT [19, 30, 31].

To obtain the magnon frequency, we first calculate the
electronic magnetization s; and the geometrical torque
T;[S] in the instantaneous electronic ground state. For
this purpose we employ the spin spiral ansatz, i.e. as-
sume that the localized spins are in the configuration
Si = [S,c0884.:(t),S,sin Sy ;(t),S:]T where the cylin-
drical spin components are S, = Ssinf, S, = Scosf and
Se,i(t) = q-r;—wt. The opening angle 6 can be thought of
as a measure of the strength of a magnetic field perturba-
tion exciting the spin wave [24], where § — 0 corresponds
to the linear response regime.

In the following we assume for simplicity a cubic lattice
of dimension d. For a spin spiral state the electronic
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FIG. 1. Magnon frequency with a geometrical torque:
(a,b) Magnon frequency w as a function of spin-electron cou-
pling g and opening angle 6, for ¢ = 7/4 and ¢ = 7/8 re-
spectively. (c¢,d) Magnon frequency w as a function of g for
q = /4 and ¢ = /8 respectively, with (solid lines) and with-
out (dashed lines) the geometrical spin torque. The results
are obtained for a chain with N = 1024 sites, hopping ampli-
tude t = 1, exchange coupling J = 0.1, magnetic field B = 0
and a spin length S = 1.

Hamiltonian can be written as [32]

_q/2 — 98 —gS
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where e, = —2¢ Zle cos k; is the dispersion of the bare
electronic system and @) = [Ck_q/27T7Ck+q/27¢]T. Di-
agonalizing the Hamiltonian gives H, = st eksd;rcsdks
where the energies are exs = (€xtq/2 + €k—q/2 + 50)/2.
Here s = + and to simplify the notation we have de-
fined §2 = (€k+q/2 — €k—q/2 T QQSZ)2 + 4g252. The
new operators are given by a rotation of &, with an
angle 6k = arcsin(2¢S,/d). The electronic magnetiza-
tion is found from the electronic density matrix and gives
s; = [s,cos(q - 1;), s,sin(q - r;), s,]7, where the cylindri-
cal components s, = (2N9)~1 3" sin i (nk— — ni4) and
s, = (2N9)7EY", cosbi(nk— — niy). Here nys is the
Fermi-Dirac distribution for band s, and we note that
for general g the canting angles of s; and S; are different.

The Berry curvature €2;; is evaluated by writing the
electronic ground state as the Slater determinant |¥) =
[k nksdlt 4|0), and calculating the derivatives of |¥) with
respect to the cylindrical coordinates S; = (S,, S¢.:,5%).
This results in the tensor [33]

0 —v, O
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which is independent of the site indexes i and j since the
spin spiral is extended over the full system. The Berry
curvature is written in terms of the components of the
Berry potential v, = —(1/2) 25’)’ €apy 77, given by v =
(vp,vg,v;). For the spiral state vy = 0, and the remain-
ing components have the form v, = N—d Zk Vak (Mt —



nk—) with v = g¢*sinfy /6% and v, = g2 cos by /52
To obtain an expression for the geometrical torque T},
the Berry curvature is rotated to Cartesian coordinates
where T; = S,w(v, cos Sy ;,v,sin Sy ;, fv,,]T For later
convenience we also define the spherical components
sg = cos s, —sinfs, and v, = sinbv, + cos v,.

Eq. 3 can now be solved using the spin spiral ansatz.
Due to the structure of the geometrical torque, the term
proportional to T in the spin equation of motion can be
equivalently represented by a frequency dependent effec-
tive magnetic field pointing along the z-direction. The
equation of motion is therefore §; = S; x (J Zm S; +
Bgz), where Bog = B — gsg/sin@ — wSwv,.. Solving for
wq we find

Woq — 9S0,q/ sin 6
1+ Svrq

; (7)

wq:

where wyq = 4J.5 cos Zle sin?(g;/2)+ B is the magnon
frequency of the isolated spin system. This equation is
the main result of this paper, and gives the magnon fre-
quency in the semi-adiabatic limit in presence of the ge-
ometrical torque.

Although Eq. 7 is valid in arbitrary dimensions, we
restrict in the following to d = 1 where exact numer-
ical comparisons are easily obtained. Fig. 1 shows the
magnon frequency as a function of the spin-electron cou-
pling g and the spiral opening angle 8, for wave vectors
g = 7/4 and ¢ = 7/8. Both cases display a regime of
coupling strengths where w is an increasing function of
0, starting from a critical value g = g.. This anomalous
hardening is restricted to a finite range, and for g much
smaller or larger than g. the frequency softens with in-
creasing #. The value of g. is empirically identified as
the coupling for which Ae = €;4.4/2 — €x—q/2 — 295, ~ 0,
which is the value of g where the electronic bands be-
come disentangled (see Fig. 2). For g < g. the difference
0 = €+ — €,x— has two minima symmetrically located
around k = —m/2, that with increasing g come together
until they merge at k = —m/2 for g &~ g.. The value of g,
can thus be estimated by requiring that Ae = 0, which
gives g, &~ 2sin(q/2). The resulting values g. =~ 0.40 for
g = /8 and g. = 0.76 for ¢ = 7/4 are in good agree-
ment with the numerical results of Fig. 1, and indicate
that the anomalous behavior of w appears for larger g
with increasing q.

To understand the origin of the anomalous hardening,
we compare the frequencies with and without the geo-
metrical torque (Figs. lc and 1d). We note that the
hardening vanishes for T = 0, and that the main ef-
fect of the geometrical torque is seen at small . A
likely explanation of the observed trends is that the elec-
trons provide a dynamical torque through the creation
of low-energy excitations. This is corroborated by not-
ing that the expression Ae = €j4.4/2 — €x—q/2 + 295 also
appears as the denominator of the transverse electronic
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FIG. 2. Electronic ground state properties: (a) Elec-
tronic dispersion egs, (b) mixing angles sin 6 and cos 6y, and
(c) radial Berry potential v, as a function of wave vector k.
Solid (dashed) lines correspond to an electron-spin coupling
g = 0.6 (¢ = 0.9). The parameters are as in Fig. 1 with
qg=m/4.

spin-spin response function [34], so that the condition
Ae =~ 0 is equivalent to a resonant response of the elec-
tronic system. In analogy with the non-adiabatic cou-
plings used to induce transitions at conical intersections
of Born-Oppenheimer surfaces [14, 35|, the action of the
geometrical torque can be interpreted as inducing tran-
sitions between the energy surfaces €;s. We note that
for fixed ¢ and k &~ —7/2, the energy of spin-flip excita-
tions § and the non-adiabatic coupling v, are increasing
and decreasing functions of 6, respectively. Since non-
adiabatic transitions should be favored by a small spin-
flip gap and large non-adiabatic coupling, the electronic
response is expected to be strongest for small 6 in line
with the observed trends.

In the non-interacting limit, i.e. for ¢ = 0, Eq. 7
reduces to the frequency wpq of an isolated Heisenberg
system and is a monotonically decreasing function of 6.
In the opposite limit, where gS > €, the expressions
for s and v can be worked out analytically by noting
that § =~ 2¢5, sinf ~ S,/S and cosf, ~ S,/S. It
follows that the only non-zero components of the mag-
netization and Berry potential are s, = (k¥ — k%)/2m

and v, = — (k¥ — kI')/47S%. The Berry potential can
thus be written in terms of the magnitude M, = [s| of
the electronic magnetization like v, = — M,/ 252, If we

denote the magnitude of the electron spin by s = 1/2 the
expression for v, becomes identical to that of a single lo-
calized spin, v, = —M,s/S5? [27]. In the strong coupling
limit the frequency is thus given by w = wo /(1 — Mys/S).

For large S the denominator tends to unity, and the
frequency reduces to wg. Instead, in the strong coupling
limit ¢ — oo with S finite, the frequency is uniformly
renormalized by the Berry potential of the electronic sys-
tem: since Mj is independent of # in the large coupling
limit, the renormalization does not affect the g- or 6-
dependence of the frequency. This indicates that the rel-
ative canting of the itinerant and isolated spins, present
for intermediate coupling strengths, is necessary to alter
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FIG. 3. Comparison of numerical and analytical re-
sults: (a) Time signal S; (t) for semi-adiabatic (dashed) and
non-adiabatic evolution (solid). (b,¢) The z-component of
the localized spins S. and the magnitude s = |s| of the elec-
tronic magnetization. (d) Magnon frequency w as a function
of spin-electron coupling g. Solid (dashed) lines show the non-
adiabatic (semi-adiabatic) results. The parameters are as in
Fig. 1 with ¢ = 7 /4.

the dependence of w on 6. We note that for ¢ — oo
the magnetization My = 1, and the spin Chern number
C = (2m)~'[dS-v =1. In contrast, the limit g = 0
corresponds to a spin Chern number C = 0. Thus, the
electronic system undergoes a topological transition as a
function of g. Since the Chern number is only quantized
in gapped systems, we identify the transition point as the
value g = 2 where the system becomes insulating.

To assess the validity of the semi-adiabatic approxi-
mation, the magnon frequency of Eq. 7 was compared
to a numerical solution of Eq. 1 assuming classical spins.
Starting from the electronic ground state in presence of
a spin spiral, the electronic system was propagated us-
ing the short iterated Lanczos algorithm [36] and the
spin system using the Depondt-Mertens algorithm [37],
coupled using Heun’s predictor-corrector method. The
magnon frequency was extracted from the time signal
SH(t) =Y, e i (S2(t) + iSY(t)), which was found to
vanish for all k& # q. The signal is well described by a
function of the form S} (t) = Ae'(ari=«1t) 4 Beilari=ewat),
where B = 0 except for g ~ g.. By fitting this function
to the numerical time signal we obtained the fundamen-
tal frequency w for given g and 6 without the extensive
time propagation needed for a Fourier transform.

Away from the region g ~ g. the the semi-adiabatic
result is in good quantitative agreement with numerical
frequency, as seen in Fig. 3d. The additional oscillations
in the numerical results are a finite size effect arising from
the k-point sampling in the region around k = —m/2,
where both the mixing angle 8, and the Berry curvature
Q) changes rapidly (see Fig. 2). We have checked that the
oscillations diminish in strength with increasing system
size. In the region g =~ g. the semi-adiabatic theory still
gives a good qualitative description of the frequency, with
the main difference being that the numerical results show
a larger and more rapid drop in w when g crosses g..
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FIG. 4. Comparison of model and TD-DFT results:
(a) Magnon density of states of BCC Fe for q = 1(—1,1,1),
obtained from a real-time calculation of the magnetic sus-
ceptibility within TD-DFT [24]. (b) Fourier transform of the
time signal S (¢) from time-evolving the model of Eq. 1 with
classical spins. The parameters are as in Fig. 1, with g = 0.78
and ¢ = /4.

When two modes are present in S (t) there is an as-
sociated nutational motion of the localized spins and a
modulation of the magnitude of the electronic magnetiza-
tion, both with a frequency w = wy — ws (see Fig. 3b and
3c). For g < g. the wy mode propagates in opposite direc-
tion to the w; mode, while for g > g. they propagate in
the same direction. This is understood by noting that for
g < g. the operator did, R cLiq/z’Tc;H_q/Q’i responsible
electronic spin-flip excitations corresponds to an excita-
tion of energy 6 and momentum ¢, while for g > g. the
operator did, ~ C2+q/2,¢0k-_q/27¢ creates an excitation
of energy 0 and momentum —q. Thus the mode ws can
be associated with spin-flip excitations in the electronic
system, and indeed numerically we find ws ~ §.

Although the semi-adiabatic approach fails to capture
the presence of a second mode for g ~ g., it gives a
good description of the fundamental frequency over the
full range of ¢g. In particular, the semi-adiabatic result
correctly captures the anomalous hardening of w when
g > g.. This effect is due solely to the presence of the
geometrical torque in the spin equation of motion, which
introduces leading order non-adiabatic effects into the
otherwise adiabatic description. We note that since the
rate of spin-flip excitations is expected to diminish with
0 (because of the decrease of v, and increase of d), the
magnon lifetime should be a increasing function of 6 in
the region g =~ g.. This leads to sharper spectral peaks
with increasing 6, and thus both the anomalous harden-
ing and narrowing of the spectral peaks are in agreement
with recent first principles calculations of Fe [24].

In Fig. 4 we compare the behaviour of the magnon fre-
quency of bulk Fe found via real-time calculations of the
magnetic susceptibility with TD-DFT [24], to the results
obtain by a numerical solution of Eq. 1. We see that the
qualitative features, namely the shift and narrowing of
the spectral peaks with 6, are in agreement. In contrast,
TD-DFT calculations for the antiferromagnetic insulator
NiO shows a softening of the magnon frequency with in-
creasing 6 as expected from a pure spin model [38]. Since



the model has a very simple band structure compared to
bulk Fe, this indicates the generality of the presented re-
sults. We note that the critical value of the spin-electron
coupling where the anomalous behavior is strongest de-
pends on ¢ approximately as g. &~ 2sin(q/2), and there-
fore it is likely that some magnons are affected by the
geometrical torque in a large class of magnetic materials.

In conclusion, the semi-adiabatic spin dynamics pre-
sented provides an intuitive understanding of the dynam-
ics of coupled spin-electron systems, where non-adiabatic
effects due to the geometrical torque arise from the spin
Berry curvature of the electrons. Via the Berry curva-
ture the electrons exert a dynamical torque through the
creation of low-energy spin-flip excitations. Since our re-
sults only depend on the presence of a non-zero Berry
curvature in the spin equation of motion, we expect sim-
ilar effects to appear for other coupled systems of fast
and slow degrees of freedom, and to be a generic feature
of the spin dynamics of itinerant magnets.
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