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Abstract

A spin model including magnetic anisotropy terms and Dzyaloshinsky—Moriya interactions is
studied for the case of a ferromagnetic monolayer with Cp, symmetry like Fe/W(110). Using
the quasiclassical stochastic Landau-Lifshitz—Gilbert equations, the magnon spectrum of the
system is derived using linear response theory. The Dzyaloshinsky—Moriya interaction leads to
asymmetry in the spectrum, while the anisotropy terms induce a gap. It is shown that, in the
presence of lattice defects, both the Dzyaloshinsky—Moriya interactions and the two-site
anisotropy lead to a softening of the magnon energies. Two methods are developed to
investigate the magnon spectrum at finite temperatures. The theoretical results are compared to
atomistic spin dynamics simulations and good agreement is found between them.

(Some figures may appear in colour only in the online journal)

1. Introduction

Nanomagnetism has become one of the most intensively
studied fields in solid state physics, promising many
applications in the near future. Understanding magnetization
dynamics in magnetic nanostructures has a key role in the
development of magnetic devices. Nanosystems often exhibit
different magnetic properties than bulk materials. It is now
well established that the magnon spectrum of a thin magnetic
film has some properties which may remarkably deviate from
the bulk behaviour [1-3]. The dipolar coupling between spins
influences both the magnon dispersion and the lineshape of
the linear response, as studied theoretically [4—6] as well as
experimentally [7-10].

In the case of ultrathin films the magnetic anisotropy and
the Dzyaloshinsky—Moriya (DM) interaction [11, 12] due to
the spin—orbit coupling are more important than the magnetic
dipole—dipole interaction. The magnetic anisotropy results in
a gap in the magnon spectrum [13, 14] necessary to form
long-range order in a two-dimensional (2D) system. Recently
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Zakeri et al [15, 16] have detected a so-called magnon
Rashba effect [17] using spin-polarized electron energy loss
spectroscopy for a two-atomic-layer thick Fe film grown
on W(110). In the presence of the Dzyaloshinsky—Moriya
interaction, the energies of the magnons propagating in the
[001] and [001] directions are different. This asymmetry has
also been predicted theoretically and calculated from first
principles for an Fe monolayer on W(110) [18]. Recently
Cortes-Ortufio and Landeros [22] studied theoretically the
influence of the Dzyaloshinsky—Moriya interactions on thin
films using a continuous model. Spin-polarized scanning
tunnelling microscopy experiments revealed [23] that the
characteristic length scale of magnetic patterns due to
Dzyaloshinsky—Moriya interactions is comparable with the
lattice constant, where the application of atomistic models
is more relevant than the methods based on the continuous
medium model. The asymmetry of magnon energies
propagating in opposite directions as a consequence of the
Dzyaloshinsky—Moriya interaction was also demonstrated
earlier in the bulk system Cs,CuCly [24].

© 2013 IOP Publishing Ltd Printed in the UK & the USA
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The aim of the present paper is to study the effect
of the interplay between different types of interactions and
the surface inhomogeneities as well as finite temperature
on the linear response of the system using atomistic spin
dynamics [19]. The system investigated throughout the paper
is a model of an Fe monolayer on W(110). The model contains
isotropic and anisotropic exchange between the nearest
neighbours, Dzyaloshinsky—Moriya interactions between the
next-nearest-neighbour pairs and on-site anisotropy with easy
axis parallel to the [110] direction. The calculated linear
response functions may be comparable to Brillouin light
scattering [20] and ferromagnetic resonance experiments [21].

The finite temperature phenomena of classical spin sys-
tems are usually described by the stochastic
Landau-Lifshitz—Gilbert equations [25-28] treated in an
atomistic approach [29]. The temperature dependence of
the exchange stiffness has been calculated in [30] and,
for FePt, an m!-76 scaling was found, where m is the
average magnetization. In the case of lattice defects, this
will lead to a description different from the continuum
calculations proposed by Arias ef al [4]. In recent papers
[14, 31] numerical studies on the temperature dependence
of magnetic excitations have been presented: however, the
magnon softening as an effect of the dynamical equations
was not discussed. There exist several methods for finding ap-
proximate analytical solutions of the Landau-Lifshitz—Gilbert
equation [32-34]. The approach proposed by Raikher and
Shliomis [35] to describe the linear response of noninteracting
spins with on-site anisotropy to external excitations is
extended in this paper by including exchange interactions
between the spins. A variational approach based on the
minimization of the free energy has been introduced to
self-consistently renormalize the finite temperature magnon
energies [36, 37]. Although this is a quantum theoretical
treatment of the problem, its classical limit [38] may be
compared to the solution of the Landau-Lifshitz—Gilbert
equation. This method is extended here to treat a spin
model with Dzyaloshinsky—Moriya interactions. Finally the
theoretical calculations will be compared to simulations
where the stochastic Landau-Lifshitz—Gilbert equations were
solved numerically.

2. Theory
2.1. The model

The magnetic properties of thin films are often described by
a classical Heisenberg model, which turned out to be a very
robust and successful scheme. In order to take relativistic
effects into account, an extended Heisenberg Hamiltonian is
used:

H=73) 0ijo;+ ) (Kwopi + Ko + K:o7)
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where ¢; denotes a unit vector parallel to the average of the
magnetization within an atomic sphere at site i and M; stands
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Figure 1. Outline of the two-dimensional centred rectangular
lattice. The lattice constants along the x and y axes are 2a and a,
respectively. Small arrows drawn in the circles at the lattice sites
correspond to the ground state orientation of the spins. The lattice
vectors pointing to nearest-neighbour sites are labelled by 8; and
d,, while those pointing to a next-nearest-neighbour site by 93.
Displayed are the coupling coefficients appearing in the model of an
Fe/W(110) monolayer, J = J, J,y, J; for nearest neighbours and D
for next-nearest neighbours. The orientations of the
Dzyaloshinsky—Moriya vectors are also shown by large arrows.

for the magnitude of the magnetic moment at the given lattice
point. In the first term of the Hamiltonian (1) J;; are the
3 x 3 exchange interaction matrices, while the second term
represents second order on-site anisotropies, where negative
coefficients specify easy magnetization axes. Note that setting
K; to zero does not change the Hamiltonian apart from an
additive constant. The last term describes the coupling of the
spins to an external magnetic field, B;. The exchange tensor
can be rewritten as
Jij—Jj
s
2)

where Tr denotes the trace of a matrix, the superscript
T labels the transposed matrix and I stands for the unit
matrix. The first term corresponds to the isotropic exchange
appearing in the usual scalar Heisenberg model. The second
term, associated with two-site anisotropy, is a symmetric
traceless matrix, similar to the dipolar coupling between the
spins. The third term is an antisymmetric matrix, the three
independent matrix elements of which are equivalent to the
Dzyaloshinsky—Moriya vector, D;;.

For our present investigations, a model for an Fe
monolayer on the (110) surface of bcc W was chosen
(see figure 1). Note that the x,y, z axes of the coordinate
system are parallel to the [110], [001] and [110] directions,
respectively. Both experimental [15] and theoretical [18]
studies confirmed that the Dzyaloshinsky—Moriya interaction
is present in the system. Only the strongest and most relevant
interactions are included in our model that can reproduce the
basic properties of the excitation spectrum: nearest-neighbour

Ji+J5 1
2

1
Jyj=3Tly) T+ [— = 3T(y) -1
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(NN) exchange interactions, next-nearest-neighbour (NNN)
Dzyaloshinsky—Moriya interactions and an easy-axis on-site
anisotropy. The exchange tensor contains only diagonal
elements J,y, Jyy and J; which are slightly different from each
other due to the spin—orbit coupling, and Jy, < Jyy = J;; <0
is taken in order to reproduce a ferromagnetic ground state
with an easy axis along the x direction. The magnitude of the
Dzyaloshinsky—Moriya vector Dj; is an order of magnitude
smaller than the exchange coupling and parallel to the [110]
direction, constrained to this direction because the (110) plane
containing the next-nearest neighbours is a mirror plane [11].
The third contribution to the energy is the uniaxial anisotropy
preferring the [110] direction, Ky < 0 and K, > 0.

2.2. The stochastic Landau—Lifshitz—Gilbert equation

In an adiabatic approach [39], the time evolution of the
localized magnetic moments in a solid at finite temperature
can be described by the stochastic Landau-Lifshitz—Gilbert
equations:

OM;
— = 7'Mix B + B

/
M My x BT B )
M;
where M; = M;o; stands for the localized magnetic moment
at lattice point i, with M; denoting its magnitude, « is the
Gilbert damping parameter and y’ = y /(1 + «?) with the
gyromagnetic ratio, y = 2up/Ai. The magnetic field driving
the motion of the spins contains two terms. The deterministic
term, B?ff, can be obtained from the effective classical
Hamiltonian (1)

| 9H
=—— 2= “)

M,’ 80‘,‘.

! oM;

The thermal term, B}h, is proportional to the three-
dimensional standard Gaussian white noise, 1; [40]

th o n: i = O[ —kBT
BP0 = VDm0, Di= sy

®)

In the rest of the paper the following simplified notation
will be used: B?ff will stand for yB?ff, that is it will
be measured in the frequency dimension. Similarly, the
temperature in the frequency dimension, ykg7/M, will
simply be denoted by 7, where it was used that in the
case of a monolayer the magnetic moment has the same
value at every lattice point, M; = M. The thermal field can
be written as B}h(t) = X1;(t) with £ = +/2aT. The terms
J;ﬂ /M and K,/M appearing in the effective field will be

replaced with J;;’S and K, respectively. Note that we are
going to use different model values for these parameters in our
calculations. The above definitions and simplifications make
it possible to rewrite equation (3) in the form

€,

Sy

Figure 2. Sketch of the axes, e, and e, and the angle variables, Bi;
and B,;, describing small rotations of a spin around the ground state
orientation e,. Also shown are the spin direction of ¢; and its
projections onto the xz and xy planes.

801‘ 1
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2.3. The linear response of the system at zero temperature

The set of equation (6) is nonlinear, coupled between the
lattice points, and contains multiplicative stochastic noise, all
the above contributing to the fact that it is quite complicated
to find analytic solutions. Firstly the equations shall be solved
at zero temperature. The method presented here is a linear
approximation, which describes the magnetic excitation of the
system close to the ground state and the response to a small
dynamic external magnetic field. New variables f1; and fB;
are introduced corresponding to the rotation of the spin vector
around the orthogonal vectors e, and e, transverse to the
ground state ferromagnetic direction e, as shown in figure 2.
The o; vector is expanded in the B1; and B; variables up to
second order as

BB
2 2

%= Bai ™
—Bui

Using the Cp, symmetry of the system and expanding
around the ferromagnetic ground state up to second order in
the B1; and B,; variables, the Hamiltonian (1) will take the
form

B B
H= Z [Jxx<l — % - % + JyyB2iBaj + Jo2B1iBy;
(igh

+ Y DU(Biisy — BijBai)

(i.j)2
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where (i, j)1,2 denote summations over the first and second
nearest-neighbour pairs, respectively. The Landau—Lifshitz—
Gilbert equation can be reformulated using the identity
oH
80‘,‘

_ 0H | 0H

=——ey + —e 9
1 3o © i -

leading to the zero temperature expression
d i
(1 +a?) < o = |:—4Jxx,31i + Y TzBii+ D> DBy
Gh G2
— 2K B1i + BixB1i + Biz:|

—a [—4Jxxﬁz,- +) Jywby— ) DBy
n 02

— 2K, B1i + 2K, Boi + Bixpoi — Biyi|, (10)

d .
I+ az)d—tﬂu = —|:—4Jxxﬂ2i + Y JyBy— Y Dipy;
n 02

— 2K, Boi + 2Ky Boi + Bixpoi — Biy:|

- |:_4Jxxﬁli + ZJZZ:BU + ZDUIBZJ
h ()2

- 2Kxﬁ]i+Bixﬂ]i+Biz]- (11)

Note that according to figure 1, in the above equations DV
takes the value of D or —D.

To uncouple equations (10) and (11), we shall use the
lattice Fourier transform of the variables and external field:

. 1 .
B (kj) = 7 > e HiRii, 12)
1 .
By (kj) = —= Y e iy, 13)
V5

where R; and k; denote real-space lattice vectors and
reciprocal-space wavevectors in the first Brillouin zone,
respectively, and n is the number of atoms in the 2D lattice.
In the following a small amplitude, time-dependent external
excitation B,(k;, ) = B, (k;) coswt is considered, while, in
order to simplify the calculations, By(k;) = By(k;) = 0,
Jyy = J; and K, = 0 were chosen. With these assumptions,
equations (10) and (11) will be reduced to

d . ~ A~ ~ N ~ o
El‘b(ki) = [J (k) B1(k;) + 1D (k) B2 (ki) — o (ki) Ba (ki)

Bz(ki)
1+ a?

+ iaD (k) B1 (k)] + cos wt, (14)

0.0
-1.0

.Y

-0.5 0.0 0.5
ak
y

Figure 3. Zero temperature magnon spectrum (22) with model
parameters Jy, = —1.02, J,, = J; = —0.99, D = 0.1 and

K, = —0.1. Note the asymmetry of the spectrum with respect to
ky — —k, as a consequence of the Dzyaloshinsky—Moriya
interaction.

d 4 N o N N n N
Eﬂl(ki) = [—J (k) B (ki) + 1D (k) 1 (ki) — od (ki) b1 (k;)

. A A aBz(ki)
—iaD(k;) (k)] — ol cos wt, (15)
where
Je) = 5[4 + 2y (coshi - B1)
+ cos(k; - 82)) — 2K, ], (16)
Dk;) = (2D sin(k; - 3)), (17)

1 + o2
with the lattice vectors 81, 07 apd 03 as dgpicted in ﬁgure 1.

. Introdlicing the Va}riables By (ki) = Bo(k;) + 181 (k;) and
B_(k;) = Ba(k;) — iB1(k;), the solution of the differential
equations (10) and (11) can easily be obtained:

Bk, 1) = Cpet+ &

! 1 —ix ki
—i—/ T sz(ki)eZJr( D=5 cos wsds, (18)
0 o

B_(ki, 1) = C_e !t

1 1 )
N / : i—lO;Bz(ki)ez_(ki)(t_b) coswsds, (19)
0 o

where Cy and C_ are constants, and

2 (k) = (—o =) [ 1) = Dlk) | = 750tk 0)

T N —a +i
2-() = (—a + )|k + Dk | = = wn(—k). @D
4+«
with the characteristic magnon frequencies
wolk;)) = —4J + 4Jyy + (—=4Jyy)
2 1
x | 1 —cos £akx cos | zaky
2 2
— 2Dsin(aky) — 2Ky (22)

For a typical set of parameters, the spectrum along
the y direction is depicted in figure 3. Two characteristic
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features of the spectrum should be emphasized. Firstly, the
spectrum is not symmetric relative to the I' point in the
Brillouin zone, wo(k;) # wo(—k;), since J(k;) = J(—k;), but
D(ki) = —D(—ki). This has already been demonstrated in
previous articles for similar materials, both on theoretical [18]
and experimental [15] grounds. It is important to highlight
that the Dzyaloshinsky—Moriya interaction has no effect
on the magnon energy at the I' point. Secondly, there is
a gap in the spectrum due to the on-site and two-site
anisotropy terms, the latter one corresponding to the
difference between the diagonal elements of the coupling
tensor. The value for the gap is wo(k; = 0) = —4(]xx —
Jyy) — 2K, > 0, stabilizing the ferromagnetic ground state. If
the magnetic anisotropy is sufficiently small, in the presence
of the Dzyaloshinsky—Moriya interaction the spectrum may
contain excitations with negative energy. In this case, the
ground state is usually some sort of chiral state [41, 23]
instead of the ferromagnetic ordering described here. In the
long-wavelength limit of the present model, the condition for

a spin-spiral ground state is |D| > \/ 4Jyy (Jxx - Jyy) + 2Jyy K.

In the solutions (18) and (19), the C and C_ coefficients
serve only to fulfil the initial condition of the differential
equations, that is the ferromagnetic ground state. The
quantities z4 (k;) and z_(k;) in the exponents have negative
real part if the magnon frequencies are positive. In this case,
the eigenmodes of the system, that is the first terms of the
right-hand sides of (18) and (19), decay exponentially and
only the response to the external excitation (second terms)
survives on a long timescale. As discussed above, negative
frequencies indicate that the ferromagnetic state is not stable.

The response of the system to the perturbing field is
properly described by the variance of the angle variables
defined as

Stki, ) = (B4 ki) ?) + (18- kD))
— B4 E)))* — B— k)

=2({1B1 D) + (1Bathe) )
— AP = (Bl P)., @)

where () simply denotes time averaging for vanishing
oscillating terms (eigenmodes). In this case the expression of
S(ki, w) is

Bk
T 41 +a?)

2 29—1
wo(k;) awy(k;)
Allere) (752 |
[ k) \’ -\
wo(—K; dwol—K;
() () |
I @\’ @\
wo(k; awo(k;
+ (w_1+a2> +<1+a2>:|
- 2 29-—1
o 20kD n awo(—ki)
1+ a2 1+ a? ’

(24)

S(ki, w)

+

which is the sum of four Lorentzian curves. At zero
temperature and without damping (o« = 0), the locations
of the peaks correspond to the magnon energies at k; and
—k; wavevectors. The first two terms have peaks at w < 0
values, because due to the form of the perturbing field the
response of the system, S(k;, w), will be an even function
of w. The other two peaks describe the physical behaviour
of the system: if Dzyaloshinsky—Moriya interactions are
present, the energies of the k; and —k; magnons will differ;
therefore, we will get two peaks instead of a single one.
These peaks can be distinguished if the damping is not
too large, that is the half-width of the peaks is smaller
than the distance between them: 4D sin(ki . 63) > 2aw(k;).
However, at k; = 0, S(0, w) will only have a single peak,
because the Dzyaloshinsky—Moriya interaction has no effect
on the spectrum at the I' point. Similar results for the
resonance response of Fe/W(110) were obtained in [22], using
a macroscopic model of the film. Note that the damping
decreases the magnon energies. This effect is, however,
negligible, since for ferromagnetic systems generally o < 1.

2.4. Lattice defects

Ferromagnetic resonance is a standard method for studying
the linear response to spatially uniform external excitations.
In this case, the response of the system will only contain
information about excitations with wavevector k; = 0,
the energy of which is, in principle, unaffected by the
Dzyaloshinsky—Moriya interactions. However, if the lattice
contains defects, the quasimomentum is not conserved in
the system, therefore a spatially uniform external field may
create finite wavevector magnons, which are affected by the
Dzyaloshinsky—Moriya interactions.

In order to account for a vacancy or a non-magnetic atom
replacing a magnetic atom, the value of the spin vector was
simply set to zero at the corresponding lattice site. In the
model the same simplifications were used as in (14) and (15),
that is By(k;) = By(k;) = 0, Jyy, = J;; and K, = 0, while a
homogeneous external magnetic field was considered, B;, =
B cos wt. In the case of a perfect lattice, equations (10) and
(11) have clearly the same form for every lattice point, that
is the reason why the discrete Fourier transformation could
be used to decouple these equations. However, if a vacancy is
present in the system, these equations take a different form at
lattice points neighbouring the defect, since one of the terms
will be missing. Apart from these six lattice points, the four
nearest-neighbour and the two next-nearest-neighbour sites
around the vacancy, the equations again look the same for all
the spins. Therefore in this model, only the six neighbours
of the vacancy were considered and another ‘average’ lattice
point, which does not miss a coupling due to the presence of
the vacancy. All together, one can get a system of coupled
equations listed in appendix A.l which have to be solved
simultaneously. By solving these equations, the response to
the external excitation S(k; = 0, ) was again calculated in
terms of equation (23).

Figures 4(a) and 6(a) show the results of numerical
calculations for S(k; = 0, w). According to our previous
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Figure 4. Response functions for k; = 0 (a) based on the theory
presented in section 2.4 and (b) obtained from numerical
simulations in section 3.1 for the system with isotropic

(Jxx = Jyy = J; = —1, solid line) and anisotropic

(e = —1.02, Jyy = J; = —0.99, dashed line) exchange
interactions. The other model parameters are « = 0.05, 7 = 0,

K, = —0.1 and n = 1024. The result of the lattice defect model is
also shown for the anisotropic Hamiltonian, where the value of the
spin vectors is set to zero at m = 50 different lattice points (dotted
line). The overall features of the peaks in the two panels are in very
good agreement.

expectations based on the creation of finite wavevector
magnons in a disordered system, even in the case of
a homogeneous perturbation, if the Dzyaloshinsky—Moriya
interactions are present, lattice defects visibly decrease the
magnon energy with respect to the case of a perfect lattice,
as shown in figure 6(a). Overall, this is quite a small effect,
proportional to the square of the D/J ratio—this is shown
by the fact that the direction of the shift does not depend
on the sign of this value, that is the same curve is obtained
by setting D/J = £0.1. On the other hand, the effect is
larger if different diagonal exchange coupling coefficients are
considered, as shown in figure 4(a). It was discussed above
that, even in a perfect lattice, two-site anisotropy increases the
gap in the magnon dispersion at the I" point. As a consequence
of the lattice defects, this gap is decreased as well and this
effect is larger than the one due to the Dzyaloshinsky—Moriya
interaction. Note that, if only on-site anisotropy is taken into
account, the lineshape of S(k; = 0, w) is not modified by
lattice defects (see appendix A.l). A possible explanation
for this is that the on-site anisotropy only shifts the magnon
spectrum by an additive constant, being independent of the

wavevector. In general, it can be concluded that lattice defects
may be a source of magnon softening.

2.5. Finite temperature effects: linear response within a
mean field approach

The stochastic Landau-Lifshitz—Gilbert equation (6) de-
scribes the time evolution of the spins at finite temperatures.
Linearizing this set of equations is problematic due to the
special properties of stochastic calculus. It is still possible to
calculate response functions at finite temperatures by solving
a system of deterministic differential equations for the first
and second moments of the spin components. The method
used in this paper to treat interacting particles in a mean field
approach was originally applied by Raikher and Shliomis [35]
for noninteracting magnetic particles possessing an easy
orientation axis. The dynamical equations (6) can be rewritten
in Cartesian indices as

(1 + a?)dojy = —8algyoi5Bfﬁfdt + aBNdr — aoiu0ip BN dr

— Zzamdt — EaBy Eoi,g dW,‘y

+ aXdW;, — OlZO‘,'ad,'ﬂ dW,'ﬁ, (25)

which is more common in stochastic calculus. Note that in the
above expressions a sum has to be taken over the Cartesian
indices occurring twice. dWj, stands for the differential
form of the one-dimensional Wiener process, with the usual
properties: an almost surely continuous Gaussian stochastic
process starting from Wi, (0) = O with first and second
moments (Wi (1)) = 0, (Wie ()Wjg(t)) = 8;j8apmin{z, '},
respectively. Remember that equation (6) must be interpreted
in the Stratonovich sense of stochastic calculus to yield the
correct thermal equilibrium properties [40]. In addition, here
the equivalent Itd6 form [42] of the equation was used, hence
the extra term — X %0, dz, which does not appear when simply
calculating the vectorial products. It is straightforward to
calculate the equations for the first and second moments, in
the latter case using It6’s formula

d
(14 o) (0ia) = —apy (OipBS)) + @ (BY)

— a(0i0igBiY) — % (o), (26)

d
(I+ Oéz)d—t((fiaffmm = —Saya(Uinigfomﬂ)

— EBys <O—myB‘,igo—ia) + a(B?olszmﬁ>
+ Of(nyl;tso—ia) - 05<0—iot0'm;30'in%1;f>
— &(OiaOmpOmy Bypy) — 257 (0iaOmp)

+ 8D (Bup — (0ia0ip)), 27)

where () denotes the stochastic expectation value. In order
to calculate the linear response, the effective field is divided
into an unperturbed part and a perturbation, B?ff = B?ff’o +
B:’ff’pen(t), and the perturbation will be a time-dependent
external magnetic field as in the previous section. In the
absence of the perturbing field, the equilibrium distribution
of the spins corresponds to the Boltzmann distribution, as
this is the property that determines the standard deviation
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of the stochastic noise at finite temperatures (see [40]). The
probability density function is then given by
1
Po({oi}) = e~ THollo (28)
Zy
where Hy({o;}) is the unperturbed Hamiltonian and Z; is
the corresponding partition function. If the system is in
equilibrium, the moments of the spins will be labelled by

subscript 0. If the perturbation is present, the time-dependent
probability density function can be approximated as [35]

PP ({0;}) = (1 + (0ks — (Oke)0)ake (1)
+ (0ke01; — (Oke 01z )0)bke,1c (1) Po({0i}),  (29)

where the time dependence only appears in the a.(#) and
bie,i; (1) quantities, which are supposed to be linear in the
perturbing field. Using this assumption, one can rewrite
equations (26) and (27), which turn into a system of linear
differential equations for the ay (¢) and by ;- (¢) functions.

To simplify the calculations, suppose that the unperturbed
Hamiltonian has the form

Hy({o;}) = Z (Jxxaixajx + Jyyoiyojy + Jzzgiz‘7jz)
(i

+ K Z 0'3‘7
i

that is we only consider diagonal coupling coefficients
between the nearest-neighbour spins and easy-axis anisotropy.
This system is time-reversal-invariant, therefore all expecta-
tion values will vanish which contain an odd number of spin
components. Furthermore, it is easy to see that the energy of
the system does not change if we replace oy with —oj, at all
lattice points, and the same holds for the y and z components.
This leads to the property that only such expectation values
are different from zero, which contain an even number of
spin components separately for the x, y and z directions. Note
that including an external magnetic field in the Hamiltonian
would break time-reversal invariance, while including the
Dzyaloshinsky—Moriya interaction would break the latter
symmetry, making the calculations more complicated. As
before, Jyy = J,; was assumed and a perturbing field pointing
towards the z axis, B;;. In this case, only the coefficients ay(f)
and by jy(?) differ from zero and they are determined by the
following coupled equations:

(30)

d
I+ 052)<Uiz0kz>0d_takz

eff,0
= (B, " 0iy0kxOl1y)02bkx, Iy

_ <B‘?ff'0

eff,0
iy Oix0keO1y)02bkx,1y + (B;; " 0kz)odi:

f,0 2
— a(B;, " 0ia0i:0k;) 0k, — T (0i;0k)0ak;

+ aBi;(1 — (a)0), 31)

d
2
I+« )(ai)'amxakxal)’)od_tzbkx,l}*
1,0
= <Bfny Uiyamzakz)oakz
ff,0 eff,0
— (Bl OiyOmyOkz) 00k — (Bjy " Omx0izOkz) 00z

eff,0 eff,0
+ (Bi, " Omx0iz0kz)0ak: + (B 0nx 001y ) 0 2bix 1y

f£,0
+ a(B;, " 0iy0kx01y)02bkx, 1y

eff,0
- (Biot Uiaaiyamxakxoly)OZbkx,ly

Beff, 0

_Ol< mo amaaiyamxokxa,y)ﬁbkx’,y

-23%? <Uiy0mx0kxoly>02bkx,ly

2
—0imZ <Uiinxka0'ly>02bkx,ly - Bmz(‘jiyamy)O

+ Biz(0ixOmx)0, (32)

where by, iy = byy 1 Was assumed without loss of generality,
since the antisymmetric part of this matrix does not contribute
to the right-hand side of equation (29).

After solving the system of equations, the response of the
system can be calculated as

(0i2) (1) = (0iz0kz) 0k (1), (33)

which, as ay;(t), is linear in B;;. In the case of a periodic, finite
wavevector external excitation, the lattice Fourier transform of
the above quantity must be considered.
Next a mean field approach is introduced, where the
unperturbed Hamiltonian H 0({(r,'}) in (30) is replaced by
H'({03}) = 4Jm Y oi + Ky ) o, (34)
l l
where m = (0y)o.mf has to be determined self-consistently.
One has to assume that there is a finite but small B, external
magnetic field, which chooses one of the degenerate states
(m > 0 or m < 0) at low temperatures due to spontaneous
symmetry breaking. We will assume the m > 0 case, but omit
the B, — O+ field in further calculations. Note that, since
(O'y>0mf = (oz)glf = 0 holds due to the cylindrical symmetry
of the system, the couplings Jy, = J,; vanish from the
mean field Hamiltonian. Monte Carlo simulations indicate
that the anisotropy together with the exchange leads to
ferromagnetic ordering below a critical temperature. With
the model parameters Jy, = Jyy = J;; = —1 and K, = —0.1,
the critical temperature is 7, & 0.7, and this is only slightly
changed by introducing Dzyaloshinsky—Moriya interactions
of strength D = 0.1. Since the mean field approximation
underestimates the correlations of the system, it may be a
suitable description only well below this critical temperature.
Selecting a single Fourier component in space and time
for the perturbing field, Bj; = e@ekiRip_ within the above
mean field approximation, equations (31) and (32) become

(1 + a®)iwC,.a
= (B — B (Kk;)) Cryy2b — @B Crzza + aBS" (k)
X (Coz — Cyyzz — Crzzz)a — B2Cra + aB,(1 — Cy,),(35)
(1 + &®)iwCryyy2b
= —(BS" - B (k) Cruzza
+ B (Creyy — 2Cruenyy)2b + a B (ky)
x (CXX)')' - ZCXX)’)’)’)’ - 2Cxx)’yZZ)2b
— 382 Cyy2b + By(Crx — Cyy),

where, for brevity, the space and time Fourier components
a(k;, w) and b(k;, w) are denoted by a and b, respeptively.
Furthermore, the notations chff = —2K, — 4J,, B;tf(k,-) =

(36)
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BT (k;) = (—Jyy)(2cos(k; - &1) + 2 cos(k; - 82)) and Cpp.. =
(0a0p .. .)Omf were used.

Introducing the quantities
wo(ky) = B — B (ky), 37

)\1 (ki) = W[Biffcxxzz - B;ff(ki) (sz - nyzz - szzz)]

+ x2C,, (38)
Ka(ki) = a[ BT (2C iy — Crayy) — BS(Ky)

X (Cxx)’)’ - ZCXX)')')'}' - ZCXX)’)’ZZ)]

+ 322 Cryyy, 39

the lattice Fourier transform of the spin expectation value (33)
can be expressed as

(6) ki, 1) = Cie®a

Ao (ki)

(1 — C.oiwo + a 1-Cg,
= | — 1w —
“ 1+a? Cryy

1+ a2

X —a)z + 1
(1+a?)?

y (wé(ki) Coeze Al(kinz(ki))

1
+ ———5(Cxx — ny)wO(ki):|

C Cxxyy C

+ 12w

14 a2

% Al (ki)Cxxyy + )\Z(ki)CZZ
2Cxxyyczz

—1
} B.e“". (40)

Since the external excitation is a real-valued function,
the calculations must be repeated for B;, = e ?ekiRip
which will simply lead to the conjugate of expression (40).
One can also replace k; with —k;, but this does not change
the form of the expression, corresponding to the fact that
the magnon spectrum is symmetric in the absence of the
Dzyaloshinsky—Moriya interaction. Taking the time average
of the square of the sum of the w and —® components
yields ((2Re(&z))2(ki)>, which is proportional to the absolute
value squared of the right-hand side of (40), in fact, a
doubled Lorentzian function, just as in equation (24) for
zero temperature. Calculating this expectation value makes
it possible to determine the magnon energy (peak location)
and the linewidth at finite temperatures. Our numerical results
will be shown and compared to simulations in section 3.2.
The basic effect is that the magnon energy decreases with
increasing temperature, while the linewidth increases.

2.6. Finite temperature effects: the variational method

Another way of determining the magnon energies at finite
temperatures is a variational method based on a quantum
mechanical treatment first described by Bloch [36] for an

isotropic Heisenberg model on a cubic lattice. The method
was extended to include on-site and two-site anisotropies
as well as different lattice types [37]. In this paper the
method is extended to also include Dzyaloshinsky—Moriya
interactions. For the Hamiltonian again nearest-neighbour
exchange interactions with Jy, = J,; and next-nearest-
neighbour Dzyaloshinsky—Moriya interactions were assumed:

H({oi}) = Jyy Y 010+ (Jex — Jyy) D 0u0jc + Ky Y 02
(i1 (i1 i
+ Z Dij(aiyajz - CTizij)- 41)
(i.j)2
Treating oy, as spin operators, a bosonic representation can

be introduced in terms of the Dyson—Maleev transformation
[43, 44]

o =8 — a:fa,-, 42)
X aTal-

o'l.+ = Ojy +10j; = V 2511 — Ql,_S ai, (43)

O‘ii = Uiy — iO'iZ = ZSaj, (44)

where the x axis was used as the primary quantization axis;
therefore the bosonic vacuum corresponds to the ground state
of the spin system. It should be emphasized that only the
physical part of the bosonic system, 0 < a,Ta,' < 28, has to
be considered.

The Hamiltonian written in the bosonic operators
describes an interacting system, as it contains terms including
the products of two and four bosonic operators. The
variational approach is based on calculating the free energy,

F = (H) — TS, (45)

where the expectation value is a thermal average taken with
respect to the eigenstates of a suitable noninteracting model
Hamiltonian

HY =" w(T)ajax. (46)
k

with a = ﬁz ieik'R" a;, the Fourier transform of the bosonic

operators, and w (T) is a temperature-dependent quasiparticle
energy, to be determined later by minimization of the free
energy. In the classical limit, the expectation value of the
original Hamiltonian takes the form

(H) = —4Jy > (1= 3 )i (1)
k
— 4T — Jyy) Z nx(T)
k

— 2K,y m(T) = 2Dy y P m(T)
k k
1
+ 20y D1+ v = 20 (D (T)
kK

1
+ 20— Jyy) 3 D (14 vV (Tymge (T)
k. k'
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1
+ 2K ; (T (T)

+2D— Z v me(Dymge (T,
k k'

(47)

where D is the magnitude of the Dzyaloshinsky—Moriya
vector, yk(l) = cos(‘[kxa) cos( skya) and y, (2) = sin(kya) are
geometrical factors characterlstlc for the lattlce and ng(T) =
(aZak) is the occupation number. Also in the classical limit the
Boltzmann entropy

S = Z In(ng(T)) (48)
k

is considered instead of the entropy of a noninteracting
bosonic system. The quasiparticle energies and the occupation
numbers are therefore related to each other through

wp(T) = ——. (49)

ng(T)
Requiring that the occupation numbers 7 (7) minimize the
free energy F leads to the set of equations

or(T) = =41y, (1 = y ") = 4(Jex — Jyy) — 2K,

1
—2Dy? + Ay

1 1 1
X Z + V]‘f )k’ - y](f/) Vk( ))nk’(T)
k/

1
+ 4 = ) D_(1+ v e (1)
k/

1
+ 4K ; g (T)

+2D— Z v+ v e (). (50)

Equations (49) and (50) can be used to self-consistently
determine the occupation numbers and the temperature-
dependent magnon energies. It is easy to see that, at 7 = 0,
(50) simplifies to the magnon spectrum in (22). The magnon
energies decrease with increasing temperature since all the
corrections from the interacting part of the Hamiltonian
have a different sign compared to the noninteracting
part. This method obviously does not take into account
the phenomenological Gilbert damping, ¢, which slightly
modifies the magnon energies in (24) and (40), but this
effect is small if @ < 1, which is usual for a ferromagnetic
system. On the other hand, this approximation does not give
any information on the linewidth of the response function.
Although it is possible to determine this quantity using
different quantum theoretical descriptions [45], we do not
discuss such an approach here, since in the quasiclassical limit
the Gilbert damping is responsible for the linewidth, similar
to that given in (24) at T = 0 K. The numerical results from
equations (49) and (50) will also be compared to simulations
later on.

3. Atomistic spin dynamics simulations
3.1. Simulations at zero temperature

To confirm the theoretical results discussed in the above
sections, atomistic spin dynamics simulations were car-
ried out. The code we developed solves the stochastic
Landau-Lifshitz—Gilbert equation (3) on a two-dimensional
lattice, using the stochastic Heun method with the symmetry-
preserving modifications described in [46]. According to
the previous calculations, in the simulations the geometry
of a (110) surface of a bcc lattice was considered and
a ferromagnetic Heisenberg model with nearest-neighbour
coupling of unit strength: / = —1. Choosing the energy scale
also determines a timescale, but during a simulation where
only the stationary properties of the system are examined,
this timescale is only important to determine the length of
the transients that should be omitted from the calculation of
averages. An anisotropy constant K, < 0 was also used that
reinforced a ground state ferromagnetic order with all spins
parallel to the x axis. This basic model was then extended by
other coupling coefficients, namely, next-nearest-neighbour
Dzyaloshinsky—Moriya interactions (D) or different diagonal
elements in the Jj; tensor (Jxy, Jyy, J;;) describing two-site
anisotropy. The simulations were performed on a lattice of
32 x 32 atoms with periodic boundary conditions. As the
starting configuration the ferromagnetic ground state was
chosen.

A time-dependent, inhomogeneous field 2B, cos(k; - r)
cos(wt) was chosen as the external excitation, where k; is a
wavevector in the first Brillouin zone. The response of the
system was calculated as S(k;, w) = (mz(k~)) + (m 2(k')) —
(my(k,-))z—(mz(k,-)) where (m(k;)) = Z cos(k;-R;)o;) and
() stands for time averaging. The dlfference to the expression
(23) is that the simulation code uses the Descartes components
of the spins instead of the angle variables in the linearized
equations (10) and (11), but close to the ground state these
variables are basically identical (0;, ~ B2;, 0i; & —p1;). In
order to obtain a resonance curve, S(k;, w) was calculated
for different values of the w frequency. The value of the B,
amplitude had to be chosen carefully, since at large values it
may move the spins very far from the ferromagnetic ground
state and the system may become disordered: however, for
small values of B, the resonance curve is hardly noticeable
over the thermal background.

Choosing the correct value for the Gilbert damping,
«, was also important. On the one hand, large damping
increases the half-width of the resonance curve, meaning
that the frequency can be changed in larger steps, and
more importantly, making the transients decay faster so
shorter simulation times will suffice. On the other hand,
the magnon softening due to the Dzyaloshinsky—Moriya
interaction and the different diagonal coupling coefficients is
almost independent of the damping. This shift in the magnon
energies can be easier detected in the case of sharper peaks
that can be obtained with smaller «.

In the case of lattice defects, the initial configuration
of the simulation was changed by creating small connected
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droplets of zero spins in the lattice. The method of the
simulation was the same as in the case of the perfect lattice,
namely, that a time-dependent B, field of w angular frequency
was used and the response of the system, S(0, w) = (mf) +
(mf) — (my)2 — (m)?, was calculated as a function of w. In
this case ten droplets of zero spins were chosen in the 32 x 32
size lattice, each containing five sites, giving a total number of
50 vacancies. Of course, here only the nonzero spins are used
in calculating the averages; the ones set to zero are omitted.

Figure 4 shows the results of the linear approxi-
mation as well as the simulations at k; = 0. Without
Dzyaloshinsky—Moriya interactions, the response of the
system can be modelled by a single resonance curve.
The peak is located approximately at 2|K,| = 0.2, i.e. at
the energy of the zero wavevector magnon as indicated
by equation (22). Introducing different diagonal coupling
coefficients increases this value by about —4(Jx, — Jyy) =
0.12. The simulations were carried out also for finite
Dzyaloshinsky—Moriya interactions (D = 0.1), but this caused
no detectable difference in the obtained resonance curves,
in agreement with the linear approximation (24). By adding
lattice defects to the system, the magnon energy decreases
if two-site anisotropy is present. If the Hamiltonian only
contains on-site anisotropy, the results of the simulation show
no difference compared to the case of the perfect lattice.

The results of the simulations for finite wavevector
excitations can be seen in figure 5. Here the wavevector
points in the y direction, since (22) suggests that, in
the presence of Dzyaloshinsky—Moriya interactions, the
degeneracy between the k; and —k; magnon energies is
lifted for Wavevectors along this direction. The value for

ky is 2k, 271 16 ,a being the lattice constant, since in
a 32 x 32 lattice this is the smallest allowed wavevector.
Figure 5(a) demonstrates that without Dzyaloshinsky—Moriya
interactions there remains a single peak: however, it is shifted
to a higher energy for finite wavevector. The value of the
shift is consistent with the linear approximation, 4|Jy,|(1 —
cos %aky) = 4|Jyy|(1 — cos 32) ~ 0.077. In the presence of
the Dzyaloshinsky—Moriya interaction, figure 5(b) shows the
expected splitting of the peak, in agreement with (24). Even
the value of the splitting is in good agreement with the result
of the linear approximation, 4D sin 212 ~ (0.153.

Figure 6(b) justifies that, in a disordered system, the
Dzyaloshinsky—Moriya interaction does indeed change the
shape of the curve, while it has no effect in a perfect
lattice at k; = 0. Since this effect is expected to be smaller
than the one due to the anisotropy of the diagonal coupling
coefficients, here a smaller value of Gilbert damping constant,
o = 0.02, is used, instead of o = 0.05, making the peaks
sharper. It is observed that both the chiral interaction and
the lattice defects are necessary to change the lineshape, just
as in the theoretical calculations in section 2.4 and as seen
in figure 6(a). The peak is shifted towards lower magnon
energies in the simulation as well as in the calculation.
This effect is, however, somewhat ambiguous for the latter
case, since decreasing the Gilbert damping in the simulation
makes the lineshape more asymmetric, whereas this feature is
absent in the theoretical calculations. Nevertheless, the peak
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Figure 5. Simulated response functions at 7 = 0. Panel (a) shows
the response without the Dzyaloshinsky—Moriya interaction at

k; = 0 (solid line) and at (k,, ky) = (0, ; 6a) (dashed line). Panel

(b) displays the response at (ky, ky) = (0, 1 6a) without (solid line)
and with the Dzyaloshmsky—Monya interaction, D = 0.1 (dashed
line). The other parameters are Jy, = J,, = J; = —1, @ = 0.05 and
K, = —0.1. The locations and splitting of the peaks are in good
agreement with the linear approximation (22).

becomes wider with vacancies in the lattice and the maximum
of the peak decreases. Importantly, this effect is practically
unchanged when the spins are set to zero at different sets of
lattice points.

In spin dynamics simulations it is useful to calculate the
spin—spin correlation function [47]

— Rj, 1) = (01 (tn)0ja(0)) — {0 (1)) (02 (0)),

where o = x,y, z and () stands for ensemble average. Here
it is denoted explicitly that the correlation function is only
calculated at discrete time points #,,, which will lead to a finite
maximal frequency. This average is achieved by starting the
simulation multiple times from the same initial configuration,
but using different seeds of the random number generator,
leading to different trajectories in the phase space.
The dynamic structure factor is defined as

Cal(R: 1)

S, (kh wj) — Z eik,--(RJ*Rm)eiwjtn C, (Rl —R,, tn)s (52)

I,m,n

which is the Fourier transform of the correlation function,
discretized in space and time, but also containing a double
summation over the lattice points, which corresponds to a
lattice averaging besides the Fourier transformation. Due to
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Figure 6. Response functions (a) based on the theory in section 2.4
and (b) from numerical simulations in section 3.1 at 7 = 0 and

k; = 0 in the presence of the Dzyaloshinsky—Moriya interaction,

D = 0.1, for a perfect lattice (solid line) and for an imperfect lattice
(dashed line). The model parameters are Jx = Jy, = J; = —1,

o =0.02, K, = —0.1, n = 1024 and m = 50. Note the asymmetric
lineshape of the simulated response functions.

the finite simulation time, we only get the value of the
dynamic structure factor at discrete w; frequencies, while
the finite size of the lattice leads to a discretization in
the momentum space. Using the space Fourier transform
ouki, ty) = Zleik"'R101a (), as well as the space and time
Fourier transform &, (k;, w;) = Znei“’-/”" G4 (ki, 1), of the spin
components, the dynamic structure factor can be rewritten as

Sa(ki, @) = (64 ki, w))J0 ki, 0))

— (0u(ki, 0)))(6a ki, 0)). (33)

Calculating the time Fourier transform of the spin
components is basically the same as calculating the linear
response of the system to an external excitation with time
dependence €', as long as the system is close to the ground
state and the linear approximation is valid. From the complex
y and z components of the dynamic structure factor, the linear
response can be expressed at discrete frequencies as

S(ki, ) = |8y (Kir @) > + [S: (ki ) |

; (54)

a suitable real quantity for describing the deviation of the
system from its ferromagnetic ground state. For a given k;
wavevector, S(k;, ;) is expected to have a similar form to
the theoretical results, namely, equation (24) at 7 = 0 and
equation (40) at finite temperature.

Figure 7. Contour plot of calculated dynamic structure factor
(logarithmic scale), S(k;, w;), see equation (54), as a function of the
k, component of the wavevector as well as the angular frequency,
with the parameters Jy, = J,y =J; =—-1,D =0.1,K, = —-0.1,

o = 0.05, T =0.01 and k, = 0. The time delay for calculating the
spin values was set to At = 1, corresponding to a maximal
frequency of wmax = 7. The resolution in frequency is Aw = 1%)%’
because the length of the examined time interval was f;,,x = 1000.
The values for the wavevector are k, = j%, where a is the lattice
constant and j is an integer between —16 and 16 because of the
lattice size 32 x 32. At high wavevectors, the magnon energies are
higher than w = m, but these values appear mirrored due to the
discretization in time. The open circles represent the magnon
spectrum calculated from the linear approximation at 7 = 0,
equation (22).

For the case of isotropic coupling (J = —1) and the
presence of on-site anisotropy (Ky = —0.1) as well as of
the Dzyaloshinsky—Moriya interaction (D = 0.1), figure 7
shows S(k;, ;) as a function of the wavevector along the y
direction and the angular frequency. The magnon excitations
correspond to peaks in the ky—w plane. In these simulations
no exciting external field was applied, since the excitations of
the spin system can appear solely due to the finite temperature
(T = 0.01). Importantly, the theoretically calculated magnon
dispersion based on equation (22) is in fairly good agreement
with the peaks of the dynamic structure factor obtained from
simulations.

Figure 8 shows the effect of lattice defects on the dynamic
structure factor. Here a homogeneous external excitation B;
was applied with an angular frequency @ = 0.2, since it makes
it easier to realize the difference between the contour diagram
with and without lattice defects. Since the quasimomentum is
not conserved, a zero wavevector excitation will be scattered
and will appear at other wavevectors at the same frequency.
This is indicated as a horizontal stripe in the figure at w =
0.2. As before, thermal excitations are also scattered to finite
wavevectors, but the corresponding stripes (peak positions)
are more difficult to notice since the original peaks are also
smaller due to lattice defects.

3.2. Simulations at finite temperature

We determined the linear response of the system, S(k;, ;),
from simulations at finite temperatures as well. Lorentzian
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Figure 8. Contour plot of calculated dynamic structure factor
(logarithmic scale), S(k;, w;), as a function of the k, component of
the wavevector as well as the angular frequency when the value of
the spins is set to zero at 50 different lattice points. The parameters
of the simulations were J, = J,, =J; = —1,D = 0.1, K, = —0.1,
o = 0.05, T = 0.01 and k, = 0, and an external excitation B, was
applied, with zero wavevector and angular frequency of 0.2. Note
the horizontal stripe at v = 0.2 corresponding to magnon scattering.
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Figure 9. Calculated magnon frequencies at (k,, k,) = (0, 1%

temperatures 0.01 < 7 < 0.2. The results of the simulations
(squares) are compared to those from the mean field approach
(dashed line) and from the variational method (solid line), see
sections 2.5 and 2.6. The model parameters are
Jo=Jy=J;=—-1,D=0,K, =—0.1and ¢ = 0.05.

) for

functions were fitted to the resonance curves and the fitting
parameters for the location and the half-width of the peaks
were compared to the theoretical predictions from the mean
field approach (40) and the variational method (49) and (50).
Figure 9 depicts the magnon frequency as a function of
temperature at a given wavevector. Both the mean field and
the variational methods are in good qualitative agreement with
the simulations as they reproduce the decrease of the magnon
frequency with increasing temperature. Due to the missing
Gilbert damping, in the case of the variational method, a
seemingly constant shift compared to the values from the
simulations can be inferred from the figure. In the mean field
approximation, the slope of the curve is slightly different from
that of the simulations. The decreasing energy of the magnons
may be explained by the decreasing magnetization, which

12
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Figure 10. Calculated magnon frequencies for wavevectors

ki = (0, ky) at temperatures T = 0 and 0.2. For T = 0, filled squares
represent the results of the simulations, while the solid line
corresponds to values calculated by using equation (22). For

T = 0.2, open circles represent the results of the simulations, the
dashed line is calculated by using the variational method and the
dotted line using the mean field approach. The parameters are
Jo=Jy=J;=—-1,D=0,a =0.05and K, = —0.1.
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Figure 11. Calculated magnon frequencies for wavevectors

ki = (0, ky) at temperatures T = 0 and 0.2. For T = 0, filled squares
represent the results of the simulations, while the solid line
corresponds to values calculated by using equation (22). For

T = 0.2, open circles represent the results of the simulations and the
dashed line is calculated by using the variational method. The
parameters are Jy, = Jy, =J, = —1,D =0.1,0 = 0.05 and

K. =—-0.1.

is also a linear function of the temperature in the classical
Heisenberg model at low temperatures.

Figures 10 and 11 show the results for finite wavevectors.
At T = 0, both theoretical methods give the same magnon
spectrum apart from a factor of (1 + «?)~!, and this is
in relatively good agreement with the simulations. At T =
0.2, the variational method again recovers the results of the
simulations with a high accuracy. The mean field approach
reproduces qualitatively well the decrease of the magnon
dispersion as compared to 7 = 0, but overestimates the
magnon frequencies at low wavenumbers and underestimates
them at high wavenumbers. According to the results depicted
in figure 11 the variational method is suitable for describing
the magnon spectrum at finite temperatures also in the
presence of Dzyaloshinsky—Moriya interactions.
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Figure 12. The half-width of the resonance curve at the wavevector

(ky, ky) = (0, 1%) between temperatures 7 = 0 and 0.5. The error

bars correspond to the error of the fitting parameters. The
parameters J,, = J,y =J; = —1,D=0,K; = —0.1 and « = 0.05
were used for the simulations. The half-width first decreases with
increasing temperature due to the decreasing magnon energy, see
equation (24) and figure 9, and then starts to increase due to
magnon—magnon scattering.

The present results on the temperature dependence of
the magnon dispersion make it possible to quantitatively
revise the spin-wave spectra of Fe/W(110) obtained from ab
initio calculations [17, 18] as compared to the experiments
performed at 7 = 120 K [13, 15]. Recalling the Curie
temperature Tc = 223 K, this implies a ratio of 7/T¢ ~ 0.54.
As mentioned earlier, Monte Carlo simulations resulted in
Tc ~ 0.7|J] for the present model; thus the temperature of
the experiment corresponds to 7' 2~ 0.38 on our temperature
scale. From figure 9 one can then easily extrapolate a value of
w =~ 0.2 at this temperature, which means a relative decrease
of 0.3 for the magnon frequency. Since the energy scale
of ab initio magnon spectra corresponding to 7 = 0 was
typically twice as large as that in the experiment, we can
conclude that a large part—at least 60%—of the difference
can be accounted for by the direct effect of finite temperature
transversal spin fluctuations on the magnon spectrum. The
rest of the difference might be attributed to changes of the
spin-Hamiltonian parameters, mainly due to longitudinal spin
fluctuations [14].

Finally, the half-width w of the resonance curves is
investigated as a function of the temperature. In figure 12 two
distinct regions are apparent: the half-width decreases almost
linearly up to 7 = 0.3, then it rapidly increases. To explain this
behaviour, we recall expression (24) indicating that, at T =
0, w >~ 2awq, where wy is the resonance frequency. Supposing
a similar relationship at low temperatures, the decrease of
wy (T) with increasing T, see figure 9, implies a decrease of
the half-width, with an almost strict proportionality with 7.
This effect is present in the linear response theory based on the
stochastic Landau-Lifshitz—Gilbert equations [35], but only
in the noninteracting case. Within our mean field treatment
for an interacting spin model, see (40), the half-width always
increases with increasing temperature, which is reflected
in the simulations only at higher temperatures. Note that,
in a quantum theoretical description [6, 45], this widening

corresponds to the decrease of the magnon lifetime due to
increased magnon—magnon scattering.

4. Summary and conclusions

A model Hamiltonian of a ferromagnetic thin film was ex-
amined using the quasiclassical stochastic Landau—Lifshitz—
Gilbert equation (3). The model included the exchange
interaction and Dzyaloshinsky—Moriya interaction as well as
on-site and two-site anisotropy terms. It was found that, at
zero temperature and close to the ground state, the linear
response of the system to periodic external excitation can be
described by a resonance curve (24), and the locations of the
peaks on this curve can be interpreted as magnon energies.
The expression (22) for the magnon dispersion relation at
zero temperature unambiguously confirms that the anisotropy
terms induce a gap, while the Dzyaloshinsky—Moriya
interaction leads to an asymmetry in the spectrum.

The effect of lattice defects was also investigated for
the zero wavevector excitation in an approximation of the
dynamical equations. It was found that the presence of defects
leads to the softening of the magnon energy if two-site
anisotropy or Dzyaloshinsky—Moriya interaction is present in
the system, but the lineshape does not change if only on-site
anisotropy is considered. Since the chiral interaction has no
effect on the magnon energy in the I" point in a perfect lattice,
this decrease of the magnon energy must be a consequence of
magnon scattering at lattice defects.

Two models were discussed for finite temperature effects.
The mean field result (40) was based on the solution of the
moment equations calculated from the dynamical equations.
For simplicity, we solved the equations for the case when the
Dzyaloshinsky—Moriya interaction was absent. The solution
indicated that the magnon energy decreases with increasing
temperature, while the linewidth of the resonance curve
increases. The variational method (49) and (50) was based
on a quantum theoretical treatment: here we included the
Dzyaloshinsky—Moriya interaction but obtained information
only for the magnon energies which, in correspondence with
the mean field result, also indicated a decreasing behaviour
with increasing temperature.

The theoretical calculations were then compared to
numerical spin dynamics simulations, where the linear
response of the system was calculated as a function of the
frequency of an external excitation field perpendicular to
the magnetization. The dynamic structure factor was also
calculated, providing information about the magnon spectrum
in the whole Brillouin zone. The simulations were in generally
good agreement with the theoretical results, although it
was found that the lineshape of the linear response curve
becomes asymmetric by decreasing the damping parameter.
For the finite temperature magnon energies, both theoretical
methods and the simulations provided consistent results. The
mean field approach showed increasing deviations at higher
temperatures and higher wavevectors as compared to the
other method. The results were used to provide a quantitative
correction to the ab initio spin-wave spectrum on Fe/W(110)
related to finite temperature effects that made possible a better
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comparison with available experiments. It was also found that
the resonance linewidth in the simulations first decreases with
increasing temperature, then rapidly increases, while within
the mean field approximation the decreasing part is absent.

In conclusion, the results of the theoretical methods
presented here were in good agreement with numerical
simulations. It is worth generalizing them to other lattice
types, including three-dimensional structures, to other types
of interactions, or even to antiferromagnets. Finally, it is worth
mentioning that strong effects of point-like defects on the
magnon lifetime in noncollinear antiferromagnets have very
recently been demonstrated by Brenig et al [48].
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Appendix

A.l. The linearized equations of motion in the case of lattice
defects

As noted in section 2.4, one has to consider the angle
variables at the four nearest-neighbour and the two next-
nearest-neighbour sites of a vacancy separately from the
others, since when one writes down equations (10) and (11)
for these lattice points, some terms will be missing. Lattice
points further away from the vacancy will be described by an
‘average’ angle variable, since all of their nearest-neighbour
and next-nearest-neighbour lattice sites contain a spin. Of
course these points are not exactly equivalent, since a lattice
point that is two lattice vectors far from the defect has a
common neighbour with the vacancy, while this is not true for
lattice points further away. This difference is only noticeable
in higher order calculations.

For this ‘average’ angle variable, one has to sum up the
linearized equations (10) and (11) for all lattice points and
divide them by the number of lattice points. Here the effect
of the vacancy is that a term must be subtracted from the
original equations, corresponding to the nearest-neighbour
and next-nearest-neighbour sites of the defect. Since in a large
enough lattice the effect of a single defect is hardly noticeable,
multiple vacancies can be considered by multiplying this
subtracted term by their number: this is a relatively good
approximation if the vacancies are still far from each other.
This means that if in a lattice with n points, m spins are set
to zero, the correct normalization for the ‘average’ variable
is ﬁa = ﬁziﬂa,i for « = 1,2. Using the notations in
figure A.1, it can be seen that out of the six lattice points next
to the vacancies, only four of them lead to different equations.
Therefore, the following ten linear differential equations are

1

71

Figure A.1. Similar to figure 1 with the notation used in
appendix A.1 to describe the spins at the nearest neighbours and
next-nearest neighbours of a lattice vacancy, J 1,J |, D 1t and D |.

to be solved simultaneously:

,321 A
L= —3JxBrur + 20281

+JzBipt + D> — Dpayy

— 2K B1yt — a(=3JxxB2s1

+ 2~]yy,3A2 + Jyy,BZDT - D,él

+ DB1yy, — 2K fB2sr) + By coswt, (A.1)
= —(=3JuPot + 2P

+ JyyBapr — DB1 + DBy,

— 2K Barp) — a(=3JxxBriy

+ 2J.p1 + JBipy + Db

— Doy — 2K B1s1)
— aB; cos wt,

(1 +o?)——

dﬁm

(1 +o?)——

(A2)

,321¢

(1 +a®) = = =371y + 20261

+JoBipy — DB + Dpayy

— 2K.B1yy — a(—3TwBosy + 2yyPa

+ JyBop, + Dp

— DBy — 2K Boy)) + B cos wt, (A.3)
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dBiyy
1 2y Y
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+ JyyBapy + DB1 — DBy
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— aB; cos wt,
= _4Jxx,31DT + 2]21,31
+ 2Jzz/31]T + DB2
— 2K«Bipr — a (=4 e fopr
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x (B4 + Bsy) + D(Bapt — Bapy)
—a[=2(Jx — Jyy)(Bosg + Basy)
— D(Bipt — Bipy)]} + B;coswt, (A.9)
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- Jyy) - 2Kx)32

— a(—4(x — J2) — 2K, 1B
m
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(A.10)
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Similar to expression (23), the linear response of the
system at k; = 0 is now defined as

= (B3 + (BD) — (B2)? — (A1)

Equations (A.1)-(A.10) are equivalent to a system of
linear algebraic equations through Fourier transformation in
time, which can be easily solved numerically. It is important
to note that, in the absence of the Dzyaloshinsky—Moriya
interaction (D = 0) and two-site anisotropy (Jxx = Jyy = J;;),
equations (A.9) and (A.10) are uncoupled from the first eight
ones, and with the applied normalization they do not depend
on the number of atoms in the lattice. Therefore it can be
concluded that S(w) is not affected by lattice defects if only
isotropic exchange interactions and on-site anisotropy are
present in the system.

S(w) (A.11)
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