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We study the ultrafast demagnetization dynamics of LnRh,Si, (Ln = Pr, Nd, Sm, Gd, Tb, Dy, Ho) antiferro-
magnets after excitation by a laser pulse, using a combination of density functional theory and atomistic spin and
spin-lattice dynamics simulations. In the first step, we calculate the Heisenberg interactions using the magnetic
force theorem and compare two approaches, where the 4f states of the rare earths are treated as frozen core
states or as valence states with added correlation corrections. We find marked quantitative differences in terms
of predicted Curie temperature for most of the systems, especially for those with a large orbital moment of the
rare-earth cations. This can be attributed to the importance of indirect interactions of the 4 f states through the Si
states, which depends on the binding energy of the 4 f states and coexists with Ruderman-Kittel-Kasuya- Yosida—
type interactions mediated by the conduction states. However, qualitatively both approaches agree in terms of
the predicted antiferromagnetic ordering at low temperature, which is in line with previous experiments. In the
second step, the atomistic dynamics simulations are used in combination with a heat-conserving two-temperature
model, which allows for the calculation of spin and electronic temperatures during the magnetization dynamics
simulations. Our simulations demonstrate that despite quite different demagnetization times, magnetization dy-
namics of all studied LnRh,Si, antiferromagnets exhibit similar two-step behavior, in particular the first fast drop
followed by slower demagnetization. In addition, we observe that the demagnetization amplitude depends lin-
early on laser fluence, for low fluences, something that is also in agreement with experimental observations. We
also investigate the impact of lattice dynamics on ultrafast demagnetization using coupled atomistic spin-lattice
dynamics simulations and the heat-conserving three-temperature model, which confirm the linear dependence of
magnetization on laser fluence. The microscopic mechanisms behind these behaviors are investigated in detail.

DOI: 10.1103/rjvg-qs9x

I. INTRODUCTION

The field of ultrafast magnetization dynamics was
launched in 1996 with the work of Beaurepaire er al. [1],
who studied the impact of the femtosecond laser pulse on
the demagnetization of Ni films and demonstrated for the first
time ultrafast demagnetization on subpicosecond timescales.
Ultrafast demagnetization can be very useful for prospective
spintronic devices since it could allow switching of mag-
netization on picosecond timescales, addressing the demand
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for a growing data storage speed. While ultrafast demagne-
tization was first observed in nickel [1,2], numerous studies
have followed, including ferromagnetic (FM) [3-8] and ferri-
magnetic materials [9]. However, for spintronic applications,
antiferromagnetic (AFM) materials form perhaps an even
more promising class of magnets [10-12], due to properties
such as a robustness against external magnetic perturbations.
In addition, an experimental study comparing FM and AFM
ultrafast demagnetization for Dy reported that quenching of
magnetization is faster and more efficient for the AFM phase
than for the FM one [13]. Moreover, while comparing FM
and AFM order between FeGd sublattices, it was theoretically
predicted that AFM coupling of the sublattices accelerates the
demagnetization of both sublattices [14].

Recently, the ultrafast demagnetization of a series of
lanthanide-based 4f antiferromagnets was systematically
studied experimentally in Ref. [10]. The considered materi-
als were prepared specifically to possess similar lattice and
magnetic structure, allowing us to focus solely on the impact

Published by the American Physical Society
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of 4f occupation. It was demonstrated that the timescales of
the demagnetization dynamics can differ up to two orders of
magnitudes; however, the angular momentum transfer rates
scale linearly with the de Gennes factor G = (g;—1)>J(J + 1),
where g; and J are the Landé factor and the total 4 f angular
momentum quantum number, respectively. In addition, den-
sity functional theory (DFT) calculations were performed in
Ref. [10] to obtain the corresponding exchange interaction
values. Details on the correct description and methodology for
the localized 4 f electrons were not provided in Ref. [10] and
will be discussed here.

In Ref. [10], it was found that coupling between the nearest
antiferromagnetically aligned spins also scales linearly with
the de Gennes factor. Moreover, it was shown that the de-
magnetization amplitude increases linearly with laser fluence
for all studied systems, which agrees with previous experi-
mental observations for other materials (see Refs. [7,11] and
references therein). It should be noted that magnetization dy-
namics studies were not performed in Ref. [10] to confirm
that the simulated demagnetization amplitude based on such
interactions depends linearly on laser fluence, and filling in
this theoretical gap is the focus of the present work.

Theoretically, ultrafast magnetization dynamics is often
interpreted using two- or three-temperature models [1,2,12].
These models usually include two or three coupled reservoirs,
i.e., spin, electron, and lattice. In the three-temperature
model (3TM) proposed by Beaurepaire [1], there are several
coupling constants that are responsible for the transfer of heat
between the subsystems: electron-phonon G, electron-spin
G, and spin-lattice Gy These constants for 3d ferromagnets,
such as iron, cobalt, and nickel, are estimated in various works
with up to one order of magnitude difference [2,3,7], which
impedes the theoretical interpretations of experimental obser-
vations. In addition, the 3TM proposed by Beaurepaire fails
to describe demagnetization on subpicosecond timescales.
Recently, a heat-conserving three-temperature model
(HC3TM) was proposed [2], where Gilbert and lattice
dampings govern a coupling between the electron, lattice, and
spin degrees of freedom. These values can be calculated ab
initio, and they can thus facilitate a comparison between
experiment and calculations more accurately and are
less dependent on empirical parameters. Moreover, the
HC3TM results in a qualitatively correct description of the
demagnetization dynamics on subpicosecond timescales
for all 3d ferromagnets [2,7]. Building on these successes,
the HC3TM is a promising candidate for a more realistic
description of demagnetization times on subpicosecond
timescales also in the LnRh,Si, series, where the quite
significant differences in demagnetization times, especially
the fast demagnetization of SmRh;Si,, are making the 3TM
of Ref. [1] questionable, especially facing the difficulty of
identifying several coupling constants needed in this model:
Gepa Ges’ Gsl~

In this work, we report DFT calculations of exchange inter-
action parameters for LnRh,Si, and atomistic spin dynamics
simulations of ultrafast demagnetization dynamics combined
with the heat-conserving two- and three-temperature models.
The paper is organized as follows. First, we present the results
of density functional theory calculations. Then, the calculated
parameters are used in atomistic spin and spin-lattice dynam-

ics simulations to study ultrafast demagnetization dynamics
and the impact of laser fluence and lattice dynamics on mag-
netization dynamics of lanthanide-based antiferromagnets.

II. METHODS

A. First principles density functional theory

In the first step, we calculate the electronic proper-
ties of the rare-earth compounds LnRh;Si, based on the
measured crystal structure, using two different approaches:
(i) all-electron full-potential fully relativistic electronic struc-
ture software RSPt [15,16], and (ii) a fully relativistic multiple
scattering Green’s function method theory formulated in the
Korringa-Kohn-Rostoker approach and implemented in the
code hutsepot [17,18].

In (i), the electronic structure is described on the level of
density functional theory within the generalized-gradient ap-
proximation in Perdew-Burke-Ernzerhof (PBE) parametriza-
tion. Smearing of 1 mRy is used for electronic occupations,
and a (40 x 40 x 16) k-mesh is used for sampling the
Brillouin zone. An AFM structure is imposed in our calcula-
tions, where each Ln layer is ferromagnetic, but neighboring
layers are AFM-coupled, which is close to the measured mag-
netic ground states of the studied rare-earth compounds. We
have also tested the FM structure, but the calculated magnetic
coupling parameters indicate AFM interaction between the
rare-earth layers, supporting the choice of AFM structure
as a reference state for further calculations. Regarding the
comparison with the experimental ground state, we use a
collinear AFM configuration, because noncollinear magnetic
states cannot be treated in the RSPt software (fully relativistic
treatment is still included). However, this collinear approx-
imation to the magnetic state is fairly reasonable, since in
reality the degree of noncollinearity of these rare-earth sys-
tems is rather low. We model these systems by following the
standard model for rare-earth compounds, i.e., that the 4f
states of the rare-earth cations are considered as core states
with zero dispersion and a fixed magnetic moment corre-
sponding to Hund’s rules in the atomic picture. These 4 f core
states affect the other electronic states, e.g., they spin-polarize
the s, p, and d states of the same cations, which is relevant
for determining the magnetic interactions (see further below).
Importantly, the muffin-tin radius of the Ln cations is set
as large as possible at 3.3 a.u., which affects the calculated
muffin-tin magnetic moments and their interactions due to the
spatial extent of the s, p, and d states mentioned before.

In (ii), strongly localized 4f electrons of the LnRh,Si;
compounds were treated as valence electrons and within
the generalized gradient approximation (GGA) +U approach
[19]. The corresponding effective Hubbard parameter U =
U —J = 6eV was chosen in such a way as to improve the
agreement of calculated and experimental Néel temperatures
Ty. The calculated 7y are shown in Appendix A.

Both methods (i) and (ii) provide similar electronic and
magnetic structures of the compounds studied herein, as dis-
cussed in the following.

B. LKAG formula

We calculated the Heisenberg magnetic interactions be-
tween the rare-earth spins using the Liechtenstein-Katsnelson-
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Antropov-Gubanov (LKAG) approach [20] (for a recent re-
view, see [21]) using the full-potential linear muffin-tin orbital
methods implemented in the RSPt software [15,16] as well as
the fully relativistic Korringa-Kohn-Rostoker Green function
method implemented in the code hutsepot [17,18]. The LKAG
approach has an advantage compared to other methods in the
literature, such as the total energy mapping, since it allows
us to calculate interactions for distances of up to several
lattice parameters without using excessively large supercells,
which reduces the computational time significantly. It should
be noted that, since we put the 4f states of the rare earth in
the core in the RSPt calculations, the Heisenberg exchange
is calculated including the s, p, and d states of the same
cations, which are polarized due to large 4f moments. In
the hutsepot calculations, the 4f states are treated as valence
states using either GGA + U or self-interaction corrections
(SICs), so the magnetic interactions between the rare-earth
cations are calculated taking into account not only s, p, and
d but also f states.

The magnetic energy of the system is described in this case
by the classical Hamiltonian:

H:—%ZJ,-je,wej. (1)
J#

Here, the unit vectors e; = m;/m; describe the direction of
magnetic moment on each rare-earth cation at site i. Due to
crystal symmetry, the Dzyaloshinskii-Moriya interactions in
the studied systems are zero, thus they are not considered
in the spin Hamiltonian (1). Also, we disregard relativistic
corrections to the electronic structure when calculating the
magnetic interactions in LnRh;Si,, but we discuss the effect
of such corrections on the density of states in Sec. IV A. Im-
portantly, we find that the calculated exchange parameters J;;
are quite sensitive to the calculation scheme. Both J;; parame-
ter sets (from RSPt and hutsepot) provide the correct magnetic
ground state, but, since hutsepot values of the J;; parameters
provide better estimates of the magnetic ordering temperature,
we use those values for the spin dynamics simulations in the
two- and three-temperature model (see the next section).

III. ATOMISTIC MAGNETIZATION DYNAMICS
AND TEMPERATURE MODEL

In atomistic spin dynamics simulations [22], the time
evolution of atomic spins is governed by the Landau-
Lifshitz-Gilbert equation [23,24], which can be expressed in
Landau-Lifshitz form:

dm,- Y 14 o
_—— - —_mi
dt 1+ a?) 1+ a?)m;
X (m,- X [Bi +B?]), (2)

where m; is the magnetic moment of a given atomic site,
unlike unit vectors e; that are used in Eq. (1), y represents the
gyromagnetic ratio, and « is the Gilbert damping. In contrast
to the dynamics of 3d transition-metal systems, where the
orbital angular momentum is quenched by the crystal field
and electronic structure effects, the dynamics of rare-earth
magnets is somewhat more complex. The reason is that the
total angular momentum from spin and orbital moments must

m; X (BZ+B?) —

enter the time evolution of the moment, according to Eq. (2).
In Russel-Saunders coupling, the strong spin-orbit interac-
tion of the 4f shell couples the total spin (S) and orbital
(L) angular momentum to a common angular momentum J,
whose contribution to the magnetic moment of the 4f shell
is provided by g;J, where g; is the Landé g-factor. Although
the orbital moment is then dynamically active in the actual
simulations of the magnetism provided by J, the torque that
propels the dynamics, via the effective field, B; in Eq. (2), is
normally assumed to be given by spin-only contributions to
the exchange interaction in Eq. (1). It should be noted that
expressions for the orbital contribution to exchange interac-
tions have been published [25], but they are for most systems
assumed to be vanishingly small. We have indeed made this
assumption in the present work. The spin-driven exchange
field, B; = —dH/dm;, in this work is therefore obtained from
the spin Hamiltonian, Eq. (1), where the exchange parameters
Jij are obtained from the hutsepot code. In our simulations,
temperature is included by means of Langevin dynamics
where we introduce a stochastic field B as white noise with
properties (B}, (t)BY (1)) = 2D 8;;8,,8(t —t') with i, v =
X, Y, z. In particular, in these calculations we employ Df” =
akgT,/(1 4+ a?)ym;, where T, and kg are the electronic tem-
perature and Boltzmann constant, respectively (see Ref. [26]).
The formalism above is available in the UppASD [26] code,
which was used for all simulations in this work. In our sim-
ulations of ultrafast demagnetization dynamics, we employ
simulation cells with a 40 x 40 x 40 repetition of the unit
cell, using periodic boundary conditions. In addition, N; =
10° time steps of dt = 107'® s were used. In this work, we re-
duce the HC3TM to calculate electron and spin temperatures
in ultrafast magnetization dynamics simulations. We choose
to exclude the lattice temperature from consideration since it
is stated in Ref. [10] that materials under investigation here
have very similar 4 f spin arrangement, crystal structure, and
chemical bonding characteristics with only a 2.5% difference
in lattice constants. It should be noted that the only difference
between them is the occupation of the localized 4 f shell of
the Ln ions, and hence the magnetic moment. Therefore, it
is reasonable to study whether the difference between the
studied systems is only due to the exchange interactions, and
whether it is sufficient to reproduce experimental findings
without taking the lattice part into account. We attempt to
answer this question in the present work.

In this work we primarily use the HC2TM (see Fig. 1), with
only spin and electron temperatures considered, but we make
a detailed comparison between HC2TM and HC3TM for one
of the compounds considered here. In the HC2TM, we modify
the expression for the time-dependent electronic temperature
dynamics in the HC3TM, proposed in Refs. [2,7], to study a
case of a fixed lattice temperature, and we obtain

C(Ty) W)
AT,(t) = — AT (t) + At
C(To) C(T2)
_ Gcool(Te - Tﬁnal)At. (3)
C(Te)
Here, the spin temperature is defined by the expression
T, = %, where e; is the normalized local spin mo-

ment [27]. The details of calculating spin and electronic
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Gilbert

damping

Electrons

FIG. 1. Schematic of the HC2TM model.

temperatures in HC3TM can be found in Ref. [7]. Also, C,(¢)
and C(t) are electron and spin heat capacities, respectively.
The electronic heat capacities are obtained from the Sommer-
feld model (see Appendix A), and temperature-dependent spin
heat capacities are calculated using, as shown in Sec. IV C,
exchange constants described in Sec. IV B. The laser impact is
captured by the term W (1) = Pyexp ( — (¢t — tp)*>/20°%) which
is modeled as a Gaussian, where 7, is the center of the pulse,
Py represents the absorbed pump pulse power amplitude (per
area), 0 = 0.02 ps is the pulse width, and At is a time step.

Geoo corresponds to heat dissipation from the laser-
affected spot to the whole sample. This term is relevant in this
study because of the rather big timescales of demagnetization
(up to 400 ps for holmium). Moreover, this term can serve
as an additional cooling channel partly substituting a full
treatment of the lattice subsystem. Here, we choose the value
of G0 SO the remagnetization is close to the experimentally
observed one. The value of G = 3 x 10 J/s is similar for
all materials studied here.

In addition to HC2TM described above, for one of the com-
pounds (GdRh,Si,) we utilize HC3TM [2,7] to quantify the
impact of lattice dynamics on ultrafast demagnetization. To
do this, we perform coupled atomistic spin-lattice dynamics
simulations, described by Egs. (2), (C1), and (C2), with lattice
parameters described in Appendixes B and C. In HC3TM, to
calculate electron temperature 7,, we add to the right side of
Eq. (3) the following term:

am)
Ce(T.)

ATi(1), “

where the lattice temperature is calculated from the
kinetic energy (Ef")/kg. Kinetic energies E/" are extracted
from coupled spin-lattice dynamics simulations, with equa-
tions governing lattice dynamics described in Appendix C.
Spin temperatures and heat capacities are calculated in the
same way as in HC2TM (see Fig. 1).

IV. RESULTS

A. Electronic structure

The electronic structure of LnRh,Si, was examined by
both scalar- and fully relativistic approaches. Although 4 f el-
ements were treated as core electrons in our scalar-relativistic

RSPt calculations, the densities of states (DOSs) at the Fermi
level are very similar in both approaches (see Fig. 2). This
is crucial for the Ruderman-Kittel-Kasuya-Yosida (RKKY)
interaction, which is a dominant interaction between the lo-
calized 4 f magnetic moments in these systems. However, the
DOSs in the range of the valence bands are different in both
approaches in the case where the total angular moment of the
4f atom is larger than zero. The most prominent deviations
occur for Dy and Ho cases, since the spin-orbital interaction
and other relativistic effects are significant in these systems.
However, since 4 f states continue to be sufficiently localized,
their positions do not affect the DOS at the Fermi level, which
is mainly of 5d character. Nevertheless, the position of 4f
states can be important for other types of interaction between
the magnetic moments, for example the indirect double ex-
change interaction via Si sp states. Thus, although treating
4f states as core might predict correctly the ground state,
since the RKKY interaction is dominant in these systems,
the critical temperature might be estimated wrongly by this
approach.

The obtained magnetic moments are presented in Table I.
In the scalar-relativistic calculations, the spin moment of the
4f states is fixed at the value obtained from the Russell-
Saunders rules, while the contribution from the s-, p-, and
d-states is calculated self-consistently using DFT. This spd-
contribution is similar both in scalar- and fully relativistic
calculations for some of the compounds (e.g., Tb-, Ho-, and
Pr-based), but it can be visibly different for others (e.g., Gd
and Dy cases), as one can see from the middle column of
Table I. Relativistic calculations with 4f electrons in the
valence parts provide also orbital moments, which are sub-
stantial for all elements except for Gd. Nevertheless, the
magnitude of the DOS at the Fermi level is almost the same in
both approaches. This is crucial for the RKKY interaction,
which is dominant in this family of LnRh,Si, compounds.
Therefore, both scalar- and fully relativistic methods should
deliver a similar behavior for Heisenberg exchange constants,
which are discussed in the next subsection. We note that the
deviations of the spd-moments can partly explain the quanti-
tative differences in the Heisenberg interactions that we obtain
using the two calculation methods.

The layered crystal structure of LnRh,Si, is schemati-
cally presented in Fig. 2 with crystal structure parameters,
demonstrating very close values of lattice parameters, given
in Appendix D.

B. Exchange coupling constants

The Heisenberg exchange parameters calculated using the
RSPt code for LnRh,Si, show certain characteristic trends.
In particular, the interlayer exchange J; which stabilizes the
AFM-coupled rare-earth layers scales mostly linearly with
the de Gennes factor (see the supplementary material for
Ref. [10]). The largest deviations from linearity are observed
for Ln = Pr and Tb. This linear trend is also discussed in
previous work [10], where the magnetic interactions were
calculated using both LMTO and KKR methods, and the
latter show a similar but more linear trend. Overall, these re-
sults suggest a physical picture where the magnetic exchange
between the rare-earth moments is mediated by conduction
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FIG. 2. Density of states calculated for the antiferromagnetic state of different rare-earth compounds LnRh,Si, (Ln = Pr, Nd, Sm, Gd, Tb,
Dy, Ho) using scalar relativistic 4f in the core (red filling) and the fully relativistic GGA + U method (blue lines), and a schematic of the

layered crystal structure with the direction of Lrn moments.

electrons, leading to RKKY-like character of interactions (see
Appendix F) and linear scaling with the de Gennes factor,
already discussed in depth in Ref. [10].

C. Magnetic ground state

Following the experimental studies of Ref. [10], we start
the analysis of the magnetic properties of the system by per-
forming calculations of the temperature dependence of the
magnetization using the calculated exchange constants dis-
cussed above. The results of these calculations are presented
in Fig. 3, where the average magnetization curves for one
of the AFM sublattices are shown. It can be seen from the
figure that, despite very different magnetic moments and Néel
temperatures, the normalized magnetization as a function of
normalized temperature behaves similarly for all studied ma-
terials, in agreement with experimental observations [10]. In
addition, in Fig. 4 we also present the heat capacities of the
spin system, which will be further used for calculations of
ultrafast demagnetization dynamics in HC2TM in particular
as an input into Eq. (3). Spin heat capacities have not been

reported for these systems in the literature so far, to the best
of our knowledge. In general, the importance of taking into
account temperature-dependent heat capacities in HC3TM
was discussed in Ref. [2]. In calculations of spin heat capac-
ities, we employ the widely used classical approach based on
Boltzmann statistics (see Refs. [2,28] and references therein).

D. Ultrafast demagnetization

To get a deeper understanding of the ultrafast demagneti-
zation in LnRh;Si,, we performed atomistic spin dynamics
simulations starting from temperature 50 K. In the spin dy-
namics simulations, we used the same value of the Gilbert
damping for all materials. The value of the Gilbert damping
was chosen to be 0.001 (see [29]), which is a realistic value
for antiferromagnets, and with this choice one obtains sim-
ulated magnetization curves that are close to experimentally
observed values. We use the same Gilbert damping « value for
all materials, because it was shown in Ref. [10] that Gilbert
damping does not scale with the de Gennes factor, and it is
expected that the valence-band electronic structure is similar

TABLE 1. Calculated magnetic m* and orbital moments m' of the rare-earth Ln cations in LnRh,Si, compounds. The left and right parts
of the middle columns show the results where the 4f states of Ln cations are set as the core states (“core”) and from fully relativistic GGA+U
method. The de Gennes factor G = (g — 1)2J(J + 1) together with the interlayer Heisenberg exchange J; calculated from hutsepot (second to

last column) and RSPt (last column) are indicated as well.

my; (us) M,y (is) ml (14B) J3 (LRy) J3 (LRy)
Ln Core GGA+ U Core GGA+ U GGA+ U G GGA+ U Core
Pr 1.60 0.63 0.07 0.06 3.25 0.80 -5.6 -5.5
Nd 2.45 2.54 0.08 0.14 5.81 1.84 —4.1 -5.3
Sm 3.43 2.88 0.10 0.08 1.52 4.11 -6.0 -8.1
Gd 7.00 7.03 0.18 0.30 0.00 15.8 -15.7 -23.7
Tb 6.00 5.58 0.19 0.22 2.27 10.5 -10.8 -314
Dy 5.00 3.63 0.15 0.09 6.02 7.08 -6.8 -12.9
Ho 4.00 3.24 0.11 0.12 5.42 4.50 -6.7 -5.0
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FIG. 3. Normalized magnetization M/M, as a function of
normalized temperature for LnRh,Si, materials with different
Ln elements specified in the figure legend.

for all systems investigated here, as Fig. 2 also confirms. It
should be noted that we have in fact studied the influence of
Gilbert damping values in the range 0.001-0.05, and we can
confirm that in this range, the choice of Gilbert damping does
not change the main conclusions presented in this work. We
note, however, that while for Tb-, Gd-, and Ho-based AFM
this Gilbert damping provides realistic demagnetization times,
for Sm it results in much slower demagnetization, which was
observed in the experiment. To obtain faster demagnetization,
higher Gilbert damping, or taking into account the lattice,
might be necessary. However, as stated above, this does not
change the main conclusions of the paper. Typical spin and
electron temperatures from our simulations are presented in
Fig. 5 for TbRh,Si,. The lattice temperature remained fixed
during our simulations (data not shown), as discussed above.
The qualitative comparison of obtained spin and electronic
temperatures with ones reported using HC3TM in [2,7] shows
similarities in behavior, such as rapid growth of electronic

* Dy

hed
S}

N

Heat capacity (kB)
-~ &

o
)

FIG. 4. Temperature-dependent spin heat capacities for
LnRh,Si, materials with different Ln cations specified in the
figure legend. The temperatures are normalized to the corresponding
Néel temperatures Ty.
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FIG. 5. Temperature dynamics of TbRh,Si, for a laser fluence
2.34J/m?, o = 0.001.

temperature following the absorption of the pulse, and then
slower growth of spin temperature. Based on how effective
temperature models are constructed, disregarding the lattice
subsystem should have a similar effect to increasing the laser
pulse or, alternatively, to a case of vanishing lattice damping.
Additional tests (data not shown) on fcc Ni confirm this be-
havior. The other features of the magnetization curve remain
the same. We show in Sec. IVE that HC2TM is able to
reproduce the main features of system dynamics, even if the
changes of the lattice temperature are disregarded.

Calculated ultrafast magnetization dynamics curves of
TbRh;Si, are shown in Fig. 6(a) for several values of laser
fluence.

It can be seen from Fig. 6(a) that the demagnetization
process consists of two main parts. It begins with a fast
magnetization drop (marked by a red shaded area), followed
by a second slower decay (shown by a green shaded area).
This two-step behavior was confirmed by fitting the obtained

a
_ —1.56 J/m?
S 08- —2.34 J/m?[]
< \ oH
= 3.12 J/m
0.6 =
| | |
0 50 100 150 200
b
150 )
3 P
.é 100 |
|_
50 ‘ ‘ ‘
0 50 100 150 200
Time (ps)

FIG. 6. Magnetization dynamics (a) and spin temperature dy-
namics (b) of TbRh,Si, for various laser fluences. Shaded areas
indicate fast (red) and slow (green) parts of the demagnetization
process.
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FIG. 7. (a) Total demagnetization amplitude as a function of nor-
malized laser fluence. The line is a guide for the eye. (b) Normalized
spin and electron temperatures and total demagnetization amplitude
as a function of a normalized laser fluence for TbRh,Si,.

magnetization curves with exponential functions, following
the experimental study in Ref. [10], as shown in Appendix A.
In addition, as the figure shows, the first part of the demag-
netization process becomes faster for higher laser fluence,
which is in agreement with experimental observations [10].
The other studied materials exhibit similar behavior: first
fast demagnetization, followed by slower demagnetization. In
addition, we present the dynamics of spin temperatures for
various fluences shown in Fig. 6(b), which demonstrates the
same trend as magnetization dynamics, specifically the first
sharp rise of the spin temperatures, which is followed by a
slower increase and thermalization.

Next, we investigate the impact of laser fluence on the total
demagnetization amplitude for all materials. Since the con-
sidered materials have a big difference in Ty, and, therefore,
required different fluences for demagnetization, we adopt
the concept of a critical laser fluence F, from Ref. [10],
which is the laser fluence leading to demagnetization am-
plitude AM/My = 0.5 (for example, 3.73J/m? is the F, for
TbRh,Si,). The total demagnetization amplitude for all ma-
terials as a function of normalized fluence (i.e., laser fluence
divided by the critical laser fluence) is presented in Fig. 7(a),
and this is the main result of the present study. It can be
seen from Fig. 7(a) that the results of our simulations agree
in general with experimental observations [see Fig. 2(d) in

Ref. [10]], where a linear relationship between AM /M, and
normalized fluence was observed for this set of systems.

In the experimental data of Ref. [10] for higher fluences
F/F, > 1 or/and demagnetization amplitudes AM /M, > 0.5,
the experimental results start to deviate from linear de-
pendence [see Fig. 2(d) of Ref. [10]], especially for the
Tb-system. We observe a similar deviation from linear be-
havior for F/F. > 1 in our simulations, as shown for Tb in
Fig. 7(b). Similar behavior with fluence higher than critical is
observed across all materials studied herein (data not shown).

To further analyze this nonlinear behavior, we performed
simulations for higher fluences than those used in the ex-
periments of Ref. [10]. The results of these simulations are
shown in Fig. 7(b), where we focus on the electron and spin
temperature as well as AM /M. It can be seen from Fig. 7(b)
that while electronic and spin temperatures increase linearly
with laser fluence for all fluences used in the simulations,
the demagnetization amplitude demonstrates a linear behavior
only for smaller fluences F. In particular, for F' > F, the
deviation from a linear behavior of AM /M, is quite notice-
able. It can be seen from Fig. 7(b) that the temperatures
calculated in the magnetization dynamics simulations behave
linearly with fluence, therefore it is possible to relate fluence
in ultrafast demagnetization simulations to the temperature.
Then, the demagnetization amplitude AM /M, extracted from
ultrafast demagnetization curves at various fluences can be
compared to a transient M /M, curve versus temperature (and
not fluence) that has the same shape as the static curve shown
in Fig. 3. Hence, we find that the transient AM /M, curve of
Fig. 7(b) has strong similarities with the static M(T) curve
presented in Fig. 3, which suggests that the out-of-equilibrium
magnetization of the presently studies materials simply fol-
lows a static M (T ) curve at low fluences. Over the picosecond
timescales that are relevant for the dynamics of this class
of materials, the simulations suggest that a quasiequilibrium
is reached for the distribution of atomic moments, and this
quasiequilibrium evolves in time following the electronic tem-
perature obtained in the simulations.

E. Comparing the HC2TM and HC3TM for GdRh,Si,

To investigate the importance of lattice dynamics for the
ultrafast demagnetization, we perform coupled atomistic
spin-lattice dynamics simulations of GdRh,Si,, and we apply
the heat-conserving three-temperature model (HC3TM),
which was proposed and described in detail in Refs. [2,7].
In these simulations, we do not include spin-lattice coupling
specifically in the Hamiltonian. Instead, coupling between
spin and lattice subsystems takes place as a flow of heat
between the two systems, in part mediated by the electron
temperature (for details, see Refs. [2,7]). It was shown in
Ref. [7] that even in the absence of explicit spin-lattice
coupling in the Hamiltonian (e.g., as introduced in Ref. [30]),
lattice dynamics can play an important role in ultrafast
demagnetization, impacting demagnetization amplitude and
remagnetization. Details of lattice dynamics simulations,
needed for the HC3TM, are presented in Appendix B. This
includes the equations of motion, lattice damping, and
calculations of the force constant. In these simulations, the
spin-dynamics is treated according to Egs. (1) and (2).
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FIG. 8. Magnetization dynamics of GdRh,Si, in HC3TM (solid
lines) and HC2TM (dashed lines) for various laser fluences.

We start by studying ultrafast magnetization dynamics for
various fluences, and we compare the results of HC3TM with
HC2TM for GdRh;Si,. It can be seen from Fig. 8 that an
account of lattice dynamics, as provided in the HC3TM, leads
to slower magnetization dynamics especially during the first
10-20 ps. Moreover, while comparing HC2TM and HC3TM
for the same (or similar) fluence, we observe that HC2TM
leads to higher demagnetization amplitude. Interestingly, a
very similar demagnetization rate during the first 10-20 ps
is observed for the HC2TM and HC3TM, provided one con-
siders different fluences. For instance, the 1.07J/ m2 HC2TM
data are almost on top of the 3.82J /m2 HC3TM data, and the
0.31J/m? HC2TM data lie almost on top of the 0.92J/m?
HC3TM data. Hence, for the present system it seems that a
scaling of fluence with a factor 3—4 provides very similar re-
sults for simulations of HC2TM and HC3TM. In general, the
magnetization curves in both models lead to similar features
of the magnetization dynamics, such as faster magnetization
drop and then slower demagnetization on longer timescales,
which justify the use of HC2TM and the results provided
in Fig. 7. The typical example of temperature dynamics for
HC3TM can be found in Appendix E.

The transfer of heat between electrons and lattice is tuned
by several interactions, one being the lattice damping v pa-
rameter (see Appendix for details and Refs. [2,7]). It can
be seen in Fig. 9(b) that a smaller lattice damping leads to
faster demagnetization and slightly larger demagnetization
amplitude, which is consistent with previous results for 3d fer-
romagnets [7]. This trend also explains faster demagnetization
and bigger demagnetization amplitudes in HC2TM, compared
to HC3TM, which can be considered as a limit of zero lattice
damping as shown in Fig. 9(b). Increase of demagnetization
amplitude with reduction in lattice damping is connected to a
higher amount of heat transferred from electrons to the spin
system and, therefore, the higher spin temperatures, as can be
see at Fig. 9(b).

We complete our analysis of how the lattice dynamics
impact the magnetization dynamics by considering the de-
magnetization amplitude as a function of normalized laser
fluence in the HC3TM and comparing it with values obtained
in HC2TM. This is presented in Fig. 10. We would like to

1
—1=0.0kg/s |
o 00 — =10 kg/s
S o8 v=10"kg/s | |
b —=10"? kg/s
o7t T HC2TM i
e ]
0.6
120
——1=0.0 kg/s
_ 100 —u=10" kg/s ||
< v=10"3 kg/s
£ 80f - 2. H
8 — =102 kg/s
60 - 1
40 L 1 1 1
20 40 60 80 100

Time (ps)

FIG. 9. (Top panel) Magnetization dynamics of GdRh,Si, in
HC3TM (solid lines) for various values of lattice damping (laser
fluence 2.29J/m?) in comparison with magnetization dynamics of
GdRh;Si, in HC2TM (dashed lines). (Bottom panel) Corresponding
spin temperature dynamics for various values of lattice damping
(laser fluence 2.29 J/m?).

note that F,. for GdRh,Si, is different in HC3TM and HC2TM,
due to the differences in the simulations, as discussed above.
Taking this difference into account, it can be seen from Fig. 10
that HC2TM and HC3TM lead to a very similar linear re-
lationship between magnetization amplitude and normalised
fluence. As can be seen, details of the lattice dynamics do
not impact this linear trend at low fluences, confirming the
suitability of HC2TM for studying ultrafast demagnetisation
dynamics in the present system and for validation of the re-
sults shown in Fig. 7.

V. CONCLUSIONS

In this work, we give a thorough account of the theo-
retical results of the electronic and magnetic properties of
the LnRh,Si, system, based on DFT coupled to a method
for evaluating spin Hamiltonian parameters [20,21]. From
the spin Hamiltonian, an effective Weiss field can be calcu-
lated that is used here in atomistic spin-dynamics simulations

0.5 ‘ ; " * ®
Data fit
+ Gd HC2TM
047 | + GdHC3™™ b
e
s°03| 7
= s
< 02} i
[ ]
¢
0.1} &
’.
0.2 0.4 0.6 0.8 1
F/F

FIG. 10. Total demagnetization amplitude in HC2TM (red
circles) and HC3TM (violet diamonds) for GdRh,Si,.

094408-8



ULTRAFAST DEMAGNETIZATION DYNAMICS OF ...

PHYSICAL REVIEW MATERIALS 9, 094408 (2025)

[26] coupled to a heat-conserving temperature model [2] that
enables calculations of transient temperature profiles relevant
for simulations of pump-probe experiments.

The simulations presented here for LnRh,Si, agree with
experimental observations of pump-probe experiments, espe-
cially for lower fluences, where in Ref. [10] the demagne-
tization amplitude as a function of fluence was studied for
amplitudes smaller than F/F, = 0.5. Similar linear dependen-
cies of demagnetization amplitude on laser fluence are widely
reported for various materials both from theoretical and ex-
perimental studies [7,10,11,31,32], however the motivation
behind this linear trend has only been discussed infrequently
and therefore it remains poorly understood. It was reported in
Ref. [7] (see Fig. 4 in the Supplementary Information of that
paper) that for elemental ferromagnets, the spin temperature
and transient magnetization during the ultrafast magnetiza-
tion dynamics deviate very little from the equilibrium M(T)
curve. Our findings here for antiferromagnetic compounds are
consistent with the observations of Ref. [7]. Hence a picture
that emanates from these works, as well as of Ref. [33], is
that the transient magnetization can be described as resulting
from a quasiequilibrium distribution of the atomic moments,
and that this distribution evolves in time as a result of the
changes of the temperature. It should be noted here that it
is primarily for these simulations that the electronic temper-
ature is relevant, since in heat-conserving temperature models
for transient magnetism the electronic temperature enters the
fluctuating field that changes the magnetic state.

Finally, we note that from the simulations put forth here,
one predicts that for higher fluences the demagnetization am-
plitude starts to deviate from linearity; for values of F/F. >
1.0, a superlinear behavior is quite distinct. It was shown that
this result does not depend on accounting for or disregarding
lattice dynamics in simulations.
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APPENDIX A: DETAILS OF SPIN AND SPIN-LATTICE
DYNAMICS CALCULATIONS

To apply HC3TM and HC2TM, in Egs. (3) and (4) spin
heat capacities were calculated as described in Sec. IV C, with
the Néel temperatures of all compounds extracted from the
spin heat capacities, which are summarized in Table II and
compared with the measured quantities.

The electronic heat capacities used in simulations are
obtained from the Sommerfeld model C.(T)= yT. For
GdRh,Si,, y = 6 mImol ! K~! is used, which is in the
range reported in [12,35]. For other compounds, y =
7 mImol ' K~! is used, except Sm. To test the impact of
electronic heat capacities on the main conclusions of our
paper, for SmRh, Si, we have performed calculations both for
y =7and 13 mJ mol~! K~!, which does not change the main
conclusions of the paper (the linear dependence of demag-
netization amplitude on laser fluence). The only difference
between two electronic heat capacities studied is a slightly
faster demagnetization rate for subpicosecond timescales, and
a bit higher demagnetization amplitude. Even for almost
twice higher y, the difference between the demagnetization

TABLE III. Coefficients for the fitting of M;/M, and M,/M,
functions.

Coeff. dfast ds]ow Tslow Ttast
Gd
M, /M, 0.1045 0.3199 80.09 6.198
M, /M, 0.3862 44.79
Tb
M, /M, 0.1927 0.3133 102.3 8.202
M, /M, 0.4332 35.29
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FIG. 11. Magnetization dynamics of GdRh,Si, (HC3TM) and
TbRh,Si, (HC2TM) and the fit with (a) M, (t)/M, and (b) M, (t)/M.

amplitude is around 15% in the studied temperature range,
and it does not affect the behavior with fluence, which is one
of the main results reported in the paper.

The lattice heat capacity C; for GdRh,Si; HC3TM sim-
ulations is calculated from the Debye model with a Debye
temperature Tp = 148 K reported in [35].

To confirm the two-step behavior of demagnetization in our
simulations, we followed the experimental paper [10], where
the same compounds were studied experimentally, and the
two-step demagnetization was observed for all compounds.
Specifically, the magnetization curves were fitted to the same
equation in the form

Ml (t)/MO =1- e(t)(dfast[l - CXP(—I/Tfast)]
+ dslow[l - exp(_t/Tslow)]),

where 6(t) is a Heaviside function. Magnetization reduction
from two processes is denoted dy,g and dgjow With correspond-
ing demagnetization times Teasysiow -

To compare with the case of only one exponent, we fitted
the same magnetization curves to the function

My (1)/My =1 —0(@)(d[1 — exp(—t/T)]).
The results of the fitting of magnetization dynamics with func-

tions M (t)/My and M,(t)/M, are presented in Fig. 11 for Tb-
and Gd-based compounds. It can be seen from Fig. 11 that the

TABLE IV. Force constant matrix elements for each pair i-j in

the two-formula-unit cell.

Pair i-j D, D, D,,
Dy Dyy .
D ¢Z)’ @,
1-1 5.17472 0.00000 0.00000
0.00000 5.17472 0.00000
0.00000 0.00000 6.26490
1-2 0.01013 0.00000 0.00000
0.00000 0.01013 0.00000
0.00000 0.00000 0.28652
1-3 0.21722 0.00000 0.00000
0.00000 —0.59987 0.00000
0.00000 0.00000 —0.97715
1-4 0.21722 0.00000 0.00000
0.00000 —0.59987 0.00000
0.00000 0.00000 —0.97715
1-5 —0.59987 0.00000 0.00000
0.00000 0.21722 0.00000
0.00000 0.00000 —0.97715
1-6 —0.59987 0.00000 0.00000
0.00000 0.21722 0.00000
0.00000 0.00000 —0.97715
1-7 —0.35841 0.00000 0.00000
0.00000 —0.35841 0.00000
0.00000 0.00000 —0.91007
1-8 —0.35841 0.00000 0.00000
0.00000 —0.35841 0.00000
0.00000 0.00000 —0.91007
1-9 —1.84982 0.00000 0.00000
0.00000 —1.84982 0.00000
0.00000 0.00000 —0.41154
1-10 —1.84982 0.00000 0.00000
0.00000 —1.84982 0.00000
0.00000 0.00000 —0.41154

function M (t)/M, provides a better fitting of magnetization
dynamics for both compounds. The values of fitting coeffi-
cients T, Teai/slow»> and d, diagi/siow for the curves in Fig. 11 are
given in Table III.

APPENDIX B: FORCE CONSTANTS CALCULATION

We used the Vienna Ab-initio Simulation Package (vasp)
[36] and phonopy [37] to compute the force constants re-
quired for spin-lattice dynamics simulations. First, we used
a two-formula-unit tetragonal unit cell to perform DFT cal-
culations using the projected augmented wave (PAW) method
[38], as implemented in vasp [36]. The exchange-correlation
functional was described using the generalized gradient ap-
proximation (GGA) with the Perdew-Burke-Ernzerhof (PBE)
parametrization [39]. A plane-wave energy cutoff of 500 eV
was applied for the basis set, along with a I'-centered
Monkhorst-Pack k-mesh of 20 x 20 x 10 to ensure conver-
gence of the total energy and local magnetic moments. To
accurately capture the localized nature of Gd 4f electrons,
we employed DFT 4 U calculations using the Hartree-Fock
approximation [40]. The rotationally invariant formulation
by Liechtenstein et al. [41] was applied with Coulomb
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FIG. 12. Phonon band structure of GdRh,Si,.

interaction parameters U = 6.7 eV and J = 0.7 eV for the
Gd 4f states, based on prior studies [42]. Before calculating
the force constants, the experimental unit cell [10] was fully
relaxed, optimizing atomic positions, cell shape, and volume
to meet a force convergence criterion of 1 meV/A. Force con-
stants for the relaxed structure were computed using phonopy
[37] and density functional perturbation theory (DFPT), as
implemented in vasp [36]. The force constant matrix ele-
ments (eV/Az) are tabulated in Table IV, with Gd at position
(0, 0, 0) in the two-formula-unit tetragonal cell containing 10
atoms taken as the reference. The atomic positions of Gd, Rh,
and Si in the two-formula-unit tetragonal cell are as follows.
The cell contains two Gd atoms, four Rh atoms, and four Si
atoms. The positions are given in direct coordinates:

Gd: (0.00000, 0.00000, 0.00000)
Gd: (0.50000, 0.50000, 0.50000)
Rh: (0.00000, 0.50000, 0.25000)
Rh: (0.00000, 0.50000, 0.75000)
Rh: (0.50000, 0.00000, 0.25000)
Rh: (0.50000, 0.00000, 0.75000)
Si: (0.00000, 0.00000, 0.37742)
Si: (0.00000, 0.00000, 0.62258)
Si: (0.50000, 0.50000, 0.87742)
Si: (0.50000, 0.50000, 0.12258)

The phonon band structure, shown in Fig. 12, confirms the
dynamical stability of the system, with no imaginary phonon
frequencies observed.
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FIG. 13. Spin, lattice, and electron temperatures in HC3TM for
GdRh,Si,.

APPENDIX C: ATOMISTIC SPIN-LATTICE DYNAMICS
SIMULATIONS

Coupled atomistic spin-lattice dynamics simulations
are performed, using Langevin dynamics, similarly to
Refs. [2,7,30]. In addition to spin dynamics governed by
Eq. (2), the lattice dynamics is described by

duk
=k — Cl
7 = U (CDH
d F, F/
Dk _ Tk Ty, (€2)

dr M M,

where the lattice damping constant is denoted v, and atomic
displacements and velocities are given by uy, vg, respectively.
The force at site k is defined by Fy = —dHs.p/0uy. The spin-
lattice Hamiltonian Hgyp is a sum of magnetic contributions
given in Eq. (1) and lattice contribution Hs;p = H + Hy,
where Hj | is

1 w1
Hu =3 ;cp;j, wpuy + 3 Xk:Mkv;jv;j, (C3)

where @,’jlv is the force constant tensor, and M, is the mass of
atom k.

In these types of Langevin simulations,
ploys stochastic fields F {l as white noise with properties
(F/L()F/ (") = 2D1.8,48,,,8(t —1). In our simulations, we
use D = vMkgT (see, e.g., Refs. [2,7,30]).

one em-

TABLE V. A crystal structure of studied compounds, used in atomistic spin-dynamics simulations. Specifically, a, ¢, V, and z are the
tetragonal lattice constants, the volume of the unit cell, and the free parameter of the Siions’ position, respectively.

Ln Ho Dy Nd Sm Pr Tb Gd

ad) 4.015 4.022 4.069 4.055 4.079 4.037 4.045
¢ (A) 9.89 9.90 10.11 10.04 9.986 9.95 9.98
V (A3 159.4 160.1 167.4 165.1 166.1 162.1 1633
z 0.3765 0.375 0.375 0.375 0.375 0.375 0.375
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FIG. 14. Dependence of the Heisenberg interaction between the Ln spins on the distance between them for all studied rare-earth compounds

calculated using the hutsepot code. The y-axis shows the quantity J;;R

RKKY mechanism in three-dimensional systems.

The lattice temperature 7; for the HC3TM is calculated

from the average kinetic energy of the lattice vibrations,
(Ef™) [kg.

APPENDIX D: CRYSTAL STRUCTURE

Table V displays the crystal structure of the studied com-
pounds.

APPENDIX E: SPIN, ELECTRON, AND LATTICE
TEMPERATURES IN HC3TM

The dynamics of spin, lattice, and electron temperatures
in HC3TM for GdRh;Si, is presented in Fig. 13. One can
notice that the electron temperature is rising first, followed
closely by the lattice temperature, which is in line with pre-

3
ij

which experiences long-range oscillations in space, similarly to the

vious experimental studies [12], where the thermalization of
electronic and lattice temperatures was observed during the
first picoseconds after the laser pulse. The rise of 7, and T; is
then followed by a much slower rise of the spin temperature.
The slow rise of spin temperature, in comparison, for example,
with 3d ferromagnets [2,7], is explained by a very low Gilbert
damping used in this work, which in the HC3TM model is
responsible for a transfer of heat between electronic and spin
subsystems [2,7], as well as being influenced by exchange
interactions. Therefore, the difference in temperatures dy-
namics, in comparison with 3d ferromagnets [2,7] previously
studied in HC3TM, is explained by different Gilbert damping
values, different force constants, and exchange interactions,
which influence magnetization dynamics and, therefore, the
temperatures “measured” during the atomistic spin-lattice dy-
namics simulations.
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FIG. 15. Dependence of the Heisenberg interaction between the Ln spins on the distance between them for all studied rare-earth compounds

calculated using the RSPt code. The y-axis shows the quantity J; ij/.,
mechanism in three-dimensional systems.

which experiences long-range oscillations in space, similarly to the RKKY
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APPENDIX F: LONG-RANGE CHARACTER
OF HEISENBERG INTERACTIONS

Here, we consider the long-range behavior of Heisenberg
magnetic interactions in all studied rare-earth systems. In

Figs. 14 and 15, the distance dependence is shown for the
Heisenberg interaction multiplied with a cube of distance.
Real-space oscillations of this quantity typically indicate the
RKKY mechanism, well-known for simple 3d ferromagnetic
metals [43].
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