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The elastic constants of an epitaxial film of FeRh have been determined experimentally in both ferromagnetic
(FM) and antiferromagnetic (AF) phases, using a combination of Brillouin light scattering and picosecond
acoustics experiments. The Cj; constant is noticeably larger in the FM phase than in the AF phase, while
C1; and Cy4 are both lower, leading to larger Rayleigh wave velocities in the FM phase than in the AF phase.
The elastic constants were calculated numerically using first principles anharmonic modeling and machine-
learned interatomic potentials. We find that using a temperature-dependent effective potential is indispensable to
correctly reproduce the experimental values to within 80 to 100%. The accurate knowledge of the temperature-
and phase-dependencies of the elastic constants of crystalline FeRh are valuable ingredients for the predictive
modeling of the acoustic and magneto-acoustic properties of this magnetostrictive material.

INTRODUCTION

FeRh is a fascinating magnetic material discovered in 1938
by M. Fallot [1]. It is currently being revisited in the light
of novel magnetic and spintronic applications. Its room-
temperature bistable antiferromagnetic (AF) states herald the
possibility of robust magnetic encoding [2—-5], while its first-
order transition to a ferromagnetic (FM) state is responsible
for large entropy changes promising solid-state magnetic re-
frigeration [6, 7]. This transition is accompanied by a sub-
stantial (~ 1%) iso-structural volume change [8, 9] that is in-
tertwined with the magnetic transition [10, 11].

While much attention has been dedicated to the magnetic
characteristics of this material, few experimental studies have
been devoted to its elastic properties as a function of the mag-
netic phase and/or temperature. Notably, there is no record of
the complete set of elastic constants C11, Cip and Cy4 of crys-
talline cubic FeRh in the literature. The value of Cj; is the
one that is most readily obtained, by measuring the longitu-
dinal acoustic wave velocity and the volume density p, with

Vi=/ ‘u Combining this value with a specific heat measure-

o
ment within a Debye model yields an estimate of the trans-
verse acoustic velocity, and hence Cyq given that Vy= %.

This enabled Cooke et al. [12] to estimate the values of Cy;
and Cy4 in the AF and FM phases, both obtained at room-
temperature by imposing slightly different Rh concentrations
in two distinct samples. No value has been provided so far for
C12, which is more challenging to measure. There is some-
what more data for polycrystalline FeRh [13—15], on which it
is straightforward to estimate the Young modulus E by mea-
suring bulk acoustic wave velocities. Finally, there is a sub-
stantial corpus of theoretical papers reporting DFT simula-
tions of the phonon band structure of FeRh [16-19], from

s3 which the elastic constants in both phases can be estimated.
s« However, to our knowledge, the explicit temperature depen-
ss dence of the C;; has never been determined.

ss  In this work, we measure experimentally the temperature
s7 dependence of Cyy, Ci2 and Cy44 in both AF and FM phases
ss of the same composition, by a combination of Brillouin Light
so Scattering (BLS) and picosecond acoustic wave interferome-
try. We follow the strategy developed for other materials by
61 previous authors [20-23] who measured the dispersion rela-
tions of phonons, using either inelastic BLS [20, 21] or time-
s of-flight methods [23]. For sufficiently complete datasets in-
e cluding different modes (bulk/surface, or Rayleigh/Sezawa),
es or various crystallographic directions, the elastic constants
6 can be recovered by global fits, e.g. using simplex methods
applied to the modeling of the acoustic wave dispersion. Our
e findings are supported by machine-learning molecular dynam-
ics simulation fits to ab initio data, and are in agreement with
previously published theoretical estimates [16—19], which re-
port a substantially larger Cy; and lower Ciy, Cs4 in the FM
phase, with respect to the AF one. Moreover, the measured
temperature dependence of the elastic constants is very well
7 corroborated by these temperature-dependent simulations.

75 The first sections of this article are dedicated to the descrip-
tion of the sample, and the BLS and picosecond acoustics
experiments. The following sections describe the analytical
modeling of the acoustic dispersion, the resulting deduction
of the elastic constants, and a comparison to available theoret-
ical elastic constants from our calculations and the literature.
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FIG. 1. Characterization of the AF to FM phase transition of FeRh
using VSM and reflectivity (inverted scale and normalized to its max-
imal value).

ing from an equiatomic target. The FeRh film was grown at
430°C after preheating the substrate in high vacuum for 60
min at the same temperature. An Ar pressure of 2.7 x 1073
mbar and a sputtering power of 50 W led to a deposition rate
of 2 nm min~!. The film was then annealed in situ in high
vacuum at 780°C for 80 min, and a protective 2-nm-thick Pt
capping layer was grown after cooling down the sample be-
low 120°C. X-ray diffraction characterization shows a high-
quality FeRh(001) out-of-plane texture of the sample and the
attainment of a homogeneous CsCl-type structure, showing
cube-on-cube epitaxy with the FeRh unit cell being 45° in-
plane rotated with respect to MgO [9]. Strain in the FeRh
film is largely relaxed (with the out-of-plane lattice parameter
¢ =2.988 A approaching the bulk value) due to the relatively
large thickness of the film. Transmission electron microscopy
imaging of a cross-sectional lamella allowed a more precise
determination of the film thickness, d = 195 +2 nm [24].

The AF <> FM transition of the sample is characterized
by both vibrating sample magnetometry (VSM, probing the
entire volume of the sample) and light reflection microscopy
(probing the topmost 10 nm of the film into which the Az =
635 nm light is absorbed). As shown in Fig. 1, the onset of
the transition occurs at very similar temperatures with both
methods, respectively ~ 89°C/98°C (warming and cooling
branch) from VSM and ~ 94°C/101°C from light reflection.
The slight discrepancy in the transition temperatures obtained
by these two methods arises from the difference in the probed
area and volume. The transition width is relatively narrow (=
10°C) and the sample possesses a very low (=~ 16 kAm™!)
residual magnetization at room temperature, both confirming
the excellent quality of the film.
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METHODOLOGY

The experimental approach is the following: using Bril-
louin Light Scattering, we measure phonon frequencies at
fixed temperatures and variable incident wave-vectors to ex-
tract the temperature-dependent dispersion relationships of
the first three acoustic modes (Rayleigh and two Sezawa
modes). We then perform temperature-dependent picosecond
acoustic wave interferometry to measure the longitudinal ve-
locity and obtain C;;(T). Fixing this value, we then adjust
C12(T) and Cu4(T) to reproduce the BLS-measured disper-
sion curves. To analyze the anharmonic and elastic properties,
we perform first principles calculations for 7 = 0, and then
augment these with a machine-learning inter-atomic potential
(MLIP) to be able to run large molecular dynamics simula-
tions, and to compute the temperature-dependence of phonons
and the corresponding elastic constants.

BRILLOUIN LIGHT SCATTERING MEASUREMENTS
Description of the experiment

Over the past few decades, BLS has proven to be a pow-
erful technique for characterizing elastic (via surface acoustic
waves, SAWs) and magnetic (via spin waves, SWs) properties
of thin films and multilayer structures. In our BLS experi-
ments, a monochromatic solid-state laser with a wavelength
of Agrs = 532nm and a power of 200mW is focused onto
the sample surface after passing through a set of mirrors and
lenses. The backscattered beam from the sample (according to
elastic and inelastic processes) is directed to a tandem Fabry-
Pérot interferometer at (3 + 3)-pass to determine the frequency
shift with respect to the incident beam. The wave-vector (k) is
determined by the angle of incidence of the laser with respect
to the normal to the sample (6;,) according to the relationship:
k =4msin6;,/Aprs. All the measurements carried out in this
work were made for a wave-vector parallel to the [100] (resp.
[110]) direction of MgO (resp. FeRh).

In Fig. 2(a) we present three spectra obtained for differ-
ent k values at room temperature (AF phase). Note that in
this phase, magnetic modes are expected to be out of the ob-
served frequency range. Three surface acoustic modes can be
seen, corresponding to the Rayleigh and the so-called Sezawa
guided waves. Lorentzian fits of these spectra are then per-
formed to obtain the positions of the Stokes (S) and anti-
Stokes (aS) lines, which correspond to negative and positive
frequency shifts respectively, fs and f,5. They were found to
be identical in absolute value.

Finally, an in-situ heating system was integrated into the
BLS bench in order to vary the temperature and perform mea-
surements in the uniform AF and FM phases (please refer to
Appendix A for technical details). As the temperature was
increased to enter the FM phase, a magnetic field of 200 mT
was applied to isolate the purely elastic modes.
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FIG. 2. Room-temperature (7=25°C), antiferromagnetic phase data : (a) BLS spectra at fixed temperature, variable wave-vectors. (b) Dis-
persion relationship of the first three acoustic surface modes: symbols refer to BLS data and solid lines are calculations with the FeRh elastic
coefficients C11=219, C1,=148 and C44=125 GPa, optimized via the procedure described in the text.

ities of the entire FeRh film over the MgO substrate system.
Sezawa 2?2 1 ™ Because acoustic waves in the magnetic film are slower than
in the substrate, a dispersive character is obtained, as clearly
1 w7 evidenced in Fig. 2(b) (room temperature measurement). Sur-
face acoustic waves have an evanescent-like decay perpendic-
ular to the surface with a depth of the order of the acoustic
wavelength (27 /k). As the wave-vector increases, the corre-
sponding acoustic wavelength decreases, exploring a volume
with a larger fraction of FeRh. At the lowest wave-vector, it
is essentially only the MgO substrate that is probed. For the
largest probed wave-vector, k=21.4 pm’l, the corresponding
Rayleigh | 1ss phonon wavelength is A=294 nm, a little thicker than the film.
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o 15 We now consider how the acoustic frequencies vary dur-

Temperature ( C) 17 ing a complete temperature warming/cooling cycle at fixed k

s = 15.18 um~! (Fig. 3). Strikingly, by comparing similar tem-

FIG. 3. Acoustic frequencies of the Rayleigh and first two Sezawa 1 peratures on the warming and cooling branches, one clearly
modes, measured at k=15.18 um ™! versus temperature. The back- w0 observes a hysteresis opening up, e.g about 0.63 GHz for the
ground color illustrates the nature of the magnetic phase (uniform 11 first Sezawa mode, 0.46 GHz for the second one and 0.17 GHz
antiferromagnetic or ferromagnetic, and mixed for the warming for the Rayleigh mode. This behavior is due to the hysteretic
branch). nature of the first-order AF<+FM phase transition of FeRh,
1+ which can be probed by the acoustic waves given the appre-

ciable ratio A /d between the wavelength and thickness. The
onsets of the transition for the heating and cooling branches
occur at approximately the same temperatures as for VSM and
reflectivity data in Fig. I. The slight discrepancy can be at-
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Two kinds of spectra were recorded : (i) at a fixed wave- |,

vector and variable temperature (k= 15.18 um™") used to lo- 14, tributed to a down-shift of the transition under magnetic field
cate the phase transition, and (ii) at a fixed temperature and ,, (the —8°C/Tesla shift recorded by Maat et al. [25] leads to
variable wave-vector, giving access to dispersion relationships ., a —1.6°C shift for the 200 mT field applied here), and to the
from which the elastic constants were extracted. 202 static heating induced by the CW laser beam. Finally, we em-
phasize that, away from the transition on either side, all mode
frequencies decrease with increasing temperature, a signature
of the usual decrease of acoustic velocities upon warming.
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PICOSECOND ACOUSTIC MEASUREMENT OF Cy;

The temperature-dependent BLS measurements give a set
of dispersion relations in the AF and FM phases. They reflect
the values of the (unknown) FeRh and (known) MgO elastic
constants, and the (known) film thickness, and material vol-
ume density. In order to narrow the parameter space to de-
termine the C;;s, we measure the longitudinal (bulk) acoustic
wave velocity independently.

For this, we use a standard pump-probe technique in which
a pump beam impinging on the metallic FeRh surface gener-
ates a picosecond-long acoustic pulse [26]. The probe beam is
passed through a Sagnac interferometer in order to detect the
displacement of the surface. Please refer to Appendix B for
more experimental details on this technique.

A typical time delay scan (Fig. 4(a)) results in an electronic
peak at the pump-probe coincidence, followed by a slow de-
cay over which appear features (echoes), corresponding to
the displacement of the surface upon arrival of the acoustic
wave after reflection off the FeRh/MgO interface. We point
out that the electronic response is much stronger in the AF
phase. While a proper analysis of this interesting feature is
out of the scope of this paper, we suggest this might be at-
tributed to the more electrically resistive nature of the low-
temperature phase. Within our time window, two echoes are
clearly visible, separated in time by a delay Ar related to the
longitudinal velocity: At Z‘Z. Measurements are then per-
formed at discrete rising temperature values on the warming
branch of the transition, and the values of A#(T') and V. (T') are
estimated precisely (see Appendix B for details). Using the
temperature/phase dependence of the volume density (see Ap-
pendix C), we obtain the thermal variations of Cy(T) using

C,
Vi(T)=/ 9T

from the 2 nm uncertainty on the d=195 nm layer thickness.

As is often the case in solid crystals, Cy; decreases steadily
with temperature. It undergoes a steep jump upon crossing
the transition (between 7=86°C and 107°C). Despite being
minute (a mere 2 ps), the difference in echo delays at the onset
of the transition (7=86°C) undoubtedly points to a larger Cy;
constant in the FM phase, with Cy1 4r ~216-218 GPa between
25°C and 86°C, and C11 rpr ~=228-232 GPa (T>105°C). These
values align with those found by previous authors [12, 13]:
Cooke et al. had similarly found an increase of Cy; from 218
to 236 GPa when going from AF to FM by changing the Rh
concentration, at 7=25°C.

(Fig. 4(b)). The main source of error comes

DETERMINATION OF THE ELASTIC CONSTANTS

Fitting procedure

We now follow the "layer-on-substrate”" approach of Far-
nell and Adler [27] to derive the frequency versus wave-vector
f (k) relationship of surface acoustic waves propagating along
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FIG. 4. (a) Longitudinal picosecond acoustic wave interferometry at
different temperatures, in the AFM phase up to 86.5°C, and in the FM
phase above. Inset: the arrival times of the echoes are found by fit-
ting the data after removal of the thermal background (here 7=70°C).
See Appendix B for experimental details. (b) The difference in echo
arrival time gives the velocity, and from there Cj; knowing the vol-
ume density.

constants of both materials are expressed in the [100] refer-
ence frame of MgO, labelling C;; the 7 /4-rotated C;; elas-
tic constants of FeRh and Cy ;; those of MgO (see Appendix
C for the explicit expressions of the [C], [C*] and [C] ten-
sors). Displacement waves in both materials are taken as lin-
ear combinations of z-damped terms of the general form u;
=Uje~%e/(—01) with here i=x,z, @ = 27f = Vk and j =
v/—1. Injecting these in the elastic dynamical equation and
imposing the adequate boundary conditions gives a system of

265 6 equations, whose determinant Z(V) must be nullified :

1 1 —1 —1 —1 —1
ro,1 o2 —nN - —r3 —r4
ap,1 ao,2 —ai —ap —as —day
(V)= ’ ’ 1
V) boy bor —bi —by,  —b3  —by (1)
0 0 a el kh a eq2k11 a3 eq3kh a4eq4kh
0 0 b pye®kh pre®kh peaskh

The full procedure is described at length in Appendix C,
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as well as the explicit dependency of the coefficients r, a and
b on the elastic coefficients of FeRh and V. The roots V; of
Eq. | correspond to the different acoustic modes, the lowest
one being the Rayleigh wave, the second and third being the
first and second Sezawa modes. It is then straightforward to
compute f;(k) = ‘2%‘ in order to compare to the experimental
fouplkexp) of Fig. 2(b).

Inspired by previous work [22, 28], we find the elastic con-
stants of FeRh by testing numerically a large set of (Cy,Ci2,
Cuq) values. C; is set by the picosecond acoustics measure-
ments (Fig. 4(b)), while Cj, was typically searched between
120-200 GPa, and C44 between 70-150 GPa in steps of 1
GPa. All the corresponding combinations were tested and we
choose the best solution as the triplet that minimizes the fol-
lowing figure of merit x:

X = ZZ |~@(Cl 1 7C127C44;kexp,laVp(kexp,l)|2
P I

2

In this expression, p=1,2,3 labels the Rayleigh, first and
second Sezawa modes, [=1..N; are the data points for a given

_ 2T fexplp
mode number, and V, (kexp,p)=—"2*

is the velocity com-
puted from the experimentally observed mode frequency at

wave-vector keyp p.

..
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11 o E
— AF phase 2 g hFM
@ 180+ Ea
o =
g C12 —"®
= 150_ e Q__. @ Q
&) e
s Q--..g---0
120+
Cay T
90-
20 40 60 80 100 120

Temperature (°C)

FIG. 5. Temperature-dependence of elastic constants of FeRh: de-
termined by the analysis of the BLS and picosecond acoustics data
(symbols with dashed lines, at more temperatures for the latter), or
calculated by TDEP anharmonic lattice dynamics (full lines). Note
that the latter were obtained in both phases in the entire temperature
range, and that we are only showing values relevant to the experi-
mentally observed phases.

Results

A typical adjustment in the AF phase at room-temperature
is shown in Fig.2(b), with the resulting calculated disper-
sion relation of the three acoustic modes plotted in full lines.
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An excellent agreement with the experimental data is found
for the following FeRh constants: C11=219, Ci,=148 and
C44=125 GPa. Note that the calculated Sezawa modes only
exist above a particular cut-off wave-vector (kg;=1.58 and
ks>=10.25 um~"), a well-known feature of these semi-guided
surface modes[27]. The fact that we nevertheless observe the
guided modes below ks, might be due to a slight misalign-
ment off high-symmetry crystalline axis. We have discarded
these points from the fitting procedure and only used points
in the interval k=13-21.4pum~'. The fitting procedure is ap-
plied to all the temperatures of the warming branch of Fig. 3.
The resulting temperature-dependent FeRh elastic constants
are shown in Fig. 5, with the error bars reflecting the uncer-
tainty on the film thickness (d=19542 nm).

We find Cy4 has a rather flat behavior with temperature in
the AF phase, and then decreases from 130 to 110 GPa at the
transition. This drop is similar to the one seen by Cooke et
al., albeit on very different values (77 to 57 GPa) estimated
quite indirectly from a heat capacity measurement. We evi-
dence a non-monotonic evolution of Cj; in the AF phase, with
a sharp increase (= 20 GPa) as the FM phase is approached.
While this is not unheard of (C2(T) of MgO is, for instance,
non-monotonous at low temperatures [29]), one might won-
der whether it is related to the volume increase taking place
at the transition. There is no previous record of any estimate
of C1, in either phase to compare our results to. Instead, we
can "isotropize" our coefficients into a Young modulus E, us-
ing the well-known Hill method [30], and compare it to val-
ues of the literature. We find in the AF phase E4r=187 GPa
(T=86°C), and a higher value EFr);=198 GPa in the FM phase
(T=107°C). This is reassuringly similar to the values found on
polycristalline FeRh by both Palmer ef al. [13]: E4r=196 and
Ery=211 GPa (T ~40°C), and by Ricodeau et al. [14, 31]:
Esr=170 (T ~25°C) and Ery=190 GPa (T ~100°C). Let us
recommend to compare absolute values of the elastic coeffi-
cients in different phases with caution if taken at very different
temperatures, or Rh concentration, since both of these param-
eters have a strong influence. Comparing to other materials,
it is worth mentionning that the elastic constants of FeRh (i)
vary overall more weakly with temperature than for instance
those of Fe [32] or MgO [29] (for which Cj loses ~6 GPa,
C12 =0.5 GPa and Cy4 ~1-2 GPa between 25°C and 125°C),
and (ii) are very similar, in the FM phase, to those of crys-
talline Iron taken at a similar temperature (7" = 125°C [32]):
C11=225, C1»=133, C44=114 GPa, to be compared to those
we found for FeRh in the FM phase : C11=227, C1=145,
C44=109.5 GPa.

NUMERICAL ESTIMATES OF C;; OF FeRh

We now discuss the first principles modelling of the elas-
tic constants of FeRh. To compare quantitatively to our ex-
periments, it is essential to go beyond the harmonic approx-
imation, by including thermal expansion and intrinsic anhar-
monicity, in particular for AF FeRh. Existing 7= 0 K theoreti-
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cal studies in the literature predict the appearance of an imagi-
nary phonon mode [17, 33-35], which prevents the evaluation
of thermodynamic quantities.

We employ the temperature-dependent effective potential
(TDEP) method [36-38] to include anharmonicity and renor-
malize phonon-phonon interactions. In order to reduce the
simulation costs while keeping the accuracy of DFT, we con-
structed two machine-learning interatomic potential (MLIP
[39]) models for the FM and AF phases. The details of the
simulations are described in Appendix D. We calculate the
elastic constants of both phases as a function of 7 (0 to 500
K, i.e -273 to 227°C) through their relation to the real space
interatomic force constants. Aschauer et al. [17] in partic-
ular showed the importance of non-linear elasticity in FeRh.
These effects on the measured C;; are folded in through the
temperature-dependence of the TDEP force constants.

Considering first 7= 0 K DFT values, Table I shows that
our results compare well with available literature [16, 17, 19],
with slight differences that can be attributed to the choice of
exchange and correlation functionals or the use of DFT+U.
The temperature-dependence of the elastic constants of FeRh
in both phases are then shown in Fig. 5, with values cut-off to
mimic the experimentally observed warming transition.

When comparing to the experimentally determined values
of C11, C12 and Cy4, a particularly good agreement is obtained
for Cy; in both phases, with a maximum discrepancy (in abso-
lute value) of 2.4%. For the other C;;s, the agreement is over-
all good, with a maximum discrepancy (in absolute value) of
23% for C1; and 13% for C44. More importantly, the tempera-
ture evolution is well described, particularly the changes when
going from the AF to the FM phase. It should be noted that
explicitly including atomic vibrations in the temperature evo-
lution is important for a quantitative description. In particular,
and as shown in Appendix D, only including thermal expan-
sion as a mechanism for the temperature evolution results in
an overestimation of the Cj; in the FM phase and the Ca4 in
the AF phase.
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Phase C11 (GPa) Cy, (GPa) Cyaq (GPa)
This work exp 25°C 219 148 125
This work DFT 25°C 224 177 116 s
AF This work DFT 0K 239 184 129 w6
He et al DFT 0K [16] 219 188 120 .,
Aschauer et al DFT OK [17]| 225 181 120 .
This work exp 121°C 227 145 109 1o
This work DFT 121°C 225 165 103
FM This work DFT 0K 262 169 111
He et al DFT OK [16] 278 179 110
Aschauer et al DFT 0K [17] 252 161 110 a2
Hao ef al DFT 0K [19] 259 162 111

TABLE L. Survey of the elastic constants of the C;; constants of FeRh
obtained by DFT computations and this work, at 25°C in the AF
phase and 121°C in the FM phase and comparison to our experimen-
tal data.
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CONCLUSIONS

We measured the phonon dispersion relationship of epi-
taxial FeRh/MgO using Brillouin light scattering at variable
temperature in both the uniform ferro- and anti-ferromagnetic
phases of this material. Modeling the obtained dispersion by a
"layer-on-substrate" approach, using the known parameters of
MgO, and the independently measured Cj; constant, we ob-
tained the other two constants; Cj2(T) and Csa(T). As is very
often the case, C1; is substantially larger than the other two.
Unlike the latter two, Cy; is larger in the FM phase than in the
AF phase. A temperature-dependent first principles modeling
of the elastic constants renders the experimental values very
closely. This work represents a substantial step towards the
accurate modeling of the magnon-phonon interaction, thanks
to a proper description of the elastic system in both phases,
and at varying temperature. In this respect, it should also pro-
vide a new tool to determine the role of strain in the intriguing
first-order AF-FM transition of FeRh.

APPENDIX A: DETAILS ON THE HEATING SYSTEM
INTEGRATED IN THE BLS SETUP

In order to study the sample in both AF and FM phases,
an in-situ heating system was integrated into the BLS bench.
This system is placed in the air gap of an electromagnet con-
sisting of a cylindrical oven with an internal diameter of 1 cm,
having an electrical resistance of 380 Q powered by a DC cur-
rent source to ensure the heating. The sample is held on a
metal rod with a thermal paste, inserted into the oven nearby
a thermocouple probe to get the heating temperature which
is adjusted from ambient to 150° C corresponding to a max-
imum current of 260 mA. For each temperature, the heating
process, thermal equilibrium and spectrum acquisition take
around 3 hours, corresponding on average to 1 count/minute
for the Rayleigh peak.

APPENDIX B: PICOSECOND ACOUSTICS

The picosecond acoustic pump-probe set-up is described
in Peronne ef al. [26]. The Sagnac interferometer measures
Im(Ar/r) where r is the amplitude reflection coefficient of the
light electric field. One can shows that this quantity gives the
modification of the phase of the electric field of the light in-
duced by the vertical displacement of the sample surface [40].
More specifically to these measurements, the laser repetition
rate was 80 MHz, with a modulation of the pump at 1 MHz.
Its wavelength was 773 nm, and the beam diameter was of the
order of ~ 15 um. The power of the pump beam was around
P=32 mW, that of the probe around 4 mW. The delay line was
scanned mechanically at 40 nm/ps. In order to determine pre-
cisely the arrival time of the echoes, the thermal background
is removed, and the peaks are fitted by a Lorentzian (inset of
Fig. 4(a)).
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APPENDIX C: DETAILS ON THE MODELING OF THE
ACOUSTIC DISPERSION

In this appendix we give the cumbersome details on how
the determinant of Eq. 1 is obtained. It is then used to deter-
mine the elastic constants of FeRh from the dispersion relation
measured by BLS.

Waves and tensors are all given in the <100> reference
frame of the cubic MgO substrate. For MgO we have:

Con Co2 Coz O 0 0

Co12 Co1 Coz O 0 0

Col= Coi2 Coi2 Cor O 0 O
0 0 0 Coas O 0

0 0 0 0 Coas O

0 0 0 0 0 Coss

The elastic coefficient tensor of cubic FeRh has an identical
symmetry, but needs to be /4 rotated to render the epitaxial
match condition of the layer on its substrate:

Ci, Cl, Ci; 0 0 O

c, Cij; C, 0 0 O
[C*]= CTS TZ C.;:S 0 0 0

0 0 0 ¢Ccy 0 0

0 0 0 0Cj O

0 0 0 0 0 C
with

J

Ci; = 3(Cii+Cr2) +Cas

ty =5(Ci1+Cr2) —Caa
T3 :C12

C33 =Cn

Ciy =Cau

Cio =3(C1i—Cn2)

Following Farnell et al. [27], the procedure to obtain the
ass dispersion relationship of the FeRh/MgO system is the fol-
lowing: (i) fix a wavevector k, (ii) calculate the implicit rela-
tionship relating the Rayleigh wave velocity V to the elastic
constants of each material, (iii) find the solution V (k) satisfy-
ing the boundary conditions at the film/substrate and air/film
interfaces.

With z the normal to the film and xlI[100], the partial waves
propagating in MgO and FeRh along x are respectively of the
ss3 form:

444

446

447

448

449

450

451

452

Ux,Oi )
uo(x,z,t) = Z 0 | e qike gilwr—ky) 3)
=12\ U, o
Ux,i
u(x,z,t) = 0 | e ke gilwr—kv) )
=4 \U,;

sss  The dimensionless coefficients g ;,g; convey the penetra-
ss5 tion profile of the displacements u, uy. Injecting these wave-
a6 forms into the elastic equation of motion leads to the two
as7 quadratic equations 5, 6. We label g; o (i=1,2) the two roots
s of Eq. 5 exhibiting a positive real part, and g; (i=1-4) the four
a0 Toots of Eq. 6. pp and p are the volume densities of MgO and
w0 FeRh respectively.

qo+

4 _C(%,44 - C(%,ll +(Co,12+Co4a)> + poV?(Co 11+ Coa4) 2+ (PoV? —Co,11)(poV? — Co.a4) — 0 )
Co,11Co.44 0 Co,11Co,44
&+ —Cii —C1C33 + (C3 +Ciy)> +pV2(C33 +Ciy) 7+ (pV2—Ci)(pV?—Cyy) _ 0 ©)
CisCi CisCi

The ratio of the amplitudes of the out-of-plane and in-plane
displacements for each solution in MgO and FeRh are labelled
ro; and r;. They are given by Eqgs. 7, 8, in which we recall that
the qo,;,q; depend on V.

ros(v.k) = Zzoi _ C110 —43,Caa0— poV? o
ilVs Ux.0i 790.:(Cr2,0 +Caa )
U,; C*—gCi—pV?
vy = G dCuo
Ui Jai(Ci3+Chy)

Finally, the conditions of continuous displacements and

(

s tangential and normal stresses across the interface, and zero
stress at the surface leads to a system of 6 equations with six
unknown amplitudes (Uy o1, Uy 02,Ux 1,Ux2,Usx3,Ux4). In or-
der to find the velocity V corresponding to the chosen k, one
must thus find the roots V; of the 6 x6 determinant (V) given
an in the main text, Eq. 1. The velocity intervenes through the
a2 dependency qo;(V,k),qi(V,k) and ro ;(V,k),r;(V,k) in the co-
a73 efficients ag;,a; and bo;,b; :

4

>

467

468

469

470



474

475

476

477

478

479

480

481
482

483
484

485

481

<3

487

488

489

490

491

492

493

494

495

49

=3

497

498

499

500

S]

501

502

503

aoi(V,k) = CC““’O (qo+ jro.i) )
44

ai(V.k) = gi+ jri (10)

bo,i(V,k) = jCi2,0+C11,0q0,70,i (11)

bi(V,k) = jCis+C33qiri (12)

The numerical values for Cp ;;(T') and po(T') of MgO were
taken from Sumino et al. [29]. The volume density of
FeRh was taken phase-dependent with pry=par/1.07=9957.7
kgm™3, where pyr=9888.49 kg m~3 was computed from in-
plane and out-of-plane lattice parameters | or = 2.987 Aand
¢l Ar =2.988 A measured by X-ray diffraction at room tem-
perature [9, 24].

APPENDIX D: DETAILS ON THE FIRST PRINCIPLES
ANHARMONIC MODELING

First principles forces and Machine-learning interatomic
potential

As a reference potential for the MLIP, we performed DFT
calculations with the Abinit suite [41, 42], using the PBE [43]
parametrization of the exchange and correlation functional
in the PAW formalism [44, 45]. To ensure the convergence
of the calculations, the kinetic energy cutoff was set to 20
Ha, while the Brillouin zone integration was discretized on
a2l x 21 x 21 k-point grid. The ground state lattice constants
obtained with these parameters are shown in Table II. They
are in agreement with previous theoretical results [17, 35] and
very close to room-temperature experimental values [24].

The MLIP were constructed using the Moment Tensor Po-
tential [39, 46]. For both phases, we set the level of the MLIP
to 22 and a cutoff of 5.6 is used, in order to ensure an ac-
curate description of important interactions for the B2 struc-
ture [47]. In the AF phase, to account for the spin-dependent
interactions between atoms, the spin up and down Fe atoms
were considered as distinct elements in the descriptor. The
DFT dataset was constructed self-consistently following the
MLACS algorithm [48], in which a molecular dynamics tra-

s04 jectory is driven by a MLIP which is trained regularly on con-
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figurations extracted from this dynamics. It should be noted
that the configurations are chosen randomly and not based on
an extrapolation criterion [49], to improve on the measure de-
fined in [48]. After each new addition to the database, the
thermostat and barostat of the MD run were set to randomly
generated temperature and pressure in the range 20 to 1200 K
and -2 to 2 GPa, to ensure a stable MLIP in the range of ther-
modynamic conditions considered in this work. To improve
the description of elastic properties, some strained configura-
tions were also included in the dataset. Once enough data is
available, the potential is validated by splitting the dataset into
testing and training sets, and the final MLIP were fit using the
energy, forces and stress.
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The resulting MLIP provides an accurate representation of
the potential energy surface provided by the DFT, as shown
in the good agreement for structural properties in Table II and
the energy, forces and stress correlation shown in Fig. 6.
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FIG. 6. Correlation plot between the MLIP and the DFT datasets.
Plot a), b) and c) are for the AF phase, and d), e) and f) are for the
FM phase.

a(A) Ci1 (GPa) Cy; (GPa) Cyy (GPa)
DFT AF (3.004 231 188 121
MLIP AF |3.004 239 184 129
DFT FM |3.019 267 169 114
MLIP FM|3.020 262 169 111

TABLE II. Comparison of structural properties at 0 K computed with
DFT and the MLIP using finite deformation and fitted using the elas-
tic package [50].



522 Molecular dynamics

With the MLIP, we compute the effective anharmonic
Hamiltonian from 50 to 450 K in steps of 50 K. For each
temperature, we run two 100 ps MD simulations on 8 x 8 x 8
supercells, with a time step of 1 fs using the LAMMPS
package [51]. The first MD run is performed in the NPT
(isothermal-isobaric) ensemble, and is used to compute the av-
erage equilibrium volume, while the second one employs this
equilibrium volume in the NVT (canonical) ensemble. Post-
processing is done using 900 uncorrelated configurations, ex-
tracted from the MD trajectory after 25 ps of equilibration.
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533 Temperature-dependent elastic constants

To describe the influence of the temperature on the elastic
constants, a common approximation is to neglect the explicit
effects of atomic vibrations and consider that the C;; evolve
only through the thermal expansion as
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Coapys(Q,T) = Copys((T),0) (13)
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where Q(T') is the volume. While this method often brings
a good description of the temperature evolution of the elastic
constants, explicit effects of the temperature can be important
to be quantitative.
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To go beyond this approximation, we can use the fact that
elastic constants are related to long wavelength phonons and
can be extracted using the slope of the acoustic dispersion
close to the I' point. Then, introducing the temperature evo-
lution of the phonons to extract the slope allows to include
the effects of temperature on the elastic properties. The slope
of the acoustic dispersion can be directly extracted from the
interatomic force constants @ as[52, 53]
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CocByE (Q,T) = _ﬁzq)g'ﬁ (Q’T)diyjdisj (14)
ij

where d,-yj is the distance between the unitcells of atom i and j
along Cartesian direction 7.
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To introduce finite temperature renormalization of the in-
teratomic force constant, and consequently of the Cyg,5 ten-
sor, we use the Temperature-Dependent Effective Potential
(TDEP) method. The method works by performing a least-
squares fit of the ®(Q,T) tensor using a set of forces and
displacements extracted from a NVT molecular dynamics
run [36, 37]. We used the implementation provided by the
TDEP package [54].

We compare the temperature dependence of both ap-
proaches in Fig. 7. While most of the C;; changed very little
when introducing atomic vibrations in the description, the FM
s6s C11 and the AF Cyy are significantly reduced.
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FIG. 7. Theoretical prediction of C;;s of FeRh in the FM and AF
phases. Markers are the direct prediction of the elastic constants us-
ing the TDEP method and full lines are a 3" order polynomial fit.
Dashed lines present results when only considering thermal expan-
sion in the temperature evolution of the elastic constants.
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