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We present a detailed x-ray diffraction study of the structural evolution of epitaxial FeRh films across the
temperature-driven phase transition between antiferromagnetic and ferromagnetic order. FeRh films grown
onto MgO, W/MgO, and Al2O3 substrates show qualitatively different lattice distortions (tetragonal vs rhom-
bohedral), while keeping a sharp transition above room temperature. Temperature-dependent x-ray reciprocal
space mapping reveals the phase-specific crystal structure, giving access to both in-plane and out-of-plane
lattice parameters and crystalline coherence lengths across different stages of the phase transition. Diffuse x-ray
scattering from relaxed films is treated via a mosaic block model, which provides a robust data fitting scheme. It
is found that the ferromagnetic phase fraction can stand a larger amount of strain before completely annihilating
and transitioning to the antiferromagnetic phase upon cooling, as compared to heating. This is related to the
distinct magnetic exchange correlations in the antiferromagnetic and ferromagnetic parent phases.
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I. INTRODUCTION

Materials with interconnected structural and magnetic de-
grees of freedom often show emergent physical phenomena
and multifunctional properties such as prominent magne-
toelastic, magnetoresistive, or magnetocaloric effects [1–6].
These phenomena are particularly pronounced in connection
with a magnetostructural phase transition [7], which in turn
allows controlling the physical properties of the material via
several types of externally applied driving forces. A proto-
typical example for this material class is the equiatomic and
chemically ordered FeRh alloy, undergoing a first-order mag-
netostructural phase transition from antiferromagnetic (AF) to
ferromagnetic (FM) order just above room temperature (TM ∼
360 K) [8,9]. In thin films, the transition typically presents
a thermal hysteresis of around 10 K between the cooling
and heating cycles. It is accompanied by an isotropic lattice
expansion (0.5%) [10] and a reduction in resistivity (50%), as
a result of coupled structural, electronic, and magnetic order
parameters [11–13]. This feature of FeRh allows control of the
phase transition via temperature, magnetic field [14], strain
[15,16], electrical currents [17], or ultrafast optical pulses
[18–22]. The associated changes in magnetization, magne-
toresistance, and entropy make FeRh an interesting material
for magnetic recording [23], spintronic devices [24], or mag-
netic refrigeration [25]. Epitaxial FeRh films also constitute a
suitable magnetic platform for integration of two-dimensional
(2D) materials, such as graphene [26].
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While the most stable crystal structure of FeRh in both AF
and FM phases corresponds to a cubic CsCl-type lattice [10],
epitaxial strain in thin films caused by the mismatch with the
substrate leads to lattice distortions. Strain and microstructure
have profound consequences on the character of the phase
transition; for instance, compressive or tensile strain tends to
stabilize the AF or FM phase, respectively [14,27–29]. Tran-
sition properties of FeRh thin films have been investigated for
a great variety of substrates, such as glass or quartz [30,31],
MgO and Al2O3 [14], ion beam assist deposited MgO (IBAD-
MgO) [32], W [33,34], Ge [35], KTaO3 and SrTiO3 [36],
among others. A number of works also aimed at controlling
the phase transition using electric fields by coupling the film
to a piezoelectric substrate such as BaTiO3 [15,16,37,38] and
PMN-PT [39,40].

Beyond modifications of the transition temperature, the
film microstructure and strain also affects the preferential
orientation of magnetic moments in FeRh. In particular,
tetragonal distortion of FeRh films makes Fe spins adopt
in-plane or out-of-plane preferential orientation depending on
the lattice parameter ratio c/a, with a spin reorientation occur-
ring at the phase transition [32]. This phenomenon presents
interesting options for utilizing FeRh in spintronic devices
where AF magnetoresistance effects could be exploited [24].
Therefore, obtaining a good understanding of the lattice dis-
tortions across the phase transition in FeRh is crucial for the
assessment and control of its magnetic behavior.

A number of works have characterized the evolution of
FeRh lattice parameter across the AF-to-FM phase transition
using x-ray or neutron diffraction. These works, however,
only focused on bulklike specimens [10,41] or films deposited
onto MgO, where the evolution of the out-of-plane lattice
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parameter alone was reported [42–44]. In the same way,
description of the crystal structure across the phase transition
for FeRh systems on different substrates with significantly
different lattice distortions has not been reported thus far.1

In this work, we study the thermally induced magne-
tostructural transition in FeRh films on different substrates
via x-ray diffraction (XRD). We have analyzed epitaxial
FeRh films grown on different substrate systems: MgO(001),
W(001)/MgO(001), and Al2O3(0001). These substrates pro-
vide different growth conditions (dielectric vs metal) and exert
a distinct deformation (compressive vs tensile, tetragonal vs
rhombohedral) in FeRh films, which are critical parameters
having impact on the phase transition. For thin films the
abrupt first-order transition broadens and a pronounced phase
coexistence appears due to different parts of the sample pos-
sessing slightly different transition temperatures [45,46]. By
measuring temperature-dependent reciprocal space maps, we
resolve the evolution of the AF- and FM-phase-specific lattice
distortions during the transition, where coexistence of the two
phases occurs. Analysis using a mosaic-block model of the
diffuse x-ray scattering reveals fine structural details, giving
access to out-of-plane and in-plane lattice parameters as well
as vertical and lateral correlation lengths of the crystalline
lattice. Furthermore, we have investigated the asymmetric
strain features during the heating and cooling cycles, pointing
to the different role of exchange interactions in each direction
of the transition. Our study unveils the interplay of AF and FM
phases in terms of the phase-dependent strain inherent in the
system, which contributes to the understanding of the phase
transition in FeRh on the meso- and nanoscale [43,47,48].

II. EXPERIMENTAL METHODS

FeRh films were deposited using magnetron sputtering
from an equiatomic FeRh target at a base pressure lower than
5 × 10−8 mbar. Epitaxial FeRh thin films of different thick-
nesses were grown on MgO(001) and Al2O3(0001) substrates,
with the substrates being preheated to 723 K for 1 h before
deposition. Film growth was performed at the same tem-
perature at a fixed Ar pressure ranging between 2.5 × 10−3

and 2.8 × 10−3 mbar. The typical deposition rate for FeRh
was around 0.03 nm/s. In case of the FeRh films epitaxially
grown onto W buffer layers on MgO, an approximately 10-
nm-thick W layer was grown first on MgO(001) substrates at
723 K, following 1 h of substrate preheating. All samples were
postgrowth annealed at 1073 K for 30 to 60 min in the same
chamber, for the purpose of obtaining the desired CsCl-type
(B2 ordering) crystal structure. A protective 2-nm-thick Pt
capping layer was subsequently deposited on all FeRh films
once they were cooled down below 373 K.

The temperature-dependent magnetization was measured
via vibrating sample magnetometry (VSM) using a Quantum
Design VersaLab magnetometer in the temperature range of
200–400 K and in an in-plane applied magnetic field of 1 T.

1Additionally, time-resolved transient strain generated across the
transition upon ultrafast laser pulse excitation has been reported
[20,21]. However, this effect does not describe the equilibrium lattice
evolution occurring upon thermal cycling.

FIG. 1. (a) Configuration of the representative FeRh films em-
ployed in the study, indicating the fitted thickness values ob-
tained from the x-ray reflectivity (XRR) data. (b) XRR data (open
symbols) and corresponding fits (solid lines) for the FeRh/MgO,
FeRh/W/MgO, and FeRh/Al2O3 epitaxial films.

The structural analysis of the samples was performed via x-ray
reflectivity (XRR) and XRD using a Rigaku SmartLab (9
kW) diffractometer with Cu Kα radiation (λ = 1.5406 Å). A
double-bounce Ge(022) monochromator and a 5° Soller slit
were employed in the incident and diffractive optics, respec-
tively. For the temperature-dependent XRD measurements,
the sample was placed in a high-temperature chamber with
a hemispherical dome made of graphite, using a N2 gas envi-
ronment for improved temperature homogeneity. Reciprocal
space maps were acquired performing coupled 2θ /ω scans
at different ω orientations between the x-ray source and the
sample.

III. RESULTS AND DISCUSSION

A. Structural and magnetic properties of FeRh films on
different substrates

The thickness and layer structure of the FeRh samples has
been characterized via XRR (see Fig. 1), which reveals that
the films grow smoothly on all MgO(001), Al2O3(0001), or
W(001)/MgO(001) substrates. The XRR profiles were fitted
to a multilayer model from which we extracted the mea-
sured FeRh thicknesses of 48.4 nm (on MgO), 44.0 nm (on
W/MgO), and 55.2 nm (on Al2O3) [49]. For the FeRh film on
W/MgO, we have optimized the FeRh film deposition on top
of the W buffer layer such that the magnetostructural phase
transition occurs above room temperature. We concluded that
the thickness of the W buffer layer should be between 8 and
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FIG. 2. (a–c) Room temperature XRD θ -2θ scans for the FeRh/MgO, FeRh/W/MgO, and FeRh/Al2O3 films. (d–f) Temperature-dependent
θ -2θ scans during heating around the FeRh(003) diffraction peak for the films on MgO and W/MgO or around the FeRh(222) for the film on
Al2O3. (g–i) Superimposed temperature-dependent magnetization (left) and average out-of-plane lattice parameter (right) data for the same
samples. The magnetization data were corrected for the effect of applied magnetic field.

10 nm (being 8.0 nm for the sample in Fig. 1). The FeRh/W
interface has a fitted roughness value below 0.5 nm, indicating
negligible intermixing of the metallic layers despite the 1-h-
long postgrowth annealing employed here [49]. This suggests
that the W/MgO system is a highly appropriate template for
the growth of metamagnetic FeRh. The XRR measurements
confirm Pt capping layer thicknesses of around 2 nm for all
samples, sufficient to avoid oxidation of the FeRh layers.

Symmetric XRD θ -2θ scans at room temperature
[Figs. 2(a)–2(c)] indicate a high texture level of the FeRh
films on all three substrate systems. FeRh(001) textured films
are obtained for both MgO and W/MgO substrates, evidenced
by the (00l) diffraction peaks present up to the third order in
Figs. 2(a) and 2(b). The 8-nm-thick W buffer layer also shows
a (001) texture as evidenced by the W(002) peak. The film on
Al2O3(0001) exhibits FeRh(111) texture via the appearance
of the (111) and (222) diffraction peaks [Fig. 2(c)]. The x-
ray spectra in Fig. 2(c) also exhibit a broad, low-intensity
Pt(111) peak arising from the capping layer, as well as an
additional peak at 2θ = 48.4◦ corresponding to the (002)
reflection of fcc FeRh. This residual phase with a crystalline
order different from the CsCl type typically appears in slightly
Rh-rich FeRh films on c-plane sapphire, due to the substantial
lattice mismatch between FeRh and Al2O3 [50]. Pole figure
analysis of FeRh films on Al2O3 substrates did not indicate
any preferential in-plane texture for the detected fcc FeRh
fraction. Thus, we attribute the appearance of the paramag-
netic fcc residuals [51] to the misfit dislocations introduced
upon accommodation of the predominant CsCl-type FeRh
structure onto Al2O3(0001).

Figures 2(d) and 2(e) display several selected temperature-
dependent θ -2θ scans acquired during heating around the
FeRh(003) Bragg peak for films on MgO and W/MgO. A sin-
gle peak is present at lower temperatures, which corresponds
to a well-ordered fully AF phase. As temperature increases,
the peak splits into two, indicating coexistence of AF and FM
phases [42,43]. The peak at higher (lower) 2θ values decreases
(increases) gradually in intensity upon heating. Finally, a
single peak at a lower 2θ value indicates a larger lattice
parameter corresponding to a fully FM phase. Figure 2(f)
shows temperature-dependent θ -2θ scans for the FeRh(222)
reflection from the film on Al2O3, where an increase in lattice
parameter is also demonstrated upon heating.

The magnetostructural phase transition in FeRh films is
followed by extracting the out-of-plane lattice parameter dur-
ing the heating and cooling cycles. Figures 2(g)–2(i) show
the weighted average lattice parameter data for films on
MgO, W/MgO, and Al2O3 across the phase transition. The
out-of-plane lattice parameter for the film on MgO [in the
range of 2.995–3.016 Å, Fig. 2(g)] is always (irrespective
of the phase) greater than for the film on W/MgO [2.972–
2.995 Å, Fig. 2(h)]. Despite the opposite strain exerted by the
two substrates, the transition temperatures during heating and
cooling are similar for the FeRh films on MgO and W/MgO.
However, in the case of the Al2O3 substrate, the exerted tensile
strain apparently shifts the transition towards lower temper-
atures. The temperature-dependent magnetization [solid lines
in Figs. 2(g)–2(i)] shows excellent agreement with the average
out-of-plane lattice parameter. The saturation magnetization
value of around 1150 × 103 A/m at 400 K is in line with
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FIG. 3. (a)-(c) Schematics of the film-to-substrate lattice matching in the films considered in this study. The central panel exhibits XRD
azimuthal scans (ϕ scans) evidencing in-plane epitaxial relationships for (d,e) FeRh/MgO, (f,g) FeRh/W/MgO, and (h,i) FeRh/Al2O3. X-ray
reciprocal space maps showing asymmetric film and substrate diffraction peaks measured along the same azimuthal direction of the sample,
which are representative of the intended in-plane epitaxial matching lengths: (j) FeRh(103) and MgO(113); (k) FeRh(103), W(103), and
MgO(113); (l) FeRh(220) and Al2O3(20210).

previous studies [14] and a nearly zero magnetization is found
for all samples at room temperature. A residual magnetization
value of a few percent is generally observed at room tempera-
ture, as a result of stoichiometric inhomogeneities, crystalline
defects, and ferromagnetically stabilized regions at the film
interfaces [52,53].

The strain in FeRh films exerted by the different substrates
was further analyzed from the in-plane epitaxy. Figures 3(a)–
3(c) show schematics of the epitaxial matching of FeRh and
substrate crystals. The cubic FeRh lattice with a bulk lattice
parameter of 2.987 Å at room temperature [10] presents
excellent epitaxial matching to the fcc cubic lattice of MgO
(a = 4.212 Å) with a relative 45° in-plane rotation [Fig. 3(a)].
The MgO substrate induces an in-plane compressive strain
resulting from the lattice mismatch of εFeRh−MgO = 0.3%.
This leads to FeRh film growth with a tetragonal distortion of
c/a > 1 [14]. In order to stabilize FeRh films with c/a < 1,

growth on IBAD-MgO has been often employed [32]. In
our case a thin W buffer layer (a = 3.165 Å) is deposited
in between MgO and FeRh [Fig. 3(b)] for this purpose. The
high lattice mismatch between W and MgO (εW−MgO = 6.3%)
induces a substantial compressive in-plane strain in the W
lattice. However, high-quality epitaxial W films on MgO can
be achieved over a wide W film thickness range [54]. To
some extent, the thickness-dependent strain relaxation can be
exploited to lower the in-plane lattice parameter of a thin W
film grown onto MgO, which reduces lattice mismatch for
FeRh growth. Earlier it has been observed that FeRh films
grown on 40-nm-thick W buffer layers on MgO are massively
strained (c/a < 0.9), which led to suppression of the mag-
netostructural phase transition [55]. Apparently, considerably
thinner W films (8–10 nm) reduce the high mismatch between
the bulk W and FeRh lattices (εFeRh−W = −5.6%). This leads
to moderate in-plane tensile strain in FeRh while keeping
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TABLE I. Lattice parameters of the epitaxial FeRh films grown on MgO, W/MgO, and Al2O3 while in the AF (300 K) and FM (400 K)
phase. The quantities in parentheses indicate the strain value with respect to the bulk FeRh lattice parameter at 300 K; a = b = c = 2.987 Å.

300 K (AF phase) 400 K (FM phase)

c (Å) a (Å) c/a c (Å) a (Å) c/a

FeRh/MgO 2.9953 ± 0.0002
(+0.28%)

2.9820 ± 0.0003
(−0.17%)

1.0045 ± 0.0001 3.0157 ± 0.0001
(+0.96%)

2.9856 ± 0.0004
(−0.05%)

1.0101 ± 0.0001

FeRh/W/MgO 2.9722 ± 0.0001
(−0.50%)

2.9956 ± 0.0003
(+0.29%)

0.9922 ± 0.0001 2.9948 ± 0.0001
(+0.26%)

2.9981 ± 0.0005
(+0.37%)

0.9989 ± 0.0002

aR (Å) γR (deg.) aR (Å) γR (deg.)

FeRh/Al2O3 2.9936 ± 0.0002
(+0.2%)

90.26 ± 0.04 3.0050 ± 0.0003
(+0.6%)

90.12 ± 0.06

the desired c/a < 1 tetragonal distortion [49]. Finally, Figure
3(c) represents the epitaxial matching of FeRh(111) films on
Al2O3(0001). In this case, the substrate exerts a substantial
in-plane tensile strain as a result of a large lattice mismatch,
amounting to εFeRh−Al2O3 = −11.3%. The distance between
Fe (Rh) atoms in the (111) plane and the a-plane lattice param-
eter of Al2O3 are 4.224 and 4.759 Å, respectively. Epitaxial
growth, however, is still possible at the cost of introducing
a large amount of misfit dislocations (as indicated by the
presence of a residual fcc-FeRh phase) and a relatively high
misorientation of the crystalline grains. The majority CsCl-
type FeRh lattice fraction presents a rhombohedral distortion,
featuring a compressed unit cell along the out-of-plane [111]
direction.2

Figures 3(d) and 3(e) display azimuthal XRD scans (ϕ
scans), where the MgO(113) and FeRh(112) diffraction peak
intensities are monitored while rotating the sample. The four-
fold symmetry and the 45° shift between the film and substrate
peaks confirm the alignment of FeRh[100] with MgO[110].
Figures 3(f) and 3(g) show the same measurement for the
FeRh film on W/MgO, with the addition of the W(112) buffer
layer reflection, corroborating that the [100] directions of
FeRh and W match in the film plane. Finally, the ϕ scans
for the (112) and (220) diffraction peaks of FeRh (spaced by
120°) in Fig. 3(h) indicate the threefold in-plane symmetry of
the FeRh film on Al2O3. The azimuthal scans for the (1018)
and (1129) substrate reflections in Fig. 3(i) demonstrate that
the FeRh[112] lattice direction is aligned with Al2O3[1010]
in the sample plane.

2Due to the FeRh film growth at 723 K, the lattice mismatch
is altered for the high-temperature lattice configuration. The actual
mismatch between FeRh and MgO is slightly larger, whereas the
growth on both W/MgO and Al2O3 substrates is facilitated given the
mismatch decrease at 723 K with respect to room temperature. We
assume that additional irreversible changes in terms of dislocations
occur upon cooling the film to room temperature after growth. In
the main text the room temperature mismatch values are used as
a reference. Following [2,10] we estimated the mismatch values
at 723 K: εFeRh−MgO ∼ 0.48%, εW−MgO ∼ 5.9%, εFeRh−W ∼ −5.1%,
and εFeRh−Al2O3 = −10.8%.

The bottom panel of Fig. 3 exhibits the in-plane match-
ing conditions of the FeRh films in reciprocal space.3 The
film/substrate combined x-ray scans along a given sample
azimuth are taken for diffraction peaks belonging to lattice
planes oblique to the sample surface. Diffraction peaks pos-
sessing nearly equal in-plane components of the reciprocal
space vector are considered in each panel. Hence, for perfect
epitaxial film-to-substrate matching, one would observe their
peaks vertically aligned at the same Qx value, indicating
commensurate lattices. The overlap in Qx indicates how well
a film is accommodated to the substrate along the in-plane
direction of the sample.

Figure 3(j) displays the FeRh/MgO case, where the
FeRh(103) peak is centered at a lower Qx value than
MgO(113). This means that the in-plane lattice parameter
of FeRh is slightly larger than the MgO matching aMgO/

√
2

dimension, confirming the in-plane compressive strain exerted
by the substrate. A similar data set which additionally includes
the W(103) peak is shown in Fig. 3(k) for the FeRh/W/MgO
system. From the relative deviation in Qx of the MgO(113),
W(103), and FeRh(103) reflections, we conclude that the W
film is strongly contracted in plane, due to the large mismatch
with the MgO lattice underneath. In the same way, the FeRh
film is considerably expanded in-plane as compared to the
case in Fig. 3(j), due to the tensile strain exerted by W.
Even though the FeRh film here also has a larger in-plane
lattice parameter than aMgO/

√
2, this difference is now more

noticeable than in FeRh/MgO as a result of the W buffer layer.
Finally, the reciprocal space maps of in Fig. 3(l) reveal that
the FeRh film on Al2O3 has significantly released its tensile
strain as deduced from the moderate difference in the Qx peak
position for FeRh(220) and Al2O3(20210).

The lattice parameters of the fully AF and FM phases have
been quantitatively characterized for all samples by measuring
reciprocal space maps at 300 and 400 K, respectively [49].
The results are summarized in Table I, where the out-of-plane
and in-plane lattice parameters c and a, as well as their ratio
c/a, are indicated for FeRh films on MgO and W/MgO.
When warming up to 400 K, the main lattice expansion
occurs in the out-of-plane direction for both films on MgO

3Throughout the paper, we define the reciprocal space axes as Qx =
1
λ
[cos(2θ − ω) − cos ω] and Qz = 1

λ
[sin(2θ − ω) + sin ω].
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FIG. 4. Left panel: Thickness dependence of the phase transition
temperature TM during cooling (squares) and heating (circles) for
FeRh films on (a) MgO, (c) W/MgO, and (e) Al2O3, extracted from
VSM measurements. The horizontal dashed line represents the phase
transition temperature for bulk FeRh (∼360 K). The right panel
displays room-temperature symmetric x-ray θ -2θ scans for FeRh
films with different thicknesses near the FeRh(002) or FeRh(222)
reflections for films on (b) MgO, (d) W/MgO, and (f) Al2O3. Only
θ -2θ scans for films in the fully AF phase at room temperature are
shown.

and W/MgO. The actual change in a is about an order of
magnitude lower than that in c. In the case of FeRh/MgO, the
tetragonal distortion becomes more prominent at 400 K, while
for FeRh/W/MgO, the principal increase in c compensates
the distortion at 300 K by bringing the c/a value closer to
one. For the film on Al2O3, the rhombohedral lattice can be
represented by a single lattice parameter value aR and the
rhombic angle γR. A value of γR slightly greater than 90° at
300 K confirms the effective in-plane tensile strain exerted by
the Al2O3 substrate on the FeRh film. This strain is partially
relaxed when warming up to 400 K, as indicated by the small
reduction in γR.

B. Film-thickness-dependent strain
and phase transition temperature

The thickness of FeRh films with qualitatively different
lattice distortions has a significant impact on the magne-
tostructural phase transition. The thickness dependence of the
transition temperature has been reported for films on MgO,
KTaO3, and SrTiO3 [36], but not for films on W/MgO and
Al2O3. Figure 4 exhibits the phase transition temperature
during the heating and cooling cycles for films of different
thickness grown on MgO, W/MgO and Al2O3. The case

of FeRh/MgO is depicted in Fig. 4(a), where two different
thickness-dependent trends are apparent. For films thicker
than 40 nm, an increase in thickness is associated with a
slight reduction of the phase transition temperatures TM, cool

and TM, heat. This phenomenon is explained in terms of a
thickness-dependent strain relaxation of the FeRh film, such
that the transition temperature shows a recovery towards
the bulk value (TM,bulk = 360 K) upon increasing the film
thickness. Exemplary θ -2θ scans for the FeRh(002) reflection
in FeRh/MgO films [Fig. 4(b)] confirm that with increasing
thickness the FeRh(002) peak shifts to the right, indicating
strain relief. On the contrary, a reduction in the transition
temperature occurs upon reducing the film thickness below
tFeRh < 40 nm, in particular below 20 nm. The stabilization of
the FM phase at room temperature and the phase transition
temperature reduction in ultrathin FeRh films on MgO has
already been studied theoretically and experimentally. Its
origin has been attributed to stoichiometry inhomogeneities
and increased stress due to the substrate [56,57], as well as
to the role of ferromagnetically stabilized film fractions near
Rh-terminated interfaces [52,58].

For the W/MgO and Al2O3 substrates [Figs. 4(c) and
4(e)] we observe a single trend in FeRh film thickness. The
transition temperature approaches the bulk value at high tFeRh

values and it monotonically decreases upon reducing the film
thickness. In these two cases, the in-plane strain generated by
the substrate tends to expand the FeRh lattice, hence stabi-
lizing the FM phase and lowering the transition temperature.
Exemplary θ -2θ scans for the films on W/MgO and Al2O3

[Figs. 4(d) and 4(f), respectively] verify that with increasing
thickness both FeRh(002) and FeRh(222) peaks shift to the
left and become narrower, indicating relaxation of the com-
pressive out-of-plane strain. However, there is no available
theoretical prediction of the FM stabilized phase in films
on W/MgO and Al2O3. The steep decrease in the transition
temperature for lower thicknesses could be related to strain
accumulation as well as to the increasing presence of compo-
sition inhomogeneities due to the mismatch with the substrate.

C. Temperature-dependent evolution of the phase-specific
crystal structures

XRD reciprocal space maps across the entire region of the
magnetostructural phase transition were measured for FeRh
films on the different substrates. These data sets provide
detailed information about the FeRh lattice structure in the
transition region, where coexistence of AF and FM phases oc-
curs, allowing to investigate their mutual interplay. Reciprocal
space maps were obtained for both symmetric and asymmetric
diffraction peaks, giving access to structural details in the
out-of-plane and in-plane directions. The mathematical rep-
resentation of diffuse x-ray scattering from relaxed films pre-
senting defects such as misfit or threading dislocations is not
simple. We have followed the work by Holý and co-workers
in which relaxed layers are mathematically represented in the
form of densely packed, randomly rotated mosaic blocks of
spheroidal shape [59,60]. Within this model, it is assumed
that the crystal lattice of a block is randomly rotated and not
strained. The block boundaries are defined by networks of
threading dislocations, such that the model is characterized by
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FIG. 5. (a) Mosaic block model utilized to describe the diffuse
x-ray scattering from FeRh films. Mosaic blocks with spheroidal
shape are considered (Rx = Ry �= Rz). (b) Definition of symmetric
and asymmetric diffraction spots in reciprocal space, depicting the
peak parameters extracted from experimental data (see main text for
details).

the mean block radii (Rx, Rz) and the mean root square mis-
orientation 	 [see Fig. 5(a)]. Although the relation with actual
crystal lattice parameters (e.g., density of dislocations) is only
indirect, the mosaic block model is a useful mathematical
tool to model diffuse x-ray scattering from relaxed epitaxial
layers.

The information obtained from reciprocal space map mea-
surements as an input to the mosaic block model is summa-
rized in the schematics of Fig. 5(b). Symmetric and asym-
metric diffuse x-ray reflections are sketched in the (Qx, Qz)
plane with their position being indicated by the reciprocal
space vectors Qs and Qa, respectively. For relaxed films and
spheroid-shaped blocks, one can assume that the intensity
contours of the x-ray reflection in reciprocal space have nearly
elliptical shapes. The main axes of the ellipse are perpendicu-
lar and parallel to the diffraction vectors Qs and Qa [60].

For a symmetric reflection, the mean block size Rz in the
out-of-plane direction is related to the peak width δQs

z [see
Fig. 5(b)] via

Rz ∼ 1

δQs
z

. (1)

In addition, the peak width δQs
x [see Fig. 5(b)] is propor-

tional to [60] √
1

R2
x

+ (Qs	)2

6
, (2)

where Rx is the in-plane mosaic block radius and 	 the mean
quadratic misorientation. Correspondingly, we can distinguish
two scenarios for the peak width along the x orientation. If
the blocks are large and strongly misoriented (QsR	 � 1),
the quantity δQs

x is mainly influenced by the misorientation
	. On the other hand, if misorientation is small, δQs

x will be
indicative of the mosaic block size in the lateral direction.

In the case of an asymmetric reflection, the effect of
misorientation is now perceived along both Qx and Qz axes, as
it influences the peak width along the orientation perpendic-
ular to the diffraction vector Qa = Qa sin αî + Qa cos αk̂ [see
Fig. 5(b)]. The elliptical axis of the peak along this orientation

is then δQa
xz =

√
(δQa

x )2 + (δQa
z )2. Upon knowledge of the

peak widths δQs
x and δQa

xz, we obtain the following system
of equations,

1

R2
x

+ Q2
s 	

2

6
= (

δQs
x

)2
,

1

R2
x

cos α + 1

R2
z

sin α + Q2
a	

2

6
= (

δQa
xz

)2
, (3)

FIG. 6. Schematic of the measurement configuration employed
to acquire reciprocal space maps in the FeRh/MgO sample for (a)
the symmetric FeRh(003) peak (ω = 50.45◦, 2θ = 100.90◦) and (b)
the asymmetric FeRh(103) peak (ω = 72.80◦, 2θ = 108.84◦). Ex-
emplary data sets across the phase transition upon heating are shown
(c–e) for FeRh(003) and (f–h) for FeRh(103). The temperatures for
the data sets are indicated on the right-hand side.
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FIG. 7. Temperature dependence of out-of-plane lattice parameter c, in-plane lattice parameter a, and tetragonal lattice distortion c/a for
the AF/FM phase fraction during heating and cooling in the (a–c) FeRh/MgO and (d–f) FeRh/W/MgO films. Temperature-dependent (g)
out-of-plane and (h) in-plane projections of the rhombohedral lattice parameter in the FeRh/Al2O3 film. (i,j) show the specific temperature
dependence of the rhombohedral parameter aR and the rhombic angle γR. (k) Schematics and definition of the lattice parameters for films with
tetragonal and rhombohedral lattice distortions.

where Rx and 	 can be solved, given that Rz is computed from
Eq. (1).

Exemplary temperature-dependent reciprocal space maps
for symmetric (left panel) and asymmetric (right panel)
diffraction peaks are shown in Fig. 6 for the FeRh/MgO
sample during the heating cycle. Figures 6(a) and 6(b) display
the schematics of the measurement configuration utilized
for retrieving reciprocal space maps from the FeRh(003)
and FeRh(103) reflections, respectively. The low- and high-
temperature phases are characterized by a single diffraction
spot, while splitting of the peak occurs at intermediate tem-
peratures [Figs. 6(d and 6(g)], corresponding to phase coex-
istence. The peak splitting is prominent along Qz, whereas
barely no splitting [Fig. 6(d)] or moderate splitting [Fig. 6(g)]
is present along Qx for the symmetric and asymmetric reflec-
tions scans, respectively.

We acquired extended sets of reciprocal space maps on all
FeRh/MgO, FeRh/W/MgO, and FeRh/Al2O3 samples during
the heating and cooling cycles using temperature steps of 5
K and finer steps of 2 K in the transition region. We focused
on the FeRh(003) and FeRh(103) diffraction peaks for films
on MgO and W/MgO, whereas the FeRh(222) and FeRh(112)
peaks were followed for the film on Al2O3 [49]. The diffrac-
tion peaks from all reciprocal space map data sets were fitted
using two-dimensional Gaussian peaks, from which the peak
center and width was extracted. For simplicity, we assumed
that the width of the diffraction peaks along the Qz direction
is equal for both the AF and FM phases; i.e., the mosaic block
model does not account for phase fragmentation across the
thickness of the film. The assumption is well justified in the
case of well-ordered epitaxial films in which nearly the entire
thickness of the film coherently scatters x rays [43]. Using the
peak center data, the results from symmetric and asymmetric

scans were combined in order to correct for slight sample
misorientations that may occur during the temperature scans.
Technically, we imposed Qx = 0 for the symmetric diffraction
peaks at each temperature and propagated the corrected tilt
to the asymmetric diffraction peaks. From here, we obtain
phase-resolved (AF or FM) out-of-plane and in-plane lattice
parameter data across the entire transition.

The temperature-dependent phase-specific lattice parame-
ter data are shown in Fig. 7. For the tetragonally distorted
FeRh films on MgO and W/MgO, the out-of-plane lattice
parameter c [Figs. 7(a) and 7(d), respectively] follows mono-
tonic trends with temperature for both AF and FM phases.
AF and FM lattices expand upon heating and contract upon
cooling along the out-of-plane direction, thus following the
action of temperature-induced stress. The out-of-plane lattice
expansion accounts for the majority of volume increase across
the transition (	c ∼ 0.02 Å). The c parameter shows well
separated values for the AF and FM phase, following a
hysteresis in temperature when comparing the heating and
cooling cycles.

Additionally, the temperature-dependent in-plane lattice
parameter data for FeRh/MgO and FeRh/W/MgO are shown
in Figs. 7(b) and 7(e). The a-parameter variation upon com-
paring the pure AF and FM phases is far more limited than that
of the c parameter (	a ∼ 0.004 Å; see also Table I). This is
due to the limited ability of the lattice to accommodate larger
volume changes along the in-plane direction as a consequence
of the epitaxial clamping to the substrate.

Contrary to the c parameter, we find that the a parameter
does not follow a monotonic trend with temperature, but
shows more complex behavior during phase coexistence. For
FeRh/MgO [Fig. 7(b)], both AF and FM a parameters grow
during heating after the appearance of the FM phase at 367 K.
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However, the FM a parameter starts decreasing upon heating
above 373 K while the AF a parameter continues to grow.
Before the transition is completed, the minority AF film frac-
tion shows a larger a parameter than the complementary FM
phase. An equivalent kink in a is apparent for the FM phase
upon cooling. The AF a parameter initially shrinks while the
FM one grows as temperature decreases. Below 362 K the FM
a parameter changes its trend and both phases shrink in plane
upon cooling (see Fig. 7(b) and Supplemental Material [49]).

These trends can be qualitatively explained in terms of
the different stress contributions to which the in-plane lattice
parameter responds. While temperature-induced stress gener-
ally causes an isotropic lattice expansion upon heating, the
compressive in-plane stress exerted by the MgO substrate is
anisotropic in nature. The substrate prevents further in-plane
expansion of the FM phase upon heating as a larger film frac-
tion transitions from the AF phase. Consequently, the trend
is reversed and the FM a parameter slightly decreases upon
further heating. Additionally, the slight in-plane contraction
of the FM phase is in line with the Poisson effect, which
favors in-plane contraction upon the relatively large expansion
in the out-of-plane direction. Finally, the lateral mechanical
coupling between crystallographic grains in the film has to be
taken into account as well. FM grain contraction seems to be
balanced by a sharp increase of the AF a parameter in the
regions where the AF constitutes the minority phase fraction,
during both heating and cooling [Fig. 7(b)].

The in-plane lattice parameter data for the FeRh/W/MgO
reflects a similar situation as for FeRh/MgO, except for the
fact that the substrate now induces in-plane tensile strain.
Apparently this causes the AF and FM a parameters to follow
opposite trends during heating but not during cooling. While
the AF lattice expands in plane during heating, the FM lattice
contracts. During cooling, however, both AF and FM lattices
expand (see Fig. 7(e) and Supplemental Material [49]), with
a considerable increase of the a parameter in the FM phase
(3.0056 ± 0.0006 nm at 352 K) just before disappearing. This
in-plane expansion partially balances the reduced a parameter
of the emergent AF phase upon cooling, in line with the tensile
in-plane stress applied by the W/MgO substrate.

The different behavior observed in FeRh/MgO and
FeRh/W/MgO can also be analyzed with respect to the tetrag-
onal distortion ratio c/a [Figs. 7(c) and 7(f)]. For FeRh/MgO,
c/a ranges between 1.004 and 1.010; i.e. characteristic com-
pressive in-plane strain is present for both AF and FM phases.
The tetragonal deformation is more pronounced in the FM
phase. Conversely, the ratio c/a for FeRh/W/MgO remains
below 1 at all temperatures [Fig. 7(f)]. Here, the deformation
is largest in the AF phase, whereas c/a is very close to 1
within the fully FM phase (∼0.999). The ratio c/a approach-
ing 1 in either phase could be linked to a larger ability of the
lattice to act upon the combined presence of temperature- and
substrate-induced stresses. This is due to the reduced deforma-
tion restriction imposed by the Poisson effect when the lattice
adopts the most stable cubic configuration. It is worth noting
that despite the very different c/a ratios, both FeRh/MgO and
FeRh/W/MgO show equivalent unit cell volumes in fully AF
and FM phases (see Supplemental Material [49]).

For the FeRh film on Al2O3, we have obtained the out-
of-plane and in-plane projections of the rhombohedral lattice

parameter, a⊥ and a||, which are shown in Figs. 7(g) and 7(h).
The rhombohedral lattice parameter aR and the rhombic angle
γR [see schematics in Fig. 7(k)] are subsequently obtained
from these projections as

aR =
√

a2
⊥ + 2a2

‖
3

, cos γR = a2
⊥ − a2

‖
a2

⊥ + 2a2
‖
, (4)

and have been plotted for different temperatures in Figs. 7(i)
and 7(j). A significant change in the lattice parameter aR is
observed between the AF and FM phases (	aR ∼ 0.01 Å),
which accounts for the majority of the volume expansion
across the AF-to-FM phase transition. At the same time, a
gradual reduction of the rhombic angle γR between 90.28
± 0.04° and 90.14 ± 0.05° with increasing temperature
[Fig. 7(j)] accommodates the lattice expansion as well. Com-
pared to the films on MgO and W/MgO, the FeRh/Al2O3

film shows a larger lattice volume of the AF and FM phases
(see Supplemental Material [49]), which is in line with the
observed reduction in phase transition temperature.

Furthermore, the average mosaic block size (or crystalline
coherence length in terms of the grain size) across the ther-
mally driven transition has been obtained for the FeRh films
on different substrates. The fitted horizontal and vertical
grain sizes of the AF and FM regions are shown in Fig. 8,
in terms of the grain radii Rx and Rz, respectively. Figure
8(a) indicates that the lateral grain size (twice the radius)
in FeRh/MgO is about ∼60 nm in both AF and FM phases
(60.8 ± 0.3 nm at 334 K), while this value decreases down
to ∼22 nm in the transition region. Remarkably, these num-
bers are in excellent agreement with the typical nucleation
volume corresponding to discrete resistance jumps measured
across the AF-to-FM transition in mesoscale FeRh stripes.
The largest activation volume was estimated to be about
1.65 × 10−4 μm3, which corresponds to an in-plane grain size
of 59 nm [47].

The Rz data in Fig. 8(b) show that the vertical grain size
in both phases is comparable to the film thickness (48.4 ±
0.5 nm), while there is a reduction during phase coexistence,
analogous to the horizontal grain size behavior. A slight dif-
ference between the AF vertical grain size 2Rz (42.2 ± 0.3 nm
at 334 K) and the FM one (45.8 ± 0.2 nm at 393 K) emerges
when comparing data below and above the phase transition.
The difference of around 3 nm corresponds to the thickness
of FM interfacial layers at the film-substrate and film-capping
boundaries, which are present in the AF phase. This effect has
been previously identified using polarized neutron reflectom-
etry and x-ray photoemission techniques directly probing the
magnetic order [38,52,53]. Here, the interfacial FM regions
do not coherently scatter with the AF majority fraction of the
film, but they do when the entire film becomes FM above the
phase transition. This confirms that the grain size analysis
via XRD can be used to quantify the interfacial FM phase
thickness in FeRh.

The grain size data for FeRh/W/MgO are shown in
Figs. 8(c) and 8(d). The horizontal mosaic block size vs
temperature shows a similar behavior as for FeRh/MgO.
However, in this case the lateral crystalline coherence length
is about 17.2 ± 0.8 nm (at 310 K), significantly lower
than in FeRh/MgO. The decrease in grain size upon phase
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FIG. 8. Temperature-dependent in-plane (top panel) and out-of-plane (bottom panel) grain size in terms of the mosaic block radius as
extracted from the model described in the main text, for (a,b) FeRh/MgO, (c,d) FeRh/W/MgO, and (e,f) FeRh/Al2O3. The horizontal dashed
lines in (b,d,f) are indicative of the film half thickness in each case.

coexistence is very abrupt, indicating that the film shows a
high degree of AF/FM domain fragmentation during both
cooling and heating. On the other hand, the vertical grain size
(32.1 ± 0.2 nm at 310 K) is smaller than the film thickness of
44.02 ± 0.02 nm [Fig. 8(d)], which points to a certain loss
of crystalline coherence integrity or a non-negligible strain
gradient across the thickness of the film. The data indicate
a difference of about 4 nm between the grain size in the
FM and AF phases, which can be again explained in terms
of the contribution of the FM stabilized regions in the low-
temperature phase. Surprisingly, phase coexistence does not
present any substantial reduction in the vertical grain size.

Finally, the FeRh film on Al2O3 [Fig. 8(e)] features a
constant lateral grain size of about ∼22 nm (21.6 ± 0.2 nm
at 310 K) in the AF phase at all temperatures. This is in
contrast to the FM phase in which the grain size increases
up to ∼35 nm during phase coexistence. The vertical grain
size of 52.9 ± 0.1 nm at 310 K [Fig. 8(f)] is slightly smaller
when compared to the film thickness of 55.2 ± 0.2 nm. This
discrepancy may arise from the presence of a weak fcc-FeRh
fraction at the interface between the film and substrate, which
was also apparent in symmetric x-ray scans [Fig. 2(c)].

The mosaic block model was also employed to determine
the mean quadratic misorientation 	 of the crystallites in the
studied films. The obtained 	 values were 0.18 ± 0.02°, 0.6
± 0.1°, and 0.7 ± 0.2° for the FeRh films on MgO, W/MgO,
and Al2O3, respectively, indicating larger misorientation for
larger film-substrate mismatch.

D. Strain asymmetry during heating and cooling

A characteristic feature of FeRh films as opposed to the
bulk case is that the transition broadens due to the presence

of crystallographic defects and local stoichiometry variations.
As different parts of the sample possess slightly different
transition temperatures, coexistence of AF and FM domains
occurs [46], leading to smearing out of the sharp, first-order
phase transition. Some studies have found modest signatures
of asymmetry in films when comparing the cooling and
heating cycles, in terms of phase separation and domain
nucleation kinetics [43,61]. Recently, Uhlíř et al. found a giant
asymmetry of the phase transition in patterned submicron
FeRh stripes while measuring their temperature-dependent
resistance. While a broad transition was observed upon
heating, a collective response featuring a transition in few
abrupt jumps appeared during cooling [47]. Complementary
magneto-optical Kerr effect experiments confirmed that the
asymmetry is present when tracking the magnetization order
parameter as well [62]. The origin of this asymmetry was at-
tributed to the fact that while long-range FM order can persist
through regions of disorder, long-range AF order is easily
disrupted by defects, such as crystallographic site swapping
or grain boundaries. The asymmetry is more prominent upon
spatial confinement, as FM exchange interaction efficiently
stabilizes the high-temperature phase and favors a collective
FM-to-AF transition. In the reverse AF-to-FM transition, the
shorter AF exchange correlations cannot prevent fragmented
gradual transformation.

Related behavior can be observed here in the strain of
the FM phase, as the lattice in the high-temperature phase is
typically more deformed during cooling than heating. This is
apparent, for instance, from the out-of-plane lattice parameter
data in Figs. 7(a) and 7(d). In order to better visualize this
difference in the strain value, we acquired very high signal-
to-noise ratio symmetric x-ray scans on two FeRh/MgO films
of different thicknesses. Figure 9(a) exhibits c parameter data
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FIG. 9. (a) Temperature dependence of the out-of-plane lattice parameter for the AF/FM phases during heating/cooling for a 120-nm-thick
epitaxial FeRh film on MgO. (b,c) indicate the absolute value of phase-specific strain vs the complementary phase fraction 1−η for the AF
and FM phases, respectively. (d–f) display the same type of data measured for a 40-nm-thick FeRh film on MgO. Exemplary error bars are
included in (a,d).

for the AF and FM phases in a 120-nm-thick FeRh film,
which has been measured with 2 K resolution. It is evident
that the FM phase fraction reaches smaller c values during
the cooling cycle, while the AF phase fraction shows similar
maximum values of c during both heating and cooling. This
suggests that the FM phase can stand larger deformation,
being effectively supercooled before transitioning to the low-
temperature phase. It is useful to represent the phase-specific
strain4 as a function of the relative fraction of the complemen-
tary phase, as in Figs. 9(b) and 9(c). In Figure 9(b), data points
representing the relative strain of the AF phase are shown
as a function of the remaining FM phase fraction,5 1 − ηAF.
The data show a gradual, monotonic increase of strain in the
AF phase as its relative fraction in the film increases. The
maximum relative strain reaches a highest value of ∼2 × 10−3

during both heating and cooling. In the case of the FM phase,
however, we find a strain asymmetry when comparing the
cooling (∼3 × 10−3) and heating (∼2 × 10−3) cycles at those
stages where the FM phase constitutes a minority fraction in
the system.

The ability to stand larger deformation can be linked to
the more robust character of the FM exchange interaction
in the presence of ubiquitous defects in the films. On the
contrary, short-distance AF correlations lead to small domains
with coherent AF ordering [63]. While this difference in
magnetic correlations shows most remarkable effects only
upon nanoscale geometrical confinement of FeRh [47,62], it
is still observable in the structural properties of thin films,
despite its signatures being subtler [43].

4The strain values here are defined as phase specific; i.e., the quan-
tity ε for the AF and FM phase is defined as the deformation with
respect to the values at lowest and highest temperatures, respectively.

5ηAF, ηFM are defined such that ηAF + ηFM = 1.

Analogous data sets are presented in Figs. 9(d)–9(f) for a
40-nm-thick FeRh film, where the maximum strain observed
in the FM phase is also larger during cooling than in the
heating cycle (∼ 1.7 × 10−3 vs ∼ 1 × 10−3). The strain levels
for the minority AF phase are again comparable. One can
also notice that the strain dependence on the complementary
phase fraction [Figs. 9(e) and 9(f)] shows a slightly different
trend, reaching saturation as 1 − η approaches 1. This is an
indication of larger mechanical coupling to the substrate (the
thinner film is less relaxed), making the AF and FM phase
lattices less susceptible to accommodate the strain exerted
upon temperature variations.

IV. CONCLUSIONS

In conclusion, we have investigated the temperature-
dependent structural properties of AF and FM phases in
epitaxial FeRh films grown on different substrates (MgO,
W/MgO, Al2O3). The three substrates induce different tetrag-
onal (c/a > 1 and c/a < 1) or rhombohedral distortions. In
combination with appropriate buffer layers, the c/a value
in tetragonally distorted films can be tuned in the range of
0.99–1.01 while preserving the phase transition above room
temperature. Similarly, the effect of strain relaxation on the
phase transition temperature upon varying the film thickness
was inspected for all substrate systems. Reciprocal space map
measurements for films of comparable thickness on all the
substrates were acquired, resolving the phase-specific struc-
tural information in great detail. The lattice parameters as well
as the crystalline coherence lengths in terms of grain sizes
were determined in the out-of-plane and in-plane directions of
the film across the phase transition. The crystalline coherence
length analysis of phases above and below the transition
temperature identified that the out-of-plane AF grain size is
smaller than the FeRh film thickness by 3 nm. This can be
associated with the persistence of ultrathin interfacial FM
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regions at room temperature, which is in agreement with avail-
able depth-resolved polarized neutron reflectometry studies.
Finally, we found that the FM phase fraction is considerably
more strained during the transition upon cooling (by about
30%), whereas the maximum strain level in the AF phase was
identical during both heating and cooling. We suggest that this
observation is linked to the larger FM correlation length (as
compared to the AF one) when initiating the transition from a
pure FM phase.

The observations presented here reflect fine details of the
structural interplay between AF and FM phases in FeRh
films with a great variety of achievable lattice distortions.
This could also be useful as an input for theoretical calcu-
lations, which have recently aimed towards unveiling hidden

strain-dependent magnetostructural transitions in this material
[64–66].
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