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ARTICLE INFO ABSTRACT

Keywords: FeRh thin films are grown on MgO(0 0 1), MgO(0 1 1) and MgO(1 1 1) single-crystal substrates at 600 °C by dc
FeRh alloy magnetron sputtering and post-annealed at the same temperature for 1 h. Effect of substrate orientation on
Th?n films structural and magnetic properties of FeRh films is studied using X-ray diffraction (Cu-K, and synchrotron ra-
IEE:::}t’ransition diation), temperature, and field dependent magnetization measurements. FeRh(0 0 1), (1 1 2), (0 1 1) orientated
Magnetism films with CsCl ordering are obtained on MgO(0 0 1), MgO(0 1 1) and MgO(1 1 1) substrates, respectively.

Epitaxial quality of FeRh(0 0 1) is relatively better than FeRh(1 1 2) and FeRh(0 1 1) films. The FeRh(0 1 1) film
grows on two orientation relationships: Nishiyama-Wassermann (NW) and Kurdjumov-Sachs (KS). Temperature-
dependent out-plane XRD measurements indicate an increase in c-parameter ~0.56% to 0.62% across the AF-FM
phase transition. The c/a ratio indicate that FeRh(0 0 1) film has in-plane compressive strain, while FeRh(1 1 2)
and FeRh(0 1 1) films have tensile strain. The c/a ratio and temperature-dependent magnetization measurements
(M-T) indicate that AF-FM phase transition can be tuned by appx. 52 K (388 K to 440 K) by variation of lattice
strain at FeRh/MgO interface. Thermal hysteresis of appx. 12.8 K, 17 K and 22.9 K is observed for FeRh(0 0 1),
FeRh(1 1 2) and FeRh(0 1 1) thin films. Larger thermal hysteresis is expected due to relatively poor epitaxial
quality of the FeRh(1 1 2) and FeRh(0 1 1) films as compared to FeRh(0 0 1) film. The larger remnant FM
component is observed in nominal AF state (room temperature) in all the samples, and is expected due to
combined effect of composition inhomogeneity, substrate-induced strain and defects.

1. Introduction

The near-equiatomic bulk FeRh alloy shows first-order phase tran-
sition from antiferromagnetic (AF) o phase to ferromagnetic (FM) o’
phase upon heating at a transition temperature (Ty) ~350 K [1,2]. Both
a’and o” phases are chemically ordered with CsCl structure. The AF-FM
phase transition in bulk FeRh is accompanied by an isotropic lattice
expansion by ~1% without symmetry change, thermal hysteresis of
~10 K, large change in entropy, change in local magnetic structure and
electrical resistivity [2-7]. The T can be tuned by sample preparation
conditions [8-10], heat treatment [11-13], composition [14-16],
doping [17-21], applied magnetic field [19,20] and pressure (strain)
[22-27] in bulk & thin films of FeRh. In recent years, FeRh epitaxial
films have drawn much attention as compared to its bulk counterpart,

* Corresponding authors.

because of its potential use in various technological applications such as
thermally assisted magnetic recording (TAMR) media [28,29], low-
power magneto-electric random access memory (MeRAM) [30-32]
and antiferromagnetic memory devices [33,34]. Compressive/tensile
strain can be induced in epitaxial films due to lattice mismatch between
substrate and film. Most studies on epitaxial FeRh films are focused on
(0 0 1) oriented films grown on MgO(0 O 1) substrate
[9,10,13,15,16,20,21,24-28,34-44]. Besides (0 O 1) substrates of
different lattice parameter such as SrTiO3, LaAlO3, and KTaO3 among
others, the properties of FeRh films on substrates of other orientations as
Al;03(0001) and MgO(1 1 1) have also been investigated
[24-27,30-32]. It is observed that in-plane compressive strain shifts the
T; to higher value (i.e. FM phase is stabilized), while in-plane tensile
strain shifts the T; to lower value (i.e. AF phase is stabilized) [24-27].

E-mail addresses: hardeepkumar@nituk.ac.in (H. Kumar), cornejo@if.usp.br (D.R. Cornejo).

https://doi.org/10.1016/j.jmmm.2022.169442

Received 8 December 2021; Received in revised form 25 April 2022; Accepted 1 May 2022

Available online 5 May 2022
0304-8853/© 2022 Elsevier B.V. All rights reserved.


mailto:hardeepkumar@nituk.ac.in
mailto:cornejo@if.usp.br
www.sciencedirect.com/science/journal/03048853
https://www.elsevier.com/locate/jmmm
https://doi.org/10.1016/j.jmmm.2022.169442
https://doi.org/10.1016/j.jmmm.2022.169442
https://doi.org/10.1016/j.jmmm.2022.169442
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmmm.2022.169442&domain=pdf

H. Kumar et al.

Bordel et al. reported that FeRh films with compressive/tensile strain
exhibit perpendicular/in-plane magnetic anisotropy in FM state.
Another important observation is that the Fe spin reorientation takes
place across the AF-FM phase transition in strained FeRh films [37]. It is
important to mention that the thermal hysteresis in FeRh thin films is
relatively broader (>15 K) than its bulk counterpart
[24-27,33,35,36,40-42,44]. Film structure and magnetic properties of
body centered cubic (bcc) thin films such as Fe, FeCo and Fe3Si depend
upon film orientation and the substrate employed [45-48]. The face
centered cubic (fcc) MgO(0 0 1), MgO(0 1 1) and MgO(1 1 1) substrates
have been commonly employed to investigate the effect of film orien-
tation on structural, magnetic and transport properties of bec thin films
[45-47]. Effect of film orientation on structure and AF-FM phase tran-
sition characteristics of FeRh films is missing in literature. Aim of pre-
sent work is to study the effect of film orientation on the structure and
AF-FM phase transition characteristics of FeRh films grown on MgO(0
0 1), MgO(0 1 1) and MgO(1 1 1) substrates.

2. Thin film growth and experimental details

The FeRh thin films have been grown on MgO(0 0 1), MgO(0 1 1) and
MgO(1 1 1) substrates all together using dc magnetron sputtering from
Fe and Rh targets (99.99% purity). Homogeneity among different sub-
strates is ensured by fixing substrates at identical positions on the
circumference of a circular substrate holder, and substrate holder was
rotated at constant speed of 20 rpm. Base pressure of sputtering chamber
was better than 2 x 1077 torr and substrates were introduced into the
chamber through load-lock. The substrates were kept at 600 °C for 3 h
prior to deposition in order to get clean substrate surfaces. The targets
were pre-sputtered for 10 min before deposition. The FeRh films were
grown using high purity Ar gas at 2 mtorr pressure. After the deposition,
the films were vacuum annealed at 600 °C for 1 h to promote the CsCl-
ordered structure (B2). The annealed FeRh films on MgO(0 0 1), MgO(0
1 1) and MgO(1 1 1) substrates are denoted as S1, S2 and S3, respectively
in the present study.

Rutherford backscattering spectroscopy (RBS) was used to determine
the film thickness and elemental composition. RBS measurements were
carried out using 2.2 MeV He" ions using a detector placed at scattering
angle of 170° in a pelletron-type accelerator. (LAMFI-USP, Brazil). The
RBS data was analyzed using MultiSIMNRA software [49]. The Multi-
SIMNRA software uses computational algorithms to minimize an
objective function running multiple instances of SIMNRA software [50],
thus finding the set of parameters that best fits simultaneously all
experimental data [49]. The structural investigation was carried out
using X-ray diffraction (XRD). The growth direction and out-plane lat-
tice parameter (c-parameter) was estimated using out-plane ©/20 scans
using Bruker diffractometer (Cu-k,, A = 1.5418 .7\). The mosaic
spreading and in-plane epitaxial relationship at FeRh/MgO substrate’s
interface was determined using rocking curve and Phi (¢) scan mea-
surements using Cu-ko, radiation (A = 1.54056 10\). The in-plane lattice
parameter (a-parameter) of FeRh film was estimated using in-plane w/26
scans/asymmetric reflections having in-plane component at synchrotron
XRD2 beamline (LNLS, Brazil) using incident photons of 8.048 keV en-
ergy. Temperature dependent out-plane ®/20 scans were measured
across the AF-FM phase transition during heating & cooling cycles at
synchrotron XRD2 beamline, LNLS, Brazil using incident photons of
8.048 keV or at BL-12 beamline, Indus-2, India using incident photons of
15.477 keV. Temperature and field dependent magnetization measure-
ments (M-T and M-H) were carried out using a vibrating sample
magnetometer (VSM) to study the AF-FM phase transition
characteristics.
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3. Results and discussion
3.1. Composition and thickness analysis

Fig. 1 shows the typical experimental RBS spectra along with simu-
lated curve for sample S1. The two-layer MgO/FeRh model assuming the
uniform FeRh composition failed to fit the RBS data. In order to describe
the realistic description of the composition of FeRh, the FeRh layer was
sub-divided into four layers to improve the fitting. The quality of fit was
evaluated by reduced Xz in the MultiSIMNRA software [49]. The FeRh
layer was subdivided into sublayers until the reduced y* does not
decrease by significant number during simulation. Simulated four-layer
structure of FeRh is MgO(Fe,Rh)/Fes9 3Rhso.7/Feas sRhy6 g/Fe304. The
Fe30y4 is the top layer (~5 nm thick) formed at the FeRh/air interface.
The Feys 211595 Rhye.g+15.95 is the second layer (5.7 nm), the Rh-rich
layer is expected to form due to Fe-deficiency in the layers below the
top Fe3Oy4 layer. The third layer is Fe49310.58 Rhsg.7+0.58 and is 89 nm
thick. The MgO(Fe, Rh) is the bottom layer adjacent to MgO substrate; it
is expected to form due to interfacial diffusion at MgO/FeRh interface.
Diffusion of Fe and Rh elements into MgO substrate is evident by the tail
in lower channel numbers of Fe and Rh peaks; diffusion of Fe and Rh is
evident from circled region in the inset of Fig. 1. Formation of interfacial
diffusion layer is reported for MgO/Fe tunnel-junctions [51,52] and
MgO/FeRh system deposited/annealed at temperatures higher than
450 °C [36,53]. In current work, the film deposition and annealing is
carried out at 600 °C, so similar effect is expected. For simplicity, the
four-layer structured FeRh film is designated as FeRh unless specified in
whole work.

3.2. Structural investigation

Fig. 2 shows /20 scans along the surface normal direction of the
samples. In all cases, diffraction peaks of the FeRh films stand for the
CsCl-type of ordered structure that is the B2 phase of FeRh. The
substrate-induced film orientation is evident from the XRD patterns in
Fig. 2: FeRh(0 0 1)/MgO(0 0 1), FeRh(1 1 2)/MgO(0 1 1), and FeRh(0 1
1)/MgO(1 1 1). The FeRh peaks are not perfectly symmetric but have tail
at lower angles for all the three samples similar to Bull et al. [53].
However, the FeRh peaks could not be fitted by a doublet Voigt function
by assigning one of the component peak to bulk (relaxed) FeRh with cg
of 2.9978 A used in ref. 53, neither by using ¢, of 2.988 A for bulk FeRh
(in AF state) [1,3]. It is concluded that 100% of FeRh film is strained in
all the studied samples. One of the possible reasons of asymmetric FeRh
peak with tail may be the coexistence of FM and AF phases at room
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Fig. 1. RBS spectrum along with simulated curve. Diffusion of Fe and Rh ele-
ments is evident by circled region in inset of figure.
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Fig. 2. XRD pattern of the samples (a) S1, (b) S2, and (c) S3, obtained by /20
scans along the film surface normal direction that is different for each sample.
Peaks (*) related to the CsCl-type ordering, B2 phase, are seen in all cases.

temperature. Bragg plane d-spacing of 002 (sample S1), 112 (sample
S2), and 022 (sample S3) reflections corresponding to AF phase is
determined from their peak 26 positions. For the sake of comparison, the
c-parameter calculated from the out-of-plane d-spacing values are re-
ported here as 3.028 A, 2.986 A and 2.996 A for samples S1, S2, and S3,
respectively in AF state.

Fig. 3 shows the rocking curves of the 001, 112, and 011 film re-
flections, corresponding to samples S1, S2, and S3, respectively. Line-
profile fitting with pseudo-Voigt functions provide values of 0.86°,
0.94° and 1.97° for the full width at half maximum (FWHM) of FeRh
reflections as a measure of mosaicity in the films of samples S1, S2, and
S3, respectively. However, to quantitatively compare these mosaicity
values it is necessary to convert them into the transversal broadening
AQin-plane = Q.Aw.FWHM of the reciprocal lattice points [54], that is
perpendicular to the diffraction vector of modulus Q = 2xn/d, as re-
flections of different d-spacing have been used. The aforementioned
FWHM values provide AQjq.plane = 0.032 A? (sample S1), 0.084 Al
(sample S2), and 0.102 Al (sample S3). Transversal broadening is
caused by reduced domain lateral sizes as well as angular misalignment
of the domains. Smaller the AQinplane Values, better the crystalline
quality of the film in the sense of larger diffracting domains and lower
degree of angular misalignment. For example, in the case of negligible
angular misalignment, the minimum values of lateral domain sizes that
can be inferred are about 20 nm (sample S1), 7.4 nm (sample S2), and

15
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6.2 nm (sample S3). The structural parameters extracted from XRD
measurements are summarized in Table 1.

Fig. 4 shows the ¢-scan curves and epitaxial relationship at FeRh/
MgO interface for all the samples. The ¢-scan of sample S1 is measured
by utilizing MgO{4 2 0} and FeRh{2 1 0} asymmetric reflections (see left
panel of Fig. 4(a)). Four equidistant peaks separated by 90° are observed
for both MgO{4 2 0} and FeRh{2 1 0}, however the FeRh peaks are
shifted by 45° relative to MgO peaks. It indicates the four-fold symmetry
of both MgO(0 0 1) substrate and FeRh(0 0 1) film, and FeRh[1 0 0] is
rotated with respect to MgO[1 0 0] by 45° around film’s normal.
Interpreted epitaxial relationship for sample S1 is FeRh(001)[110]

|| MgO(001)[100] and is schematically represented by right panel of
Fig. 4(a). Lattice mismatch (f) and out-plane strain (g,) are calculated
using lattice parameter of bulk FeRh in AF state (cp = 2.988 1°\) and
lattice parameter of MgO substrate a; = 4.216 A. Out-plane strain (g,) is

calculated using the expression: &, = “;j“ )

experimental out-plane lattice parameter of FeRh film. Estimated lattice
mismatch (f) for sample S1 is —2.13 x 10> It indicates that a-parameter
of FeRh film (v2.co = 4.225A) should compress by 0.21% along in-
plane [1 0 0] & [0 1 0] and should expand along out-plane [0 0 1] in
order to match the a;. Out-plane strain (g,) induced in FeRh film in
sample S1is 1.34 x 1072

Left panel of Fig. 4(b) shows the ¢-scan of sample S2. The ¢-scan is
performed by utilizing MgO{2 2 2} and FeRh{2 2 2} asymmetric re-
flections of MgO(0 1 1) substrate and FeRh film, respectively. Two peaks
are observed in ¢-scan of MgO{2 2 2} and FeRh{2 2 2} indicating the
two-fold symmetry of both MgO(0 1 1) substrate and FeRh(1 1 2) in the
in-plane. Interpreted epitaxial relationship for sample S2 is
FeRh(112)[111]||MgO(011)[011], and is schematically represented by
right panel of Fig. 4(b). The observed epitaxial relationship is similar to
as reported for Fe, FesSi, FeCo films and Fe/Cr superlattice grown on
MgO(0 1 1) substrate [45-47,55]. Estimated lattice mismatch (f) along
FeRh[110] and FeRh[111] is —0.21% and 15.2%, respectively. Out-plane
strain (g,) induced in FeRh film in sample S2 is —6.7 x 1074,

Left panel of Fig. 4(c) shows the ¢-scan of sample S3. The ¢-scan is
performed by utilizing MgO{4 2 0} asymmetric reflection of MgO(1 1 1)
substrate and FeRh{2 1 0} and FeRh{2 1 1} asymmetric reflections of
FeRh(0 1 1) film. The ¢-scan of MgO{4 2 0} shows six peaks, indicating
the six-fold symmetry of MgO(1 1 1) substrate. The ¢-scan of FeRh{2 1
0} and FeRh{2 1 1} asymmetric reflection shows six singlet and six
doublet peaks, respectively. FeRh(0 1 1) film is expected to have two-
fold symmetry rather than six-fold symmetry as evident from ¢-scan of
FeRh{2 1 0} reflection. When the atomic arrangement on MgO(1 1 1)
surface is considered, the FeRh(0 1 1) crystals of type-I is expected to
consist of three symmetry equivalent variants namely A, B and C. On the
other hand, type-II crystals consist of six symmetry equivalent variants
whose orientation is rotated about film’s normal by 120° and 60°,
respectively. Interpreted epitaxial relation is FeRh(011)[100]
[[MgO(111)[110] (type-I) employing FeRh{2 1 0} asymmetric reflection,

for all samples, here ‘c’ is the
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Fig. 3. Rocking curves of film symmetric reflections: (a) 001 (sample S1), (b) 112 (sample S2), and 011 (sample S3). Line-profile fittings with pseudo-Voigt functions
(solid red lines) are also shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Film orientation, lattice parameter, strain and mosaic spread details of all samples at room temperature.
Sample Substrate Film cA) Out-plane strain (€,) Mosaic spread a(d) c/a ratio
orientation (AF)
S1 MgO(0 0 1) 001 3.028 1.34 x 1072 0.86° 2.971 1.019
S2 MgO(01 1) 112 2.986 -6.7 x 107* 0.94° 2.993 0.997
S3 MgO(111) o1 2.996 2.67 x 1073 1.97° 3.009 0.996
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Fig. 4. The ¢-scan of samples (a) S1, (b) S2 and (c) S3 (left panels). Right panels show the corresponding schematic diagram of epitaxial relationship for all samples.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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while the ¢-scan of FeRh{2 1 1} asymmetric reflection indicate the
epitaxial relation as FeRh(011)[111]||MgO(111)[110] (type-II). The
epitaxial relationship of type-I and type-II crystals is similar to
Nishiyama-Wassermann (NW) [56,57] and Kurdjumov-Sachs (KS) rela-
tionship [58], respectively. The KS epitaxial relationship is obtained by

+5.26° rotation with respect to NW relationship. The ¢-scan results

indicate the co-existence of NW and KS relationship at FeRh(0 1 1)/MgO
(1 1 1) interface in sample S3. Three symmetry equivalent variants of
NW relationship namely A, B, C are shown in top right panel of Fig. 4(c),
two out of six possible symmetry equivalent variants of KS namely 1 and
2 are shown in bottom right panel of Fig. 4(c). Co-existence of NW and
KS relationships in sample S3 is in agreement with earlier reports on Fe,
and FeCo films grown on MgO(1 1 1) substrate [45-47]. Estimated
lattice mismatch along FeRh[1 0 O]nw, FeRh[011]xw and FeRh[1 T 1]ks
is —0.21%, 22.2% and 15.2%, respectively. These values indicate that
large lattice mismatch is involved in these configurations at FeRh(0 1
Daw/MgO(1 1 1) and FeRh(0 1 1)gks/MgO(1 1 1) interface. Out-plane
strain (g,) induced in FeRh film in sample S3 is 2.67 x 1073,

Fig. 5 shows the typical in-plane ©/26 scans with scattering vector
parallel to FeRh [0 1 0] and FeRh[0 T 1] for sample S1 and S3,
respectively. Estimated a-parameter is 2.971 A, 2.993 A and 3.009 A for
samples S1, S2 and S3, respectively. Epitaxial strain in FeRh due to
substrate is estimated from c/a ratio. The c/a ratio is 1.019, 0.997 and
0.996 for samples S1, S2 and S3, respectively. The c/a value indicate
that sample S1 has compressive strain, while samples S2 and S3 has
tensile strain. Fig. 6(a-b) shows the typical out-plane ®/26 scans
measured at various temperatures during heating and cooling cycle near
FeRh(0 1 1) peak in sample S3 using 8.048 keV photons (A = 1.54056 A
at XRD2 beamline, LNLS, Brazil. It is evident that diffraction peak shifts
towards lower (higher) angle as temperature increases (decreases) in
line with literature [15,41]. However, in few studies single diffraction
peak is found to split into two peaks in the AF-FM transition region,
indicating the coexistence of AF and FM phase in transition region
[40,42-44,59]. Non-observation of doublet peaks is expected due to
large temperature steps in the XRD measurements in present case similar
to earlier report [15]. Fig. 6(c) shows the variation of extracted c-
parameter as a function of temperature during heating and cooling
cycle. It is evident from Fig. 6(c) that c-parameter of FeRh film in sample
S3 increases upon heating & decreases upon subsequent cooling to room
temperature and exhibit hysteresis behavior and agrees well with liter-
ature [15,41,42,44]. Qualitatively similar results are observed for other
samples also (not shown). The maximum change in c-parameter across
the AF-FM phase transition is estimated to be ~0.62%, 0.56% and
0.56% for samples S1, S2 and S3, respectively.

o Expt.
— Voigt Fit

Journal of Magnetism and Magnetic Materials 556 (2022) 169442
3.3. Magnetic measurements

Fig. 7(a) shows the temperature dependent magnetization curves
(M-T) for all samples measured at magnetic field of 5 kG applied parallel
to film plane. It is evident from Fig. 7(a) that magnetization increases
with increase in temperature (due to conversion of AF phase to FM
phase) and at very high temperature, the magnetization saturates.
Estimated saturation magnetization (M) is in the range of 900-1000
emu/cm® for the studied samples, it is important to mention that
observed M; agrees well with the reported M of 700-1300 emu/cm®.
Upon cooling, the magnetization decreases from M to a minimum value
by conversion of FM phase to AF phase, and exhibit a hysteresis
behavior. Transition temperature during heating (T,) & cooling (T;) is
extracted from the maxima of first-order derivative of magnetization
(%/!) curve. Fig. 7(b) shows the typical temperature dependent variation
of & for sample S1. The estimated T, and T, values are summarized in
Table 2. The M-T and XRD measurements (section 3.2) allow us to find
the correlation between transition temperature (T,) and the degree of
strain in FeRh lattice in all the samples. It can be interpreted that
compressive/tensile strain shifts the T, to higher/lower value for sample
S$1/83. Smaller shift in T;, T, for sample S2 as compared to sample S3 is
expected due to relatively smaller tensile strain in sample S2 than S3.
The observed trend agrees well with earlier reports [24-27]. Thermal
hysteresis (AT,) is estimated from difference of T, and T{ values. The AT;
value is 12.8 K, 17 K and 22.9 K for samples S1, S2 and S3, respectively.
Reported AT, for bulk FeRh and thin films is appx. 10 K and > 15 K,
respectively [2,3,24-27,33,35,36,40-42,44]. Narrow thermal hysteresis
(ATy) in sample S1 is expected due to its better epitaxial quality as
compared to samples S2 and S3. Extracted magnetic parameters are
summarized in Table 2 for all samples.

Non-zero magnetization in the range of 187-249 emu/cm® is
observed for the studied samples near room temperature. Non-zero
magnetization (in nominal AF state) indicates the presence of a
remnant FM phase at near room temperature. The remnant magnetiza-
tion value is relatively higher than the literature; the observation is
supported by the existence of asymmetric FeRh peaks in ©/26 XRD scans
at room temperature. Fig. 8(a-c) show the field-dependent magnetiza-
tion (M-H) curves measured at high temperature in FM state and near
room temperature. A larger coercivity (H¢) is observed at high temper-
atures as compared to near room temperature. The non-zero but smaller
H,, M; values around room temperature indicates the coexistence of
both FM and AF phases at room temperature, which is well below the
transition temperature (T,). Larger H at high temperature indicates the
complete conversion of AF phase to FM phase. M-H measurements
support the finding of M-T curves around room temperature & obser-
vation of FM state at high temperatures. In literature, few recent works

3000 S3
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&

Fig. 5. Typical in-plane /20 scan for samples (a) S1 and (b) S3 measured using Synchrotron radiation. The scattering vector is parallel to FeRh [0 1 0] and FeRh[0 T
1] for samples S1 and S3, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. (a) Temperature dependent magnetization (M-T) curves for samples S1, S2 and S3 with an applied magnetic field of 5 kG parallel to film plane, (b) tem-
perature dependence of |%\ for sample S1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

report the existence of remnant FM phase in AF state. These studies
indicate that remnant FM may be due to composition inhomogeneity,
defects or interfacial strain due to substrate [36,38,39,60]. The RBS and
XRD analysis indicate the presence of composition inhomogeneity with

Table 2

Transition temperature (T, T’l) , thermal hysteresis (AT,), saturation magneti-
zation (M) and retained FM parameters extracted from M-T curves for all

samples. depth, different density of defects (lateral domain size) and out-plane

Sample  T: (K) T () ATe  M(emu/  Retained FM in AF strain as a function of substrate used. It indicates that observed

(Heating)  (Cooling) ~ (K) em’) state (emu/cm) remnant FM can be due to combination of these effects. However, the

exact origin of remnant FM in nominal AF state is not well-understood

51 440.2 427.4 128 965 201 [26]. Systematic studies on individual effect of composition in-
S2 390.6 373.6 17.0 901 249

3 387.9 365.0 229 999 187 homogeneity, strain and defects will help to understand their role in
stabilization of FM phase in AF state.

1000 1000
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S %P-—
R 35 0 — R
g § : f 5 /
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Fig. 8. Field dependent magnetization (M-H) curves measured at a high temperature (in FM state of FeRh) and at near room temperature for samples (a) S1, (b) S2
and (c) S3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4. Conclusions

In summary, the FeRh films with (0 0 1), (1 1 2), (0 1 1) preferred
orientation are formed on MgO(0 0 1), MgO(0 1 1) and MgO(1 1 1)
substrates, respectively. The FeRh(0 0 1) film is single-crystalline in
nature. The FeRh(0 1 1) film grows with two epitaxial relationships:
Nishiyama-Wassermann (NW) and Kurdjumov-Sachs (KS). The esti-
mated c/a values indicate in-plane compressive strain in FeRh film for
sample S1, and tensile strain in sample S2 and S3. XRD and magnetic
measurements indicate that that AF-FM phase transition in FeRh films
can be tuned by appx. 52 K (388 K to 440 K) by the variation of lattice
strain at FeRh/MgO interface by the selection of MgO substrate of
different orientation. Thermal hysteresis of appx. 12.8 K, 17 K and 22.9
K is observed for FeRh(0 0 1), FeRh(1 1 2) and FeRh(0 1 1) films,
respectively. The non-zero remnant magnetization around room tem-
perature indicates the presence of remnant FM phase in addition to
major AF phase at near room temperature.
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