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In this work, we report the experimental results obtained on a set of �90 nm thick FeRh epitaxial

films deposited on MgO (001), MgO (111), and Al2O3 (0001) single crystal substrates. The

magnetic characterization was achieved by measuring magnetization curves and ferromagnetic

resonance as a function of temperature and orientation of the films with respect to the applied

magnetic field. We discuss our results by comparing the characteristics of the antiferromagnetic-

ferromagnetic transition among FeRh films of the same thickness but exposed to different post-

growth annealings and deposited on substrates of different crystalline orientations. We have found

that there is a correlation between the strain present in the films and their magnetic behavior,

observing that a change in the in-plane stress from compressive to tensile tends to shift the mag-

netic transition by more than 60 K. The interplay between magnetic and elastic properties was fur-

ther analyzed by ferromagnetic resonance, and we have found that the magnetoelastic component

of the anisotropy varies from out-of-plane to in-plane, depending on the substrate. These findings

could be of great importance if a precise tuning of the magnetic transition temperature or the mag-

netic anisotropy is needed for a specific application. Published by AIP Publishing.
https://doi.org/10.1063/1.5020160

I. INTRODUCTION

It is well known that bulk FeRh undergoes a very

unusual transition from an antiferromagnetic (AF) a00 to a

ferromagnetic (FM) a0 phase upon heating from room tem-

perature (RT) to above TAF�FM � 300� 370 K, preserving

the crystal symmetry and accompanied by �1% lattice

expansion.1–4 In the a00 phase, Fe spins are ordered AF in the

[001] direction, with a net magnetic moment of 3.3 lB, while

Rh ions display no magnetic moment. In the a0 phase, all the

spins are aligned ferromagnetically, also in the [001] direc-

tion, with a magnetic moment of 3.2 lB contributing from

the Fe and 0.9 lB from the Rh atoms.

The crystal structure of the Fe50Rh50 alloy is CsCl type,

and the AF-FM transition is of first order with a thermal hys-

teresis of the order of 10 K in bulk materials. In Fig. 1, we

reproduce schematically the bulk phase diagram reported in

Ref. 3, focused on the magnetic behavior around the 50%

composition region. Note that the AF-FM transition tempera-

ture tends to increase by more than 50 K when the Rh con-

centration changes from 50% to 55%. Fe-rich alloys display

a bcc a phase that converts into the paramagnetic (PM) fcc c
phase at high temperatures. The a$ c transition is of

martensitic type.5 According to Ref. 2, the c phase can be

retained at room temperature by rapid quenching from the c
field for alloys between 25% and 40% Rh. In thin films, the

phase diagram and their boundaries are not clearly estab-

lished yet, so the presence of small amounts of secondary

phases, like the bcc a (FM) or fcc c (PM), is often observed

in nearly equiatomic FeRh films.6,7

Although FeRh is not the only compound that develops

this unusual AF to FM transition,8 it is indeed unique in the

sense that TAF–FM can be significantly above room tempera-

ture. Beyond the basic interest in the underlying physics, this

feature makes FeRh a very interesting material for techno-

logical applications, such as thermally assisted magnetic

recording9 or resistive memories.10 Although the bulk binary

system (Fe, Rh) has been extensively studied since the 1940s

and rather complete phase diagrams were obtained, work in

FeRh thin films has only started relatively recently because of

the potential applications in magnetic storage.6,7,9,11–15 There

is experimental evidence that substitutional doping,16 magnetic

field,11 strain,17 film thickness,13 etc., can be used to modify

and tune the magnetic behavior. Until 2014, most studies were

focused on (001)-oriented FeRh films deposited on MgO(001),

and it is only very recently that piezoelectric BaTiO3 (BTO)

and ferroelectric 0.72PbMg1/3Nb2/3O3–0.28PbTiO3 substrates

are being used.18 Recently, Cherifi et al.19 reported the electric

field controlled phase transition in the FeRh/BaTiO3 hetero-

structure: electric field controlled piezoelectric strains in the

BTO substrate allow to change the TAF�FM transition by 25 K.
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Therefore, recent studies demonstrate that electric field con-

trolled substrate strain is a key parameter to control the FeRh

phase transition. Additionally, new efforts have been concen-

trated in understanding the effects of film strain on the mag-

netic and transport properties of FeRh films.20,21 In this

context, and to complement these studies, we report in this arti-

cle the interplay between magnetism and substrate induced

strain effects on FeRh thin films deposited on different single

crystal wafers. In particular, we have studied the growth of

FeRh thin films deposited on MgO (001), MgO (111), and

Al2O3 (0001) substrates. In our work, at difference of other

reports, the chosen substrates induce different epitaxial orienta-

tions of the films.

II. EXPERIMENTAL PROCEDURE

FeRh thin films with nominally equiatomic composition

were deposited at 5 mTorr Ar pressure onto MgO (001),

MgO (111), and Al2O3 (0001) (c–Al2O3) single crystal sub-

strates by dc magnetron sputtering from separate Fe and Rh

targets (99.99% purity) in an AJA 2000 sputtering system.

The films were all grown at the same time and were not

capped. The deposition process to obtain films with good

epitaxial grow was optimized at T¼ 525 �C, a rate of

�0.03 nm/s, and a base pressure of 1.2� 10�6 Torr. The

nominal thickness of the films was chosen to be approxi-

mately 90 nm and was afterwards determined by Rutherford

Backscattering Spectrometry (RBS). We did not detect oxy-

gen in the RBS composition analysis of the samples. The

crystal structure of the FeRh thin films was probed with x-

ray diffraction (XRD) experiments that were conducted in a

Rigaku Ultima theta-theta system and a 3-circle Huber dif-

fractometer (k¼ 0.154056 nm) at IF-USP (Brazil).

Complementary phi-scans were performed using a 4-circle

Huber diffractometer (k¼ 0.154056 nm) of the X-ray

Laboratory of the University of Guelph (Canada).

The magnetic characterization of the samples was

accomplished by performing dc magnetization (M) and fer-

romagnetic resonance (FMR) experiments. The magnetiza-

tion measurements were conducted in a home-made Faraday

balance magnetometer, operating between 280 K and

1000 K, with a maximum applied field (H) of 1 T. In this

experimental setup, the direction of the magnetic field is

always parallel to the film plane. FMR spectra were acquired

using a commercial Bruker ESP300 spectrometer operating

at a microwave frequency of 9.4 GHz (X band). The samples

were placed in the center of a rectangular resonant cavity,

where the derivative of the absorbed power was measured

using standard field modulation and lock-in detection techni-

ques with amplitudes in the range of 5–20 Oe. The samples

could be rotated inside the resonator in order to collect the

spectra for different orientations of the films, and the temper-

ature dependent experiments were performed in the range of

300–480 K.

III. EXPERIMENTAL RESULTS

A. Film growth and epitaxy

The composition and thickness of each sample were

determined by using RBS. For the films used in this study,

we have determined a 55% at. Rh and a thickness of 92 nm.

The rest of the relevant parameters are summarized in Table

I. Most of the samples were post-annealed at T � 700 �C for

four hours in vacuum to promote the atomic order of Fe and

Rh species. The quality of the films was tested by x-ray dif-

fraction measurements at room temperature. We have found

that in all cases the diffraction patterns show a majority a-

bcc phase with traces of the c-fcc structure in some films,

which could not be completely removed even after anneal-

ing. XRD results also indicate (see Fig. 2) that all films grew

with a strong texture that depends on the type of substrate. It

is clear from the figure that annealed films deposited on

MgO (001), MgO (111), and c–Al2O3 substrates develop

strong [001], [011], and [111] textures, respectively. As an

exception, the as-grown film on c–Al2O3 (not shown) grows

with a predominant [011] texture which turns to a [111]

(superstructure) preferred orientation after annealing, indi-

cating a higher degree of atomic order. The room tempera-

ture out-of-plane (OOP) lattice parameter c was estimated

from the diffraction peak positions of the (002), (022), and

(111) Bragg reflections of FeRh films deposited on MgO

(001), MgO (111), and c–Al2O3 substrates. We obtained

c¼ 0.3021(3) nm, c¼ 0.2993(3) nm, and c¼ 0.2980(3) nm,

respectively. As a reference, the room temperature cubic lat-

tice parameter of Fe45Rh55 reported in polycrystalline films

deposited on Si substrates (a00 phase) is a0¼ 0.2994(7) nm.15

In the case of the sample 7M100, the FeRh lattice is

rotated by 45� around the growth direction with respect to

TABLE I. Name of the different samples used in this study with their rele-

vant parameters. In all cases, the Rh concentration is 55% atomic and the

film thickness is 92 nm. We indicate in bold characters the dominant crystal-

line texture.

Sample Substrate Post-annealing Orientation of the film ez

7M100 MgO (001) 700 �C [001] bcc 6.9 �10�3

7M111 MgO (111) 700 �C [011] bcc þ [111] fcc �2.4 �10�3

7A01 Al2O3 (0001) 700 �C [111] bcc þ [002] fcc �6.9 �10�3

A01 Al2O3 (0001) No [011] bcc þ [111] bcc …

FIG. 1. Phase diagram of the binary (Fe, Rh) bulk alloy around the equia-

tomic composition. Adapted from Ref. 3.
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the MgO (001) substrate. In other words, the in-plane [110]

direction of the film is aligned to the in-plane [100] direction

of the substrate lattice. In this situation, the film lateral lattice

parameter (a0

ffiffiffi
2
p
¼ 0.4243 nm) has to be strained by 0.7% to

perfectly match the substrate (aMgO ¼ 0:4212 nm). When the

film is strained, the lattice mismatch produces a tetragonal

distortion in the FeRh unit cell, expanding along the out-of-

plane [001] direction and compressing along both [100] and

[010] in-plane directions. Using the out-of-plane lattice

parameter c¼ 0.3021(3) nm from x-ray diffraction, the

reported22 Poisson’s ratio (� � 0:32Þ; as ¼ aMgO=
ffiffiffi
2
p

, and

the strain equations for a fully strained film (where as is the

substrate lattice parameter)

c ¼ a0ð1þ ezÞ; ez ¼
2�

� � 1

� �
ex; ex ¼

as � a0

a0

; (1)

we estimated the cubic lattice parameter a0¼ 0.3000(3) nm,

very close to the bulk lattice parameter of Fe45Rh55.

We note that this assumption is strictly valid below a

critical thickness dcr, that is the threshold above which the

stress-induced distortions begin to gradually relax.19 For

instance, a previous report11 shows that strain effects are

observable in 110 nm films deposited on MgO (001) and

Al2O3 (0001) although 110 nm is larger than the estimated

critical thickness (dcr � 50 nm).

In a simple model, dcr depends only on the lattice mis-

match between the film and the substrate through the rela-

tion21 dcr ¼ a0as=2ða0 � asÞ. Using this definition, we

obtained dcr � 20 nm for the 7M100 sample, which is in the

range reported by other authors (12 nm–50 nm).21,23

Therefore, as dcr is smaller than our film thickness (90 nm),

the above definition ex is an upper limit for the in-plane strain.

Note that although the films have been fabricated above

the AF-FM transition and that FeRh undergoes a relatively

large decrease in volume at the magnetic transition when

cooling down (as reported in Refs. 4 and 24), the FeRh lat-

tice still matches that of the MgO substrate at RT. We have

performed temperature-dependent measurements of the in-

plane and out-of-plane lattice parameters on an FeRh sample

grown on MgO (001) with a slightly different composition

(not shown). We found that in the FM region, at T¼ 453 �C,

the tetragonal distortion is also present with a strain

ez � 0:01.

The quality of the out-plane data suggests that the films

are epitaxially oriented. This was confirmed by performing

an asymmetric phi-scan on the Fe45Rh55 film and comparing

it to that corresponding to the substrate. The in-plane epitax-

ial relation of the Fe45Rh55(001) film on MgO(001) was

explored by first aligning to the symmetric MgO(001) and

asymmetric MgO(420), and then aligning to symmetric

Fe45Rh55(001) and asymmetric Fe45Rh55(210) at room

temperature.

The phi-scan diffractograms of samples 7M100, 7M111,

and 7A01 are shown in Fig. 3. In the case of 7M100, both

the MgO(001) substrate and the Fe45Rh55(001) oriented film

have four-fold symmetry. As can be seen in Fig. 3(a), the

matching between substrate and film is better fulfilled if the

[100] direction of the film is rotated by 45� with respect to

the [100] direction of the substrate.

FIG. 2. X-ray diffraction patterns of Fe45Rh55 films deposited on MgO(001),

MgO(111), and Al2O3(0001) substrates. Diffraction peaks from the film and

from the substrate are indicated on the patterns.

FIG. 3. Phi-scan diffractograms of (a) 7M100, (b) 7M111, and (c) 7A01

samples. In (a), the radial angle was set to v ¼ 26:6� showing the 45� rota-

tion of the FeRh cubic cell with respect to the MgO(001) substrate. In (b),

v ¼ 30� and the three different domains (A, B, C) of (011) bcc on (111)

planes can be distinguished. In (c), we show the asymmetric (10–1.10) and

(211) reflections for the Al2O3 substrate and the film, respectively.
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In the case of MgO(111) substrates, the films tend to

grow with a [011] texture of the bcc phase, and a minor

[111] textured fcc-phase, which could not be removed even

after annealing at 700 �C. We have found that even though

the lattice mismatch between both lattices is relatively large,

the interplanar (011) distance perpendicular to the film plane

[d011 ¼ 0:2117ð2Þ nm] is slightly smaller than that expected

for a relaxed FeRh lattice (d0011 ¼ 0:2121 nm), giving a

strain ez ¼ �2:4� 10�3.

As can be seen in Fig. 3(b), the phi-scans of the (211)

FeRh reflections show six double peaks consistent with the

three possible domains (A, B, C) of bcc (011) planes on an

fcc (111) surface, which repeat each 60�, and an angular sep-

aration between h211i axes of 70.5�. Two different epitaxies

are often found when bcc compounds are deposited on fcc

(111) surfaces. In both situations, the matching plane is the

bcc(011),25 but in one case the in-plane orientation relation-

ship is [110]bcc//[112]fcc (Nishiyama-Wasserman), and in

the other [111]bcc//[110]fcc (Kurdjumov-Sachs). The phi-

scans are consistent with only one epitaxy, although a con-

clusive identification was not possible.

As we have already mentioned, [110] and [111] textures

were observed in as-deposited and annealed films on

c–Al2O3. In this aspect, Yuasa et al.26 reported that the epi-

taxial nature of (Fe, Rh)95Ir5 films deposited on Al2O3(0001)

substrates depends upon the sputtering rate, in such a way

that in the range 0.02 nm/s–0.06 nm/s, both (011) or (111)

oriented films can be obtained. In our case, annealed FeRh

films deposited on c–Al2O3 substrates develop a strong [111]

out of plane texture. The epitaxial growth was further ana-

lyzed using phi-scans [see Fig. 3(c)]. We have found an in-

plane epitaxy with the relationship Fe45Rh55 (Refs. 1–10)//

Al2O3.11–20 As the in-plane cell size of the substrate is larger

than that corresponding to the film by approximately 10%,

an in-plane tensile strain is expected for FeRh on c–Al2O3.

This, in turn, produces a compressive strain in the out-of-

plane direction. From the diffractograms we have deduced

the interplanar distances d111¼ 0.1720(2) nm and

d0111¼ 0.1732(2) which can be used to estimate the out-of-

plane and in-plane strains, ez ¼ �6:9� 10�3 and

ex ¼ 7:2� 10�3.

In Table II, we summarize the results of this subsection

for samples 7M100, 7M111, and 7A01. The out-of-plane

parameter c was determined directly from the XRD diffrac-

tograms at RT. Additionally, the in-plane parameters a, ex,

and ez were all calculated using the relaxed cubic value

a0¼ 0.3000(2) nm (common for all the samples). Note that

in-plane parameters were estimated under the hypothesis of

uniform biaxial stress using the reported Poisson ratio,

�¼ 0.32.

Although the composition of our films is different from

that reported in Ref. 11, a similar trend for the strain of FeRh

on MgO(001) and c–Al2O3 was found. Note that by using

different substrates the in-plane strain can be changed from

compressive [MgO (001)] to tensile (c–Al2O3), which is

expected to reflect in the magnetic properties of the films.

For example, the tensile stress of FeRh films on the sapphire

substrate could be expected to decrease the AF-FM transition

temperatures because the larger cell size induces the stabili-

zation of the ferromagnetic phase at lower temperatures.17

B. Magnetization

In Fig. 4, we plot typical magnetization vs. temperature

cycles, obtained from samples 7M100 (top), 7M111 (center),

and 7A01-A01 (bottom) while cooling and heating them

inside a Faraday balance magnetometer with an applied field

H¼ 1200 Oe parallel to the film plane.

At room temperature, the magnetization is very close to

zero for samples 7M100 and 7M111 (annealed), which is

consistent with the a00-AF state. Upon heating, the magneti-

zation gradually increases according to the growing fraction

of the a0-FM phase. The maximum magnetization value for

these films reaches Mmax
s � 1025 emu/cm3 at T¼ 392 K in

the cooling branch of the 7M111 film. This value of Ms is

within the broad range of reported data7,11–13,27,28 for differ-

ent FeRh films with Mmax
s � 700� 1200 emu/cm3. For tem-

peratures above 420 K, the AF-FM transition seems to be

complete for all samples, but a strong dependence with the

substrate was found. Upon cooling, we observe a hysteretic

TABLE II. Measured and calculated out-of-plane and in-plane cell parame-

ters and strain values at room temperature.

Sample c (nm) a (nm) c/a ez ex

7M100 0.3021(3) 0.2978 1.0145 0.0069 �0.0073

7M111 0.2993 (3) 0.3007 0.9952 �0.0024 0.0025

7A01 0.2980 (3) 0.3021 0.9863 �0.0069 0.0072

FIG. 4. Magnetization vs. temperature cycles performed on samples 7M100,

7M111, 7A01, and A01. The static magnetic field H¼ 1200 Oe was applied

parallel to film plane at a heating/cooling rate of 1 K/min.
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behavior, which confirms the first order character of the

phase transition.

We have defined the transition temperatures Th
AF�FM

(heating) and Tc
AF�FM (cooling) as the points where the mag-

netization reaches 90% of its maximum and the correspond-

ing difference DT ¼ Th
AF�FM � Tc

AF�FM. This criterion was

adopted to facilitate the comparison with the FMR data pre-

sented in Sec. III C. In Table II, we summarize the results for

the 55% Rh samples: 7M100, 7M111, 7A01, and A01. In the

case of annealed films, the AF-FM transition of the heating

branch decreases from Th
AF�FM ¼ 418 K for 7M100 to

Th
AF�FM ¼ 355 K for 7A01. As already mentioned when the

crystallographic results were discussed, this behavior is con-

sistent with the systematic change that occurs in the in-plane

strain, from compressive to tensile, when MgO (001),

MgO(111), and c–Al2O3 are used as substrates. The transi-

tion temperature Th
AF�FM ¼ 418 K for 7M100 is considerably

larger than the values reported in Refs. 11–13 and 28, which

average Th
AF�FM ¼ 400 K. However, all those films corre-

spond to the composition Fe49Rh51, while our samples have

55% Rh, which was already shown2 in Fig. 1 to shift the

transition to higher temperatures. Apart from composition,

differences may also arise in the strong dependence of the

transition temperature on the applied magnetic field, film

thickness,29 and the magnetic and thermal history.11 For the

sample 7A01, we obtained Th
AF�FM ¼ 355 K which is very

close to the value reported in Ref. 11 (Th
AF�FM � 360 K). The

non-zero magnetization observed at RT for this sample is

due to the incomplete FM-AF transition at the lowest tem-

perature we could reach with our magnetometer.

The width of the temperature hysteresis (DT) is larger in

7M111 and 7A01 (DT � 30 K) than in 7M100 (DT � 20 K).

This could be induced by the presence of a relatively larger

fraction of the c-paramagnetic phase, as shown in Ref. 13. In

the case of the non-annealed A01 sample, this broadening

effect is enhanced by the partial disorder of Fe and Rh atoms

in the bcc phase and the presence of the fcc c-phase.

C. Ferromagnetic resonance (FMR)

To follow the evolution of the magnetic phases and

determine the presence of anisotropies, we recorded FMR

spectra at different temperatures, both heating and cooling

from RT up to �480 K in each sample. In these experiments,

the static magnetic field was applied perpendicular to the

film plane, as we found that the conditions for the detection

of the resonant absorption of the incident microwaves were

optimal for this orientation.

A standard FMR spectrum is the first derivative of the

microwave power absorption of the sample with respect to

the “static” magnetic field, H, which is slowly swept across a

predefined field range. The field value at which the deriva-

tive is zero is defined as the resonance field (Hres), and the

distance between a derivative maximum and minimum is

called the peak-to-peak linewidth (DHpp) .

In Fig. 5, we plot a series of typical spectra recorded

while decreasing the temperature from 455 K to 360 K for the

sample 7M111. The qualitative features of the rest of the

annealed samples are quite similar although the characteristic

temperatures are different. From T� 380 K and above, the

FMR line is well defined and we can safely assume that the

sample is completely in the a0-FM phase. We observe that

when the temperature is decreased, the resonance field moves

to higher values. At the same time, the linewidth increases

and the intensity progressively diminishes until it virtually

vanishes, and we can suppose that the sample is completely in

the a00-AF phase. From the spectra measured for the different

films, we extracted the temperature behavior of the resonance

field and the linewidth. In Fig. 6, we present these variables as

FIG. 5. FMR spectra of the annealed 7M111 sample recorded while cooling.

The static magnetic field H was set normal to the film plane. Spectra have

been vertically shift for clarity. A similar behavior was observed for the

other films.

FIG. 6. Hres (a) and linewidth DHpp (b) as a function of temperature for the

annealed 7M100 sample. The experiments were done subsequently heating

(circles) and cooling (squares).
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a function of T for the 7M100 sample. The temperature behav-

ior of the FMR resonance parameters obtained for the 7M100

film is representative of the other annealed samples, so the fol-

lowing discussion applies for all of them.

The FMR cycles also present temperature hysteresis

(DT) whose value depends on the substrate, as we can see

from Table III. We can distinguish two different temperature

regimes, which is more evident in Hres vs. T in Fig. 6(a): a

“high-T” regime where Hres increases when the temperature

is decreased until it reaches a maximum, and a “low-T”

regime where Hres diminishes rapidly with decreasing tem-

perature. From the Hres vs. T curves, we obtained the temper-

ature of the magnetic transition (TAF–FM), by determining the

point at which Hres vs. T is maximum. When we cool the

sample from the high temperature a0-FM region down to RT,

we approach gradually the temperature and field where the

sample becomes entirely AF. Thus, the maximum of the Hres

vs. T curve signals the temperature where the AF phase pro-

gressively begins to nucleate and the AF and FM phases start

to coexist. In Table III, we summarize the values of TAF–FM

(heating and cooling) and the width of the thermal hysteresis

(DT) for the measured samples and compare these values

with those obtained from dc magnetization experiments. A

very good agreement is observed in the case of annealed

films, even though the criterion for the determination of

TAF–FM is not necessary equivalent in the two experimental

techniques. These results also show that TAF–FM is clearly

substrate-dependent and reveal the influence of stress/strain

effects due to the lattice mismatch between the substrate and

the film. The highest and lowest TAF–FM were measured on

the 7M100 and 7A01 films, respectively, which is fully con-

sistent with the magnetization results.

Ferromagnetic resonance can also be used to obtain

information about the magnetic anisotropies of the system.

The anisotropy terms generally found in ferromagnetic films

are in most cases of magnetocrystalline, magnetoelastic, or

shape (dipolar) origin. The magnetocrystalline anisotropy

(MCA) is an intrinsic property of the material closely related

to the spin orbit coupling and usually reflects the symmetry

of the crystal structure. The origin of the magnetoelastic

anisotropy is usually extrinsic and related to residual stresses

introduced in the films during the growth process that induce

a preferential axis (or plane) of easy magnetization. The

shape anisotropy is a direct consequence of the dipolar inter-

action which produces a demagnetizing field, and in the case

of a thin film it provides an easy-plane of magnetization par-

allel to the film.

In order to study the magnetic anisotropies of our sam-

ples, we performed FMR experiments varying the orientation

of the external field, H, with respect to the film and collect-

ing the resonance spectra at different angles. We performed

the experiments using the out-of-plane (OOP) experimental

setup where H is rotated from the film plane to the normal of

the film. In some cases, we also acquired spectra rotating the

magnetic field parallel to the film plane. From these FMR

measurements, it is possible to obtain information about the

anisotropies present in the samples.

Experiments were recorded for all samples for

T > TAF�FM, choosing the temperature to ensure that the

film was completely in the ferromagnetic phase. In Fig. 7,

we show an OOP angular variation of the resonance field

Hres for the sample 7M100. A similar behavior was observed

in the other films. The OOP angular variation of Hres in Fig.

7 is typical of a thin film for which the easy plane of magne-

tization coincides with the film itself, as expected.

To quantify our results, we used the Smit-Beljers model

for a thin film30 with shape plus uniaxial anisotropy with the

same symmetry, which leads to the Kittel expressions with

an effective field Heff that can be estimated from the reso-

nance field parallel (H==) and perpendicular (H?) to the film

plane31,32

x
c
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
H== H== þ Heff

� �q
; (2)

x
c
¼ H? � Heff ; (3)

TABLE III. Transition temperature TAF�FM (heating and cooling the films)

and width of the thermal hysteresis estimated from dc magnetization and

FMR experiments (all in K). The error in the determination of the tempera-

ture is indicated in parentheses.

Sample

TAF�FM (K)

(heating) DC/FMR

TAF�FM(K)

(cooling) DC/FMR DT(K) DC/FMR

7M100 418/410 398/400 20/10(5)

7M111 406/398 376/375 30/23(5)

7A01 355/360 327/325 28/25(5)

A01 408/425 368/400 40/25(5)

FIG. 7. Angular variation of the resonance field, Hres, in the OOP configura-

tion for the sample 7M100 at T¼ 450 K. h is the angle between the magnetic

field, H, and the film plane.

TABLE IV. Saturation magnetization, perpendicular resonance field, effec-

tive anisotropy, perpendicular anisotropy, and magnetoelastic anisotropy for

FeRh films deposited on different substrates.

Sample Ms (emu/cm3) H? (Oe) Heff (Oe) H?A (Oe) HME
A (Oe)

7M100 925 14 447 11 087 þ537 þ720

7M111 1004 16 450 13 090 �473 �226

7A01 830 15 600 12 240 �1810 �793

A01 760 13 580 10 220 �670 …
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where Heff ¼ 4pMs � H?A . 4pMs is the shape anisotropy of a

thin film and H?A accounts for additional contributions to the

magnetic anisotropy normal to the film plane. x ¼ 2pf is the

driving angular frequency and c ¼ glB=�h is the gyromag-

netic factor, with g � 2:09 for Fe and ferromagnetic iron

alloys,32–34 lB is the Bohr magneton, and �h is the reduced

Planck constant. Because the magnetization for the parallel

mode was not fully saturated in X band experiments, we

only used the second Kittel equation and the values of Ms

reported in Sec. III B to estimate H?A for the different sam-

ples. In some of the films, we have found a small in-plane

anisotropy which was not necessary to consider in the pre-

sent analysis. Results are presented in Table IV.

From the data shown in Table IV, it is readily observed

that the perpendicular anisotropy H?A is maximum for the

film 7M100, decreases and changes sign for 7M111, and

reaches a minimum for 7A01. Note that a positive H?A repre-

sents an anisotropy favoring the alignment of M perpendicu-

lar to the film plane, while a negative H?A tends to align M
inside the film. According to the crystallographic results, the

sample 7M100 has an in-plane strain, 7M111 shows a rela-

tively small tensile stress, and 7A01 has a much larger

tensile stress. In a simple model, the magnetoelastic anisot-

ropy coefficient may be written as KME ¼ � 3
2
krx ¼ 3

2
k ezY

2� ,

where Y is the Young’s modulus and k the linear saturation

magnetostriction. Reported values22,35 of bulk FeRh are Y
� 1:9� 2:1� 1012 dyn/cm2. For the magnetostriction in the

FM phase, there is a range of values4,35,36 from k
� 0:5� 1� 10�5 to k � 10�4, which depends on the tem-

perature region and the maximum field used for the estima-

tion of k. If the additional anisotropy term is assumed to

be of magnetoelastic origin, it may be related to an anisotropy

field by HME
A ¼ 2KME=Ms. Using an average value for k

� 1� 10�5 and the strain calculated from the XRD data, we

obtained the values shown in the last column of Table IV. We

observed a reasonably good agreement between H?A and HME
A

which indicates that most of the observed effects are of magne-

toelastic origin. The systematic larger values of HME
A may be

due to an underestimation of the relaxed lattice parameter a0.

It is interesting to compare our results in Tables II–IV

with recent experimental results that present the dependence

of TAF�FM on c=a ratio20,21 and with ab initio calcula-

tions27,37 of the magnetocrystalline anisotropy (MCA) vs.

c/a. We observed that both DC and FMR of measurements

show an increasing behavior of TAF�FM with c/a, consistent

with the results reported in Ref. 20 for 100 nm films depos-

ited on different substrates. Also, by comparing the points in

the FM field of the phase diagram of Ref. 27 with our data,

we observe that there is a nice agreement if we make a corre-

spondence between MCA and our magnetoelastic term, HME
A .

Indeed, we obtained a negative (out of plane) anisotropy that

tends to lift the magnetization vector from the film plane for

sample 7M100 (c=a > 1) and a positive (in-plane) anisot-

ropy that tends to keep M vector in the film plane for samples

7M111 and 7A01 (c=a < 1).

As we already mentioned, we have found a relatively

small in-plane uniaxial anisotropy in some of the films (for

example, 7M100) in which a variation of Hres with cubic

symmetry was expected. This observation is also consistent

with the influence of magnetoelastic effects on the magnetic

behavior of the films.

IV. CONCLUSIONS

We have grown highly oriented FeRh thin films onto MgO

and Al2O3 substrates of different crystalline orientations by con-

ventional sputtering techniques. Most of the samples were

annealed at 700 �C in order to induce the chemical order of the

Rh and Fe atoms, the reduction of the residual c phase, and the

promotion of the AF-FM transition. The properties of this

unusual transition, which occurs between 325 K and 420 K

depending on the sample and the magnetothermal history, were

studied by magnetization and FMR experiments. We observed a

thermal hysteresis consistent with a first order transition in the

FMR measurements. We determined the transition temperature

TAF–FM and found that it depends on the kind of substrate and

growth orientation. This was ascribed to the differences in the

stresses experienced by the films due to the specific mismatch

between film and substrate lattice parameters. From the tempera-

ture dependence of the resonance field and the linewidth, we

have determined a phase coexistence region AF-FM, as sug-

gested by the reduction of Hres when the temperature is

decreased. This fact coincides with the abrupt increase in the

peak-to-peak linewidth, which is also consistent with this pic-

ture. The resonance field perpendicular to the film plane was

used to estimate the perpendicular anisotropy in the different

samples. Concerning the magnetic anisotropies of our FeRh

films, the angular variation of the resonance field measured in

the out-of-plane configuration is the one expected for a thin film

dominated by the shape anisotropy, which tends to place the

magnetization vector in the film plane, plus other extra contribu-

tions also perpendicular to this plane. The interpretation of our

structural and FMR results led us to conclude that the main con-

tribution to the magnetic anisotropy originates mainly in magne-

toelastic effects.

Finally, the analysis of the angular dependence of Hres

measured using the in-plane configuration supports the

hypothesis that there is a prevailing in-plane uniaxial anisot-

ropy, arising also from stress effects, which dominates over

the expected four-order symmetry expected from pure mag-

netocrystalline terms.

ACKNOWLEDGMENTS

This work was partially supported by Conicet under

Grant No. PIP 201501-00213, ANPCyT Grant No. PICT

2013-0401, and U.N. Cuyo Grant No. 06/C484 (Argentina).

H. Kumar acknowledges FAPESP (Brazil) for providing the

postdoctoral fellowship (process 2010/18590-0) to develop

this work and S. Morelhao acknowledges CAPES (Brazil)

for process No. 88881.119076/2016-01. The technical

support from Rub�en E. Benavides, C�esar P�erez, Mat�ıas

Guill�en (Argentina) and Sergio Romero, Antonio Carlos

Franco da Silveira, T�arsis Mendes Germano, and Tiago

Fiorini da Silva (IFUSP, Brazil) is deeply acknowledged.

1M. Fallot and R. Rocart, Rev. Sci. 77, 498 (1939).
2G. Shirane, C. W. Chen, P. A. Flinn, and R. Nathans, Phys. Rev. 131, 183

(1963).

085306-7 Kumar et al. J. Appl. Phys. 124, 085306 (2018)

https://doi.org/10.1103/PhysRev.131.183


3L. J. Swartzendruber, Bull. Alloy Phase Diagrams 5(5), 456 (1984).
4M. R. Ibarra and P. A. Algarabel, Phys. Rev. B 50, 4196 (1994).
5M. Fallot, Ann. Phys. 11(10), 291 (1938).
6J. van Driel et al., J. Appl. Phys. 85, 1026 (1999).
7Y. Othani and I. Hatekayama, J. Appl. Phys. 74, 3328 (1993).
8M. K. Chattopadhyay, S. B. Roy, A. K. Nigam, K. J. S. Sokhey, and P.

Chaddah, Phys. Rev. B 68, 174404 (2003); S. B. Roy, G. K. Perkins, M.

K. Chattopadhyay, A. K. Nigam, K. J. S. Sokhey, P. Chaddah, A. D.

Caplin, and L. F. Cohen, Phys. Rev. Lett. 92, 147203 (2004).
9J.-U. Thiele, S. Maat, and E. E. Fullerton, Appl. Phys. Lett. 82, 2859

(2003).
10X. Marti, I. Fina, C. Frontera, J. Liu, P. Wadley, Q. He, R. J. Paull, J. D.

Clarkson, J. Kudrnovsk�y, I. Turek, J. Kune�s, D. Yi, J.-H. Chu, C. T.

Nelson, L. You, E. Arenholz, S. Salahuddin, J. Fontcuberta, T. Jungwirth,

and R. Ramesh, Nat. Mater. 13, 367–374 (2014).
11S. Maat, J.-U. Thiele, and E. E. Fullerton, Phys. Rev. B 72, 214432

(2005).
12S. Inoue et al., J. Appl. Phys. 103, 07B312 (2008).
13I. Suzuki, J. Appl. Phys. 105, 07E501 (2009).
14E. Mancini et al., J. Phys. D.: Appl. Phys. 46, 245302 (2013).
15H. Kumar, M. C. A. Fantini, and D. R. Cornejo, IEEE Trans. Mag. 49,

4506 (2013).
16N. V. Baranov and E. A. Baranova, J. Alloys Compd. 219, 139 (1995).
17C. W. Barton, T. A. Ostler, D. Huskisson, C. J. Kinane, S. J. Haigh, G.

Hrkac, and T. Thomson, Sci. Rep. 7, 44397 (2017).
18Y. Liu et al., Nat. Commun. 7, 11614 (2016); J. Chen et al., J. Appl. Phys.

121, 194101 (2017); Y. Lee et al., Nat. Commun. 6, 5959 (2015); Q. B.

Hu et al., Appl. Phys. Lett. 110, 222408 (2017).
19R. O. Cherifi, V. Ivanovskaya, L. C. Phillips, A. Zobelli, I. C. Infante, E.

Jacquet, V. Garcia, S. Fusil, P. R. Briddon, N. Guiblin, A. Mougin, A. A.
€Unal, F. Kronast, S. Valencia, B. Dkhil, A. Barth�el�emy, and M. Bibes,

Nat. Mater. 13, 345 (2014).
20A. Ceballos, Z. Chen, O. Schneider, C. Bordel, L.-W. Wang, and F.

Hellman, Appl. Phys. Lett. 111, 172401 (2017).

21M. G. Loving, R. Barua, C. Le Gra€et, C. J. Kinane, D. Heiman, S.

Langridge, C. H. Marrows, and L. H. Lewis, J. Phys.: D 51, 024003 (2017).
22S. B. Palmer, P. Dentschuk, and D. Melville, Phys. Status Solidi (a) 32,

503 (1975).
23C. Baldasseroni, “In-situ microscopy of the first-order magnetic phase

transition in FeRh thin films,” Ph.D. dissertation (University of California,

Berkeley, 2013).
24D. W. Cooke, F. Hellman, C. Baldasseroni, C. Bordel, S. Moyerman, and

E. E. Fullerton, Phys. Rev. Lett. 109, 255901 (2012).
25K. Shikada, K. Tabuchi, M. Ohtake, F. Kirino, and M. Futamoto, J. Magn.

Soc. Jpn. 32, 296–303 (2008).
26S. Yuasa, T. Katayama, K. Murata, M. Usukura, and Y. Suzuki, J. Magn.

Magn. Mater. 177-181, 1296 (1998).
27C. Bordel, J. Juraszek, D. W. Cooke, C. Baldasseroni, S. Mankovsky, J.

Min�ar, H. Ebert, S. Moyerman, E. E. Fullerton, and F. Hellman, Phys.

Rev. Lett. 109, 117201 (2012).
28J. Cao, N. T. Nam, S. Inoue, H. Y. Y. Ko, N. N. Phuoc, and T. Suzuki,

J. Appl. Phys. 103, 07F501 (2008).
29G. C. Han, J. J. Qiu, Q. J. Yap, P. Luo, T. Kanbe, T. Shige, D. E.

Laughlin, and J.-G. Zhu, J. Appl. Phys. 113, 123909 (2013).
30J. Smit and H. G. Beljers, Philips Res. Rep. 10, 113 (1955).
31A. Butera, J. L. Weston, and J. A. Barnard, J. Magn. Magn. Mater. 284,

17–25 (2004).
32A. Butera, Eur. Phys. J. B 52, 297–303 (2006).
33N. �Alvarez, G. Alejandro, J. G�omez, E. Goovaerts, and A. Butera, J. Phys.

D: Appl. Phys. 46, 505001 (2013).
34A. Butera, N. Alvarez, G. Jorge, M. M. Ruiz, J. L. Mietta, and R. M.

Negri, Phys. Rev. B 86, 144424 (2012).
35A. I. Zakharov, A. M. Kadomtseva, R. Z. Levitin, and E. G. Ponyatovski K%,

Sov. Phys. JETP 19, 1348 (1964).
36C. Marquina, M. R. Ibarra, P. A. Algarabel, A. Hernando, P. Crespo, P.

Agudo, A. R. Yavari, and E. Navarro, J. Appl. Phys. 81, 2315 (1997).
37G. Zheng, S.-H. Ke, M. Miao, J. Kim, R. Ramesh, and N. Kioussis, AIP

Adv. 7, 055914 (2017).

085306-8 Kumar et al. J. Appl. Phys. 124, 085306 (2018)

https://doi.org/10.1007/BF02872896
https://doi.org/10.1103/PhysRevB.50.4196
https://doi.org/10.1051/anphys/193811100291
https://doi.org/10.1063/1.369224
https://doi.org/10.1063/1.354557
https://doi.org/10.1103/PhysRevB.68.174404
https://doi.org/10.1103/PhysRevLett.92.147203
https://doi.org/10.1063/1.1571232
https://doi.org/10.1038/nmat3861
https://doi.org/10.1103/PhysRevB.72.214432
https://doi.org/10.1063/1.2834446
https://doi.org/10.1063/1.3054386
https://doi.org/10.1088/0022-3727/46/24/245302
https://doi.org/10.1109/TMAG.2013.2262040
https://doi.org/10.1016/0925-8388(94)01375-6
https://doi.org/10.1038/srep44397
https://doi.org/10.1063/1.4983361
https://doi.org/10.1038/ncomms6959
https://doi.org/10.1063/1.4984901
https://doi.org/10.1038/nmat3870
https://doi.org/10.1063/1.4997901
https://doi.org/10.1088/1361-6463/aa9d1f
https://doi.org/10.1002/pssa.2210320220
https://doi.org/10.1103/PhysRevLett.109.255901
https://doi.org/10.3379/msjmag.32.296
https://doi.org/10.3379/msjmag.32.296
https://doi.org/10.1016/S0304-8853(97)00951-7
https://doi.org/10.1016/S0304-8853(97)00951-7
https://doi.org/10.1103/PhysRevLett.109.117201
https://doi.org/10.1103/PhysRevLett.109.117201
https://doi.org/10.1063/1.2828812
https://doi.org/10.1063/1.4798275
https://doi.org/10.1016/j.jmmm.2004.06.015
https://doi.org/10.1140/epjb/e2006-00296-4
https://doi.org/10.1088/0022-3727/46/50/505001
https://doi.org/10.1088/0022-3727/46/50/505001
https://doi.org/10.1103/PhysRevB.86.144424
https://doi.org/10.1063/1.364290
https://doi.org/10.1063/1.4974059
https://doi.org/10.1063/1.4974059

	s1
	l
	n1
	n2
	n3
	s2
	s3
	s3A
	t1
	f1
	d1
	f2
	f3
	s3B
	t2
	f4
	s3C
	f5
	f6
	d2
	d3
	t3
	f7
	t4
	s4
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37

