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ARTICLE INFO ABSTRACT

Keywords: FeRh based composite multiferroic materials have attracted great scientific interest due to their wide variety of

FeR? possible applications in future nano device technology. In the recent work, a comprehensive study on the depth

&aTll% ) dependence of the metamagnetic phase transition in FeRh/BaTiO3 heterostructure is reported by means of single
ultiferroic

Phase transition
Depth structure
Nuclear resonance scattering

or combined external stimulus such as heat, magnetic or electric field. Grazing-incidence nuclear scattering
experiments revealed significant discrepancies in the mechanism of the antiferromagnetic/ferromagnetic reor-
dering induced by the different effects, with distinguished role of both upper and lower interfaces.

1. Introduction

Due to the enormous increase of the world’s energy consumption
[1,2], the development of new, highly optimized and energy efficient
devices are indispensable to maintain [3]. Composite multiferroics [4,5]
are among the few novel materials that can be used to increase the ef-
ficiency of devices based on the principles of spintronics [6,7,8], mag-
netic switching [9,10,11], magnetic refrigeration [12,13,14,15],
biomechanical energy harvesting [16,17,18], giant magnetoresistance
[19,20,21] and photovoltaics [22,23,24].

The iron rhodium alloy is one of the most promising component of
the composite multiferroic systems, due to its technologically exploit-
able mechanical and magnetic properties [25]. The equiatomic FeRh
with a CsCl-type bec-based B2 crystal structure [26] (see also Fig. 1 of
ref. [27]) has a temperature-induced, fully reversible, antiferromagnetic
(AFM) < ferromagnetic (FM) phase transition in the operating temper-
ature range of modern electronic devices [28,29,30]. The variation of
the magnetic order is accompanied by the change of magnetic moments
of the iron and rhodium atoms [31] and alters the electrical resistivity as
well [32]. During the phase transition, about 1 % change in the lattice
parameter was reported [33,34]. By reversing this phenomenon,
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mechanical compression can be used to trigger the FM-to-AFM magnetic
phase transition of the alloy [35,36,37].

In order to create a composite multiferroic system, FeRh thin films
are often coupled with piezoelectric materials, mostly BaTiO3 (BTO)
ceramics [25,37]. The epitaxial coupling between the crystal structures
allows the alternation of the magnetic order of the alloy with external
electric field through the piezoelectric effect [25,38,39,40,41].

The optimal utilization of the FeRh/BTO multiferroic requires the in-
depth knowledge of magnetic configuration induced by technologically
important effects, such as heat, magnetic and electric fields. However,
the lateral AFM / FM structure has been thoroughly explored by various
microscopy techniques [42,43,44,45,46], only a handful studies
[47,48,49,50] described the depth-dependent AFM / FM phase structure
in FeRh thin film, and no studies at all were devoted to the investigation
of the magnetic depth profile triggered by joint effect of heat, magnetic
or electric fields.

Here we report a comprehensive depth-resolved analysis of the AFM
< FM metamagnetic phase transition of the FeRh alloy in the composite
multiferroic FeRh/BaTiO3. By applying various temperature on the
sample, we found permanent FM ordering in the vicinity of the upper
and lower interfaces of the FeRh film, while continuous and
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homogeneous AFM / FM phase transition could be observed in the
middle region. The cumulative effect of magnetic field and temperature,
altered the maximum achievable AFM fraction in correlation with the
strength of the magnetic field. In contrast, the applied electric field
combined with heating induced the magnetic phase transition with a
rapid bottom-to-up orientation as soon as the voltage exceeded a
threshold defined by the temperature of the alloy. Finally, we also
demonstrated that the volume, where the electric field can induce the
phase transition is adjustable by changing the temperature and external
magnetic field.

The FeRh layer was deposited by molecular beam epitaxy (MBE) on
the BTO substrate. Its atomic composition was specified by Rutherford
backscattering spectrometry (RBS). The overall crystal structure and
lattice parameters of the alloy were determined by X-ray diffractometry
(XRD), while the thickness of the film was measured by X-ray reflec-
tometry (XRR). The magnetic properties of the alloy were calculated
from vibrating sample magnetometry (VSM) data and the iron micro-
environments were determined by conversion electron Mossbauer
spectroscopy (CEMS). Finally, the depth profile of the FeRh was inves-
tigated by grazing-incidence nuclear resonance scattering (GI-NRS).

2. Experimental
2.1. Sample preparation

The 5 mm x 5 mm x 1 mm BaTiO3(100) substrate was purchased
from Alineason Materials Technology GmbH. Prior to the FeRh deposi-
tion, it was cleaned in ultrasonic ethanol bath, followed by an 873 K
bake out for 1800 s under ultra-high vacuum conditions. The %’FeRh
film of 18.0 nm nominal thickness was deposited on the BTO substrate
using the MBE apparatus in the Wigner Research Centre for Physics
(Wigner RCP). The "™Rh was evaporated from electron gun at growth
rate of 0,0276 A/s, while the >’Fe was deposited from effusion cell at
growth rate of 0,0154 A/s, corresponding to the equiatomic composi-
tion. The temperature of the substrate was kept at 903 K while the
pressure in the growing chamber never exceeded 3.7 x 108 mbar. The
quality of the epitaxial growth was justified by in-situ reflection high-
energy electron diffractometry (RHEED) shown in the supplementary
material. At the end a 20 nm thick gold layer was deposited on the non-
polished side of the BTO substrate for electric contact.

electrical contacts
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2.2. Characterization methods

2.2.1. Rutherford backscattering spectrometry

The RBS measurement (see supplementary material) of the 57FeRh
layer was performed using 2 MeV “He" ion beam obtained from the 5
MV Van de Graaff accelerator of the Wigner RCP. The beam was colli-
mated to the necessary dimensions of 0.5 x 0.5 mm? with two sets of
four-sector slits. The measurements were performed with an ORTEC
ruggedized partially depleted silicon radiation detector of a solid angle
of 4.754 msr mounted at a scattering angle of 165° and at tilt angles 7°
and 60°. The tilt angle 7° rather than perpendicular incidence was
chosen and the sample was continuously rotated during the measure-
ment around the azimuth axis to avoid channeling effects in the sub-
strate. The measurement with 60° tilt angle was necessary since only
taking spectra at two different tilt angles assured to make a distinction
between the cases that an attenuated signal came from a lower-mass
nucleus close to the surface or from a heavier nucleus in a deeper re-
gion of the thin film (mass-depth-ambiguity). The dose of the mea-
surement was 4 uC. The ion current typically of 8 nA was measured by a
transmission Faraday cup [51]. To reduce the surface contamination,
liquid Ny trap was used. The pressure in the scattering chamber was
about 2.5 x 107® mbar during the experiments. The RBS data were
evaluated by the RBX code [52].

2.2.2. X-ray diffractometry

XRD experiment was carried out at the Centre for Energy Research
using a D8 Discover (Bruker AXS, Karlsruhe, Germany) diffractometer.
Cu Ka radiation (A = 1.5418 10\) was used for the measurement. To
decrease beam divergence and to improve the parallelism of the beam, 1
mm slits were used at the source and the detector. Furthermore, a 90°
rotated Soller slit was installed between the sample and the detector-side
slit. At last, a secondary monochromator was used at the detector side, to
achieve better signal-to-noise ratio. For the evaluation of the XRD re-
sults, the Diffrac.EVA [53] program was used. The XRD spectrum is
shown in supplementary material.

2.2.3. Conversion electron Mossbauer spectroscopy

CEMS measurement was performed at the Wigner RCP using a con-
ventional WissEl/DMSPCA Mossbauer spectrometer operated in sinu-
soidal drive mode at 16 Hz drive frequency. The activity of the >’ Co(Rh)
single-line Mossbauer source was 621 MBq at the time of the measure-
ment. The resonant conversion electrons were detected with a home-
made gas-flow single-wire proportional counter of 1 mm distance

sample

magnetic poles

Peltier moduls

vacuum chamber

Fig. 1. Sketch of the sample holder designed for the GI-NRS experiment.
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between sample and anode wire, working with a mixture of 96 % v/v He
and 4 % v/v CH4 gas at bias voltage 884 V. The distance between the
source and the sample was 53 mm. Both source and sample were kept at
room temperature. The spectrum was evaluated using the MossWinn 4
code [54].

2.2.4. Grazing-incidence nuclear resonance scattering and X-ray
reflectometry

GI-NRS and XRR experiments were carried out at the Nuclear
Resonance beamline [55] ID18 of the European Synchrotron Radiation
Facility. The measurements were performed in 4 bunch mode at 14.414
keV, the energy corresponding to the 1/2 « 3/2 nuclear transition of
57Fe, with a beam of 0.5 meV energy bandpass. The beam was focused by
a Kirkpatrick-Baez mirror system both horizontally and vertically to 20
pm and 8.7 pm, respectively. The sample was mounted in a custom-built
vacuum chamber (Fig. 1) that allowed temperature (273 K — 400 K)
control and adjustable voltage (0 V - 200 V) and magnetic field (0 mT —
150 mT) to be applied on the sample during the measurements. The GI-
NRS quantum-beat patterns and XRR reflectograms were analyzed using
the in-house (Wigner RCP) developed FitSuite program [56].

The GI-NRS measurements were carried out in four parts. At first, no
external electric or magnetic field was applied. The temperature of the
sample was raised directly to 394 K, then it was gradually lowered to
299 K, meanwhile GI-NRS quantum-beat patterns were recorded at three
different grazing angles (3.49 mrad, 4.19 mrad and 4.71 mrad), at each
temperature step (cooling phase). After the last 299 K measurement, the
temperature of the sample was gradually raised back to 394 K, with
similar measurements as in the cooling phase.

In the second part the same experimental protocol was used as
before, except a 150 mT external magnetic field applied in the plane of
the sample, parallel to the synchrotron beam.

Next, the temperature was set to 394 K; and voltage was applied step-
by-step up to 100 V on the electric contacts (yellow parts in Fig. 1),
where each stage GI-NRS curves recorded at the selected grazing angles.
After the highest voltage measurements, the electric bias was released,
and the sample was cooled down to the next temperature step, where the
whole experimental procedure was repeated.

In the last, session, the previous (3rd) set of GI-NRS experiments
were performed combined with 150 mT external magnetic field, applied
as written previously.

2.2.5. Vibrating sample magnetometry

The magnetic moments were measured with a vibrating sample
magnetometer from Quantum Design in a Physical Properties Mea-
surement System equipped with a 9 T superconducting magnet (PPMS-9
T) at Complutense University of Madrid. All VSM measurements were
performed in five orientations: four times in in-plane orientations
[(100),(010),(110)and (—110)] and once in perpendicular direction
(001), in the order listed. Magnetic hysteresis loops were measured in
10 K steps in the temperature range from 300 K to 400 K.

4.6x10°
4.5%10°

4.4x10°

counts

4.3x10°

4.2x10°
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3. Results & discussion

From the evaluation of the RBS spectra, the >’Fe and Rh atomic ratio
was found to be 0.508 + 0.018 and 0.492 + 0.018, respectively. The
XRD pattern verified the B2 structure of FeRh, while no other possible
structure (e.g. to the paramagnetic Al phase) could be identified,
therefore the alloy can be considered structurally homogeneous. The
lattice parameter was found to be (3.036 + 0.001) Io\, which is in close
agreement with the B2 FeRh phase reported earlier [57]. XRR mea-
surements resulted a uniform layer thickness of (16.8 &+ 0.3) nm. High-
level epitaxy between the BaTiOs substrate and the FeRh film was
confirmed by RHEED. All the results of the characterization experiments
(XRD, RBS, XRR and RHEED) are shown in supplementary material).

The iron microenvironments in the sample were determined by room
temperature CEMS measurement (Fig. 2a). Based on previous results
[43,58,59,60,61], the CEMS spectrum was fitted with four binomial
distributions (BD) (only the effect of the next-neighbor atoms was taken
into account), a sextet and two singlets. Both the ferromagnetic and the
antiferromagnetic FeRh phases were described with three microenvi-
ronments apiece, 2 BD and a sextet for FM; and 2 BD and a singlet for
AFM phase. Despite the equilibrium binary phase diagram of Fe and Rh
exhibits only AFM phase at the present atomic concentration and room
temperature [26], the FM phase is common in the case of thin films and
is attributed to the small lattice mismatch between the BTO and the
FeRh, as it was previously reported [47,49,62,63,64]. The last compo-
nent; a very broad (unresolved) singlet, with intensity of 9 %; was
associated to an unspecified oxide phase on the surface of the sample.
The detailed description of the model used for the deconvolution of the
CEMS spectrum can be found in the supplementary material.

For the GI-NRS model the overall layer structure and layer thickness
were taken from the XRR measurements while the iron microenviron-
ments from the CEMS results. To determine depth profile of the FeRh
layer it was divided into ten sublayers (Fig. 2b). Each of these sublayers
was uniformly set to 1.68 nm thick and were described as a homoge-
neous composition of all FeRh components from CEMS. During the
analysis of the GI-NRS quantum-beat patterns, the Mossbauer parame-
ters of the corresponding components were kept at the same values in
each sublayer. As a result, the only parameters which could vary be-
tween the individual FeRh sublayers (at any given combination of
temperature, electric field and magnetic field) were the relative amounts
of the FM (Xgy) and AFM (Xapm). However, Xpy was modeled as 1-Xapum
in each sublayer, therefore the only remaining independent parameter
was Xarpum (in each layer), which is exclusively used to describe the alloys
phase profile.

By simultaneously evaluating the three GI-NRS quantum-beat pat-
terns recorded at different grazing angles at a given temperature and
voltage, Xapm values were determined individually in each FeRh sub-
layer based on similar principles that were described in refs. [65,66,67].
In Fig. 3, the calculated information depths belonging to each chosen
grazing angle (in arbitrary units) as function of Mossbauer drive velocity
is shown. It is apparent that at the resonance peaks the information

o

depth (nm)
[ele)
()

FeRh # 10
BTO

Fig. 2. (a) 294 K CEMS spectrum and (b) the arrangement of the sublayers in the GI-NRS model.
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Fig. 3. Calculated information depths of the GI-NRS measurement at different grazing angles.

depth is quite shallow, however one has to keep in mind that in the
measured quantum-beat patterns the whole broadened lines rather than
only the peaks play role.

The calculated Xapy values, along with their uncertainties, at each
temperature (and for each magnetic/electric field combination), can be
found in Tables 3 to 15 in the supplementary material. The effect of
different grazing on the quantum-beat patterns and the fitting of the
above described model is illustrated on Fig. 9 in supplementary
materials.
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3.1. Temperature effect on the depth profile of the phase transition

The determined Xapy corresponding to each individual sublayer
without applied magnetic- or electric fields is shown in a 2D intensity
chart in the first column in Fig. 4, where the horizontal axis corresponds
to the applied temperature, the vertical axis to the depth of the FeRh
layer (sublayers), while the AFM ratio is presented by the color. There
are contradictory results in the literature about the room temperature
FM phases at the interfaces at. In ref. [43,44], mixed AFM and FM
phases, in ref. [68,69], FM layer at the substrate and FeRh interface, in
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Fig. 4. The antiferromagnetic ratio (Xapv) as a function of temperature with and without applied 150 mT magnetic field.
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ref. [47] FM layer only at the upper interface and in ref. [49,50,70,71]
FM layer at both upper and lower interface was identified. In our case,
the experiments revealed the existence of FM order at both the upper
and lower interfaces any temperature.

Despite, the impressing results of the latter works, the magnetic
depth profile was either not determined or only at two or three selected
temperatures, therefore the full mechanism of the metamagnetic tran-
sition cannot be reconstructed. A. S. Komlev and coworkers [47] sug-
gested a model based on Bean-Rodbell and Kolmogorov-Johnson-Mehl-
Avrami theory, stating that upon heating, the accumulation of the FM
domains propagate from top to bottom. In case of heating (AFM-to-FM
transition), we also found that the FM domain nucleation started at the
upper interface followed by an increasing intensity ripening procedure
(Fig. 4 bottom left). In the reverse course (FM-to-AFM transition),
however, the AFM domains emerged at the middle region of the sample
and superseded the FM regions towards the interfaces during the cooling
process (Fig. 4 upper left). In both cases the middle part of the FeRh film
ranging from #4 to #8 sublayer (from this point middle region) trans-
formed practically homogenously (first column in Fig. 4). From a tech-
nology viewpoint, our results showed that the alloy layer always has to
be at least 4 nm thick in the FeRh/BTO composite if temperature-
induced AFM « FM phase transition is required.

Upon heating, the overall magnetization in the sample was also
followed by VSM measurements (Fig. 5a). At low temperatures magnetic
hysteresis loops feature two coercive forces, which were associated to
the FM and AFM regions in the sample. With increasing temperature a
clear tendency of reduction of the coercive forces can be seen (Fig. 5b),
accompanied by the enlargement of the saturation magnetization, from
the initial ~ 400 emu/cm® to ~ 700 emu/cm®. The full ferromagnetic
characteristics of the hysteresis appears as high as 400 K, which can be
the consequence of the tetragonal to cubic phase transformation of the
epitaxial bound BTO. From VSM and GI-NRS results one can see that the
magnetic reordering is continuous, no definite temperature threshold
can be allocated for this procedure.

3.2. Synergy effect of magnetic field and temperature on the depth profile
of the phase transition

S. Maat and coworkers [72] demonstrated that external magnetic
field shifts the average spin structure towards FM ordering in FeRh thin
film, however the depth dependence was not investigated. Therefore, we
repeated the investigation of the metamagnetic transition with applied
150 mT magnetic field during the whole heating and cooling procedure.
The in-depth variation of the antiferromagnetic ratio is shown in the
second column in Fig. 4 and in detail in the supplementary material.
The main features of the magnetic transitions didn’t show significant
deviation from the zero magnetic field case. The FM regions at both
interfaces could be still observed at all temperatures and the FM and
AFM nucleation followed similar behavior as described earlier. The
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main difference is that the applied magnetic field tries to preserve FM
ordering (in agreement with ref 76), which means that the temperature
of the AFM-to-FM transition shifts to lower values, while shifts to higher
values in case of FM-to-AFM transition. In addition, the maximum
accessible AFM ratio decreased from 98 % to 85 %.

3.3. Synergy effect of electric field and temperature on the depth profile of
the phase transition

It is well known, that if strain is introduced to the crystal lattice of
FeRh, its metamagnetic transition can be triggered [35,36,37,73],
however the direct evidence of the depth-dependent magnetic processes
is still unprecedented. For this reason, the effect of electric field on the
magnetic depth profile was investigated during the FM-to-AFM transi-
tion in the cooling phase. In Fig. 6 the in-depth ratios of the antiferro-
magnetic domains are shown as a function of temperature in case of 0 V,
30 V, 60 V and 100 V applied voltage (the corresponding data for the
individual sublayers are shown in the supplementary material). In
contrast to the fully temperature driven (and magnetic field assisted)
metamagnetic transition, it can be seen, that the AFM nucleation starts
at the FeRh/BTO interface, caused by the piezoelectricity induced strain
in the BTO substrate. It seems, that this strain effect at a given temper-
ature exhibits a threshold thickness (relative to the lower interface)
within the spin reorientation is approximately the same and above the
effect decays continuously.

Above 390 K, the FM phase was found energetically stable even when
the highest voltage was applied. By analyzing the 2D charts in Fig. 6 one
can see that the exact range of electric field strength that triggers the
phase transition is determined by the temperature. In the case of 60 V
and 100 V applied voltage and in the lower half of the sample, an abrupt
jump in the AFM ratio occurred in a narrow temperature range around
360 K and 370 K, respectively. In case of 30 V, this rise undergoes
through a much broader temperature range. In the upper half of the
FeRh film, closer to the oxide, the FM / AFM transition was found to be
more restrained at all voltages

Our results suggest that the expected devices for this multiferroic
coupling have an ideal operating temperature of 342 K and a FeRh layer
thickness of less than 9 nm. However, for exclusively voltage controlled
phase transition, the FeRh layer should be no thicker than 5 nm.

3.4. Combined effect of temperature, external magnetic- and -electric
fields on the depth profile of the phase transition

Up until now, the joint effect of temperature, electric and magnetic
field on the metamagnetic transition of FeRh was not presented. In order
to investigate the synergy of these effects GI-NRS measurements were
carried with simultaneously applied 150 mT external magnetic field and
100 V voltage after the sample was cooled down to a certain temperature
from the initial 394 K. The full combination of the applied effects on the

on
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Fig. 5. (a) Magnetization at (010) direction and (b) coercive forces as a function of magnetic field and temperature in the FeRh/BTO composite.
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Fig. 6. Xapm as a function of temperature with various voltages during cooling phase, without applied magnetic field.

in-depth magnetic ordering is shown in Fig. 7 at 331 K, 352 K and at 372
K. A strong inhibitory effect of magnetic field on the AFM nucleation was
observed, which means, that the external magnetic field not only en-
hances the effect of heat (as it was shown in chapter 3.2), but immensely
reduces the effect of the electric field. However, the magnetic field itself
had no effect at the vicinity of the substrate, combined with the electric
field it has a significant contribution to the formed magnetic phase. It
was shown that the relative strength of heat, electric and magnetic fields
is not homogeneous throughout the FeRh layer; at the FeRh/BTO
interface the effect of the electric field is the strongest. Away from the

interface, the AFM / FM phase ratio is governed by the balance of
temperature, magnetic and electric field, and further away the effect of
electric field is negligible. Within the given experimental conditions, the
effect of temperature extends to 13 nm from the substrate at 331 K
without external magnetic field, but only to 9 nm at 352 K with 0 mT
external magnetic field or at 331 K with 150 mT (Fig. 7). Therefore, the
FeRh thickness where the external electric field could trigger the FM-to-
AFM phase transition, was determined by the combination of tempera-
ture and the strength of external magnetic field.

091331 K =3 | g9 352 K §/{’§_g_§ 094372 K
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Fig. 7. Xapm as a function of temperature, external electric and magnetic fields in the FeRh/BTO composite; during cooling phases.
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4. Conclusion

In this study the depth-dependent effects of temperature, external
magnetic and electric fields on the AFM / FM phase ratio of the alloy in
the FeRh/BTO multiferroic were determined by GI-NRS measurements.

It was found that the FM phase at the top and bottom interfaces of the
FeRh layer never transformed into the AFM phase by temperature alone,
regardless of whether magnetic field is present or not. In case temper-
ature induced AFM-to-FM transition we found that the FM domain
nucleation started at the upper interface followed by an increasing in-
tensity ripening procedure. On the contrary, in the cooling phase (FM-
to-AFM transition), the AFM domains emerged at the middle region of
the sample and superseded the FM regions towards the interfaces during
the cooling process.

When external magnetic field was applied, a clear temperature shift
of the metamagnetic phase transition was evidenced in a way, that the
system preserves FM ordering. The maximum ratio of the AFM phase
decreased from 98 % to 85 %.

In case of utilization of external electric field without magnetic field,
the AFM nucleation started at the FeRh/BTO interface, hence even the
lowest FM sublayer could be converted into AFM phase. The induced
FM-to-AFM transition was found to be homogenous up to a certain layer
thickness (relative to the bottom interface) but above, the influence of
the electric field reduced substantially

When the synergy of all effect was investigated, a strong inhibitory
effect of magnetic field on the AFM nucleation was observed, which
manifested in the reduction of effect of the electric field. The strength of
this reduction was found to be temperature and depth dependent.

It was shown that the relative strength of heat, electric and magnetic
fields is not homogeneous throughout the FeRh layer, therefore to
achieve the application compatible in-depth magnetic configuration, the
proper balance of these effects is extremely important.
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