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The narrow temperature span, ATspap, of first-order magnetocaloric materials is a serious problem that limits
the application as refrigerants. Here we report tunable phase transition and magnetocaloric effect controlled
by ferroelectric (FE) domains in FeRh films grown on (001)- and (011)-cut PMN-PT substrates. Adjacent two-
step phase transition, and hence significantly broadened ATp,p, has been achieved in FeRh films by utilizing
the multi-domain structure of PMN-PT substrates. The results of aberration corrected (ac)-STEM, EELS and
EDX analysis revealed that a 3~4 nm buffer layer with AB,04-type spinel structure is naturally formed at the
interface, which largely reduces the lattice mismatch between FeRh and PMN-PT and plays a key role for the
successful growth of epitaxial (oriented) FeRh film on either (001)- or (011)-oriented PMN-PT. The switched
FE domains by electric field govern the phase transition of FeRh films. As a result, regulated entropy change
and refrigeration capacity in a wide temperature span have been achieved. On this basis, a feasible magnetic
refrigeration cycle facilitated by electric field is designed. The present study provides an experimental basis
for expanding the refrigeration temperature span by ferroelectric domain engineering, which is significant
for promoting refrigeration application of first-order magnetocaloric materials particularly in micro-devices.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Ozone layer destruction and high energy consumption caused by
conventional gas compression refrigeration is becoming serious.
Increasing demands for energy-saving and environmental friendli-
ness calls for solid-state refrigeration technology [1—-10]. Looking for
materials with large caloric effect in a wide temperature span is the
primary concern for the realization of solid-state refrigeration. The
materials with first-order phase transition are usually considered to
be ideal solid-state refrigerants owing to the significant magneto-
caloric effect (MCE) [6—9], elastocaloric effect [3,4] and barocaloric
effect [10]. However, the narrow temperature span originated from
the sharp phase transition is one of the recognized problems hinder-
ing its application [11]. Unremitting efforts have been made to
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broaden the cooling temperature span, such as introducing chemical
pressure [12—14], hydrostatic and uniaxial pressure [15,16]. More-
over, nanostructuring was also proposed to be an effective way to
broaden temperature span and enhance refrigeration capacity [17].
However, most studies focused on bulk samples. Thin film has more
extensive applications and richer physical properties due to its size
effects [18] and coupling with substrate [19]. In particular, with the
increasing demands for refrigeration in microelectronic circuits, the
miniaturization of refrigeration devices has become an urgent task.
FeRh is a giant magnetocaloric material discovered in early years
[20], which is suitably fabricated into epitaxial thin film since its lat-
tice matches with a lot of single crystalline substrates. However, the
thin films of FeRh still show first-order transition and the MCE behav-
ior is similar to that of bulk. Equiatomic FeRh alloy with cubic struc-
ture undergoes a first-order transition from antiferromagnetic (AFM)
to ferromagnetic (FM) state accompanying with 1% volume expan-
sion [20], which makes it sensitive to external fields such as magnetic
field [21] or strain [22]. Any mismatch between film and substrate
can produce static strain, which will modify the phase transition and
MCE. Moreover, for the FeRh films grown on ferroelectric (FE)
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substrate, a dynamic strain caused by FE domain switching can be
introduced under cyclic electric field besides the common static
strain due to lattice mismatch. As a result, the phase transition and
MCE can be dynamically regulated.

Here, the relaxor ferroelectric single crystals (1-x)Pb(Mgy3
Nb;/3)03-xPbTiO3 (x = 0.3) (PMN-PT) with (001) and (011) orien-
tations were chosen as substrates to grow FeRh films. The rhom-
bohedral (R) PMN-PT has 8 spontaneous polarization FE domains
along body diagonals, and the vector projections in the same
crystal plane are different with each other due to the asymmetri-
cal R structure [23,24]. The subtle difference of static strains
caused by the different FE domains can make the phase transition
of FeRh films split. Additionally, the FE domain switching (109°,
71°, 180°) [25-27] and structural transition (rhombohedral-
tetragonal R-T [28], or rhombohedral-orthogonal R-O [29]) driven
by electric field can change both the proportion of FE
domains and lattice parameters of PMN-PT substrate, and the
concomitant strains all exert on the FeRh films. The combined
actions of static and dynamic strains governed by the FE domains
can significantly broaden phase transition and lead to rich MCE
behavior.

To disclose the epitaxial relationship and growth mechanism
of the FeRh films on the different (001)- and (011)-oriented
PMN-PT, spherical aberration corrected transmission electron
microscopy (ac-STEM), electron energy loss spectroscopy (EELS),
as well as energy dispersive x-ray spectroscopy (EDX) analysis
were performed to examine the microstructures and distinguish
element distributions. The results indicate that a 3~4 nm buffer
layer with AB,O4 type spinel structure is naturally formed at the
interface, which largely reduces the lattice mismatch between
FeRh and PMN-PT and plays a key role for the epitaxial growth of
FeRh films on either (001)- or (011)-oriented PMN-PT. The forma-
tion and orientations of the AB,0O4 spinel layer, as well as the epi-
taxial relationship across the buffer layer, were analyzed in detail
for the different heterojunctions. Taking advantage of the multi-
domain structure of PMN-PT substrate, FeRh films also show
multi-domain coexistence and hence adjacent two-step phase
transition takes place. As a result, the temperature span of phase
transition is significantly broadened. Meanwhile, entropy change
and refrigeration capacity can be continuously adjustable in a
wide temperature span by utilizing ferroelectric domain switch-
ing and/or ferroelectric phase transition induced by electric field.
On this basis, a feasible magnetic refrigeration cycle facilitated by
electric field is designed.

2. Experiments

FeRh films were grown on both (001)- and (011)-oriented PMN-PT
substrates at 750 °C in an argon pressure of 0.2 Pa with a power of 29 W
by magnetron sputtering and in situ annealed for one hour. The struc-
ture and crystal orientations were characterized by four circle x-ray dif-
fraction (XRD) with Cu-Ke radiation. Microstructures at the interface of
FeRh/PMN-PT were examined by ac-STEM (JEM-ARM300F, JEOL Ltd)
operated at 300 kV with a cold field-emission gun and double dodeca-
poles spherical aberration (Cs) correctors. The convergence angle was
18mrad and the angular range of collected electrons for high-angle
annular dark field (HAADF) imaging was 54—220mrad. Elemental analy-
sis by EELS and EDX was carried out to determine the distribution of ele-
ments. Au layers were vapor deposited on bottom side of FeRh/PMN-PT
heterostructure as electrodes. The magnetic properties were measured
using a superconducting quantum interference device (SQUID—-VSM)
with in situ electric fields applied across the FeRh/PMN-PT structure by
a Keithley 6517B electrometer. The leakage current is below 5nA under
a 6 kV/cm electric field.

3. Results and discussion

3.1. Crystal structure of FeRh films grown on (001)- and (011 )-oriented
PMN-PT substrates

Fig. 1a and b shows the XRD patterns of FeRh films grown on
(001)- and (011)-oriented PMN-PT substrates, respectively. It can be
seen that the FeRh film grown on (001)-PMN-PT orients along [011]
direction while the one on (011)-PMN-PT orients along [001] direc-
tion. According to the cube-on-cube epitaxial orientation relationship
and lattice parameters of FeRh (apern=2.995 A) [30] and PMN-PT
(apmn-pr=4.017 A) [31], the lattice mismatch along two in-plane
directions can be deduced from S:W. For FeRh(011)/(001)

PMN-PT, the ¢ along FeRh [01-1](011)||PMN-PT [100](001) and FeRh
[100](011)||PMN-PT [010](001) directions are 5.42% and 25.4%,
respectively. While for FeRh(001)/(011)PMN-PT, the ¢ along FeRh
[100](001)||PMN-PT [100](011) and FeRh [010](001)||PMN-PT
[01-1](011) directions are 25.4% and 5.42%, respectively. One can
note that the lattice relations are completely the same for FeRh(011)/
(001)PMN-PT and FeRh(001)/(011)PMN-PT, indicating that the same
growth mode may be adopted for both heterojunctions. Such a large
lattice mismatch will cause the accumulation of strain energy and
make the lattice unstable [32]. Moreover, for the cubic FeRh film
grown on rhombic (001) and (011) plane with an angle of ®=89.9° of
PMN-PT single crystal [25], as shown in Fig. 1c and d, lattice distor-
tion will occur during the growth, which also leads to the instability
of FeRh lattice [32].

To disclose the epitaxial relationship and growth mechanism, ac-
STEM analysis was performed to analyze the microstructures of
FeRh/PMN-PT. HAADF image of FeRh(001)/(011)PMN-PT is shown in
Fig. 1f. It can be seen that a buffer layer with a thickness of ~3.7 nm is
naturally formed at the interface, and the structure is identified to be
AB,04 type spinel with c-axis along [001] while in-plane a-axis is
along [110] direction. The corresponding atomic arrangements of
a-FeRh, spinel buffer layer, and PMN-PT are schematically depicted
on the right panel of HAADF image (Fig. 1f). The weaker contrast of
the buffer layer compared with film and substrate in the HAADF
image is caused by the thinner thickness of buffer layer, the ion mill-
ing speed of which is faster than that of the film/substrate. It can be
noted that, in the HAADF image, the brightness of the four rhombic
vertex atoms in the buffer layer is much larger than in other posi-
tions, consistent with the AB,0,4 type spinel structure, noting that the
number of atoms in the four rhombic vertices is twice as much as in
other positions in the structure [33]. To further explore the formation
mechanism of buffer layer, the elemental distributions at the inter-
face were analyzed by both EDX and EELS spectroscopy. EDX is good
at distinguishing heavy elements while EELS has a better resolution
for light elements [34]. It can be seen, from Fig. 1g, that Fe atoms not
only appear in the FeRh film but also distribute in the entire buffer
layer. However, Pb atoms only appear in the substrate but not in the
buffer layer (Fig. 1h). From Figure S1b-f, one can find that the buffer
layer also contains Ti, Mg, Nb, O without Rh elements. That is to say,
the buffer layer contains all elements except Pb in the PMN-PT sub-
strate, and also contains Fe. Although we are unable to distinguish
the exact elements locating at A and B positions at the moment (pos-
sibly random occupation), the AB,0,4 type spinel structure is clear for
the buffer layer. Moreover, it is reasonable to speculate the formation
process of spinel structure by considering the volatile characteristics
of Pb. Pb atoms on the surface layers of PMN-PT volatilize during film
growth and cause Pb vacancies. The Fe atoms from the FeRh film infil-
trate into the interface, promoting the formation of the spinel buffer
layer, as shown in Fig. 11.

For FeRh(001)/(011)PMN-PT, the epitaxial relationship through
the interfaces can be identified from the HAADF image shown in
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Fig. 1. The XRD patterns of (a) FeRh(011)/(001)PMN-PT and (b) FeRh(001)/(011)PMN-PT heterostructure at room temperature; (c) Configuration of spontaneous polarization vec-
tors along body diagonals shown by arrows for (001)-oriented PMN-PT single crystal and (d) the projections of ferroelectric domains r1/r3 and r2/r4 in the (001)-plane and the cor-
responding FeRh domains in (011)-plane; (e) Configuration of spontaneous polarization vectors along body diagonals shown by arrows for (011)-oriented PMN-PT single crystal; (f)
Cross-sectional STEM HAADF image of FeRh(001)/(011)PMN-PT heterostructure and the corresponding atomic arrangement of a-FeRh, buffer layer and PMN-PT; EDX mapping of
(g) Fe (green) and (h) Pb (purple) element distribution at the interface, where the scale bar is 2 nm in length; (1) Schematic diagram of spinel buffer layer formation. Pb atoms (red)
in the ABO5 perovskite PMN-PT volatilize at high temperature, and Pb vacancies appear, which give rise to the skewing of adjacent atoms. During film growth, Fe atoms at the inter-
face permeate into Pb vacancies, facilitating the formation of a buffer layer with spinel structure. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

Fig. 1f, where the atomic arrangement model is displayed on the right
panel. The lattice mismatch among the FeRh film, the buffer layer and
the PMN-PT substrate can be evaluated by referencing lattice param-
eters of the bulk (FeRh: 2.995 A, spinel: 8.454 A [35], PMN-PT:
4,017 A), though the actual strain is hard to be obtained for each

layer. At the interface of (011)PMN-PT/(001)spinel, two spinel unit
cells along [110] match well with three PMN-PT unit cells along
[100], and the lattice mismatch produces a tensile strain about
+0.77% on the spinel layer. At the interface of (001)FeRh/(001)buffer
layer, two FeRh unit cells along [100] direction match with one spinel
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unit cell along [110], and the lattice mismatch produces a compres-
sive strain about —0.18% on the FeRh film. This analysis indicates that
the direct large mismatch between FeRh(001) and (011)PMN-PT is
significantly reduced by the formation of spinel layer, which facili-
tates the epitaxial growth of FeRh film. The good epitaxial growth of
film can help effective transmission of strain from substrates, particu-
larly for the strain produced by FE domains. It was reported that the
strain produced by piezoelectric stress can propagate over a long dis-
tance of 600 nm while the strain remains unchanged [36,37].
Similarly, a ~4 nm buffer layer with AB,O4 type spinel structure
was also detected in the interface of FeRh(011)/(001)PMN-PT.
Although the area of buffer layer is unclear in the HAADF image
(Figure S2a,c) compared to that between FeRh(001)/(011)PMN-PT
(Fig. 1e) because of its thinner thickness caused by preparation, the
similar spinel structure can be identified from the ABF image (Figure
S2b and d) fortunately, where the c-axis of the buffer layer is along
[001] direction while the in-plane a-axis is along [100] (see supple-
mentary material S2). Besides the spinel buffer layer, multi-domain
structure was detected in the FeRh film. As shown in Figure S2, two
kinds of domains appear in FeRh, which have the same out-of-plane
orientation along [011], but the in-plane orientation is different. The
one along in-plane [01—1] is labeled as domain A (Figure S2a and b)
while the other along in-plane [100] labeled as domain B (Figure S2¢
and d). Such occurrence of multi-domain structure of FeRh film is
closely related to the FE multi-domain in PMN-PT substrates. For the
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(001) cut PMN-PT, the projections of FE domains r1/r3 (r1+r1-r3+r3-)
in the (001)-plane are the same, but different from the projections of
FE domains r2/r4(r2+r2-r4+r4-) in the same plane. Both are rhombus
with the same side length, but rotated by 90° with each other, as
shown in Fig. 1d. For the (011) oriented FeRh film on the rhombus
(001) plane of PMN-PT, the rectangular FeRh lattice will twist and
deform. To release the strain energy and distortion energy, two kinds
of domains alternately grow. The one with [100] side in (011)-plane
of FeRh film along the [100] direction of r1/r3 FE domain corresponds
to domain B, while the one with [01-1] side in (011)-plane of FeRh
film along the [100] direction of r2/r4 FE domain corresponds to
domain A. For both domains, the epitaxial relationships with sub-
strates can be deduced similarly to the case of FeRh(001)/(011)PMN-
PT by referencing lattice parameters of the bulk. At the interface of
(001)PMN-PT/(001)spinel, 10 spinel unit cells along [100] match
with 21 PMN-PT unit cells along [100], and the lattice mismatch pro-
duces a compressive strain about —0.20% on the spinel layer. At the
interface of (011)FeRh/(001)spinel, for domain A, four FeRh unit cells
along [01—-1] match with one spinel unit cell along [100], and a com-
pressive strain about —0.21% is produced on the FeRh film; while for
domain B, 14 FeRh unit cells along [100] match with 5 spinel unit
cells along [100], and a tensile strain about +0.8% is generated on the
FeRh film. The coexistence of domains A and B undergoing different
strains will lead to successive two-step phase transition in FeRh films

(Fig. 2).
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Fig. 2. Temperature dependence of magnetization (M-T curves) measured at 3T magnetic field with in situ electric field of 0 kV/cm, +8 kV/cm and —8 kV/cm. (a) three-dimensional
plots, (b) two-dimensional plots, where the corresponding dM/dT-T in heating process is shown in the inset. (c) Electric field dependence of magnetization (M-E curve) measured at
constant temperature 330 K and magnetic field 5T. The inset shows sketch of (011)FeRh/(001)PMN-PT heterostructure with in-situ electric field applied, where H and E represent
the direction of applied magnetic field and electric field, respectively. (d) The measured out-of-plane lattice parameter of (001)PMN-PT substrate as a function of electric field. (For
interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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3.2. Phase transition and magnetocaloric effect controlled by
ferroelectric domain switching in FeRh(011)/(001 )PMN-PT

Temperature dependent magnetization (M-T curves) measured
under 3T magnetic field is shown in Fig. 2 (black curves). Similar to
the bulk, an external magnetic field can also shift the phase transition
temperature to lower temperature for FeRh films. The negative mag-
netization in Fig. 2 originates from the diamagnetism of substrates. It
can be seen that the (011) FeRh films on (001)PMN-PT undergo AFM-
FM first-order phase transition, which is similar but different from
that of FeRh bulk. For FeRh bulk without strain, there have been
many studies on the MCE since the first report in 1990 [20]. However,
the reported entropy change AS is always a single peak, originating
from the single AFM-FM magnetoelastic transition. So, it is difficult to
adjust the phase transition span. One can note, from Fig. 2, that the
FeRh film exhibits consecutive two step phase transition both in
heating and cooling process, which can be clearly seen from the dM/
dT-T curve with two peaks at 356 K and 376 K on heating (black
curve, inset of Fig. 2b). The occurrence of the two step transition
should be related to the alternately grown domains in the FeRh films
governed by FE domains r1/r3 and r2/r4 (Figure S2). For FeRh alloy,
the compressive (tensile) strain can stabilize AFM (FM) phase and
shift the phase transition towards high (low) temperature [38,39].
Therefore, domain A under compressive strain governed by r2/r4
domain corresponds to the high temperature part of the two-step
phase transition, and domain B under tensile strain governed by
r1/r3 domain corresponds to the low temperature part of the two-
step phase transition. The low temperature peak in the dM/dT-T
curve is higher than the high temperature peak. It indicates that the
amount of domain B governed by r1/r3 domain is larger than that of
domain A governed by r2/r4 domain, which is consistent with the
result that the proportion of r1/r3 FE domain is higher than r2/r4 in
the initial state of PMN-PT substrates. In particular, a bevel cut of
PMN-PT can make the amount of ferroelectric domains r1/r3 more
than those of r2/r4 [25,40], which is confirmed by reciprocal space
maps (RSM) of the (113) reflection (see supplementary material S3).

Moreover, one can notice, from Fig. 2b, that the FeRh films display
broadened transition on cooling compared to that on heating. The
relative origin was studied previously, which can be ascribed to the
film crystal quality, defects, and strains [41—44]. For example, Fan et
al. performed polarized neutron reflectometry studies on the FeRh
films grown on MgO [43]. The detected FM moment at temperatures
far below the AFM-FM transition was demonstrated originating from
the strains between films and substrates. Loving et al. [44] presented
structural evidence for the stabilized ferromagnetism in epitaxial
FeRh films on MgO, which well explained the broadened transition
on cooling based on classical nucleation theory. For the AFM—FM
transition on heating, the retained FM components promote the
growth of the additional FM regions which then work together to
align the other remaining areas, hence leading to an abrupt transi-
tion. While for the inverse FM—AFM transition on cooling, the FM
regions are strongly coupled with simultaneously hampering the
nucleation of AFM phase, thus resulting in a broadened cooling
branch and a long tail in the M-T curve.

To explore the impact of ferroelectric domain switching on phase
transition of (011)FeRh/(001)PMN-PT heterostructure, M-T curves
with the same magnetic field of 3T along in-plane [100] direction
were measured under electric fields of +8 and —8 kV/cm along out of
plane [001] direction (see the sketch in the inset of Fig. 2c). The
results and the corresponding dM/dT-T curves on heating are plotted
in Fig. 2a,b and the inset. When the +8 kV/cm was applied, the two
step transition of FeRh film still remains but the ratio between the
two has changed. Domain B governed by r1/r3 reduces while Domain
A by r2/r4 grows. The heights of the two peaks in the dM/dT-T curve
(red) are nearly identical. In contrast, when the —8 kV/cm was
applied, the two step transition nearly disappears and merged into a

single one with position nearly the same as the Domain A at 0 kV/cm
(see the single peak with a small bump on the left in the dM/dT-T
blue curve). These results can be ascribed to the combined effect of
strain induced by ferroelectric domain switching and the change of
FE domain proportion. When the +8 kV/cm is applied, the proportion
of r2/r4 FE domain increases due to 109° domain switching (Support-
ing materials S3), thus the corresponding amount of domain A gov-
erned by r2/r4 domain increases. Therefore, the heights of high
temperature peak in dM/dT-T curve (red) increases at +8 kV/cm. Actu-
ally, 109° domain switching only covers 26% of the entire poled area,
most are 71°(r1+—r13- or r3+-r1-)/180°(r1+—rl1- or r3+—r3-)
domain switching. No change of FE domain proportion occurs in 71°/
180° domain switching, but a compressive strain will be generated.
However, both the M-E curves and ¢-E curves in Fig. 2c and d are
asymmetrical, which may be ascribed to the inhomogeneity in com-
position or bevel cut of (001)-PMN-PT single crystal (Details can be
seen in Supporting materials S4). Compared to 0 kV/cm, the parame-
ter of PMN-PT keeps almost unchanged at + 8 kV/cm, namely, the cor-
responding strain at + 8 kV/cm is small due to the asymmetrical
polarizations, and its effect on phase transition can be ignored. When
the —8 kV/cm is applied, the proportion of 109° domain switching is
almost the same as +8 kV/cm, which also makes the amount of
domain A increase and the high temperature peak increase. Besides,
a large compressive strain also generates due to the 71°/180°
domain switching as shown in Fig. 2d. Thus, the phase transition
temperature of domain B dominated by r1/r3 FE domains moves to
high temperature, and approaches to that of domain A dominated
by r2/r4 domains. At last, the two-step phase transformation
merges. The small bump on the left in the dM/dT-T curve may be
due to the uncompleted FE domain switching (see Supplement
material S3).

To study the effect of FE domain switching on the magnetocaloric
effect of FeRh film, isothermal magnetization curves were measured
using loop method [45] under different electric fields for FeRh(011)/
(001)PMN-PT. The calculated entropy changes (AS) based on Max-
well relationship are shown in Fig. 3. It can be seen that two AS peaks
appear under 0 kV/cm due to the double domain structure of the
FeRh film. The low temperature peak contributed by domain B is
higher than the high temperature one contributed by domain A
(Fig. 3a), which agrees with the M-T and the corresponding dM/dT-T
curves (black, Fig. 2). The low and high temperature AS peaks at
347.5 K and 377.5 K have maximum values about 108 mJ/cm®K and
77 mj/cm3K for a magnetic field change of 0-5T, respectively
(Table 1). With FE domain switching induced by electric field, these
two AS peaks evolve to be nearly identical in height at +8 kV/cm
(Fig. 3¢) while they merge into a single one with a small bump on the
left at —8 kV/cm (Fig. 3b). All these behaviors completely agree with
the M-T and dM/dT-T curves (red and blue, Fig. 2). Table 1 summarizes
the peak position, peak value, full width at half maximum (FWHM) of
AS-T curves, refrigeration capacity (RC). RC is an important parameter
to evaluate the performance of MCE material, i.e. the energy that a
refrigerant can transfer between hot and cold reservoirs. It can be
determined from RC = fTTz‘ |AS(T)|pydT, where T; and T, refer to the
temperatures corresponding to the full width at half maximum
(FWHM) in the |ASy(T)| curves [46]. It is noticeable that the modifica-
tion of RC by the application of electric field does not alter signif-
icantly the magnitude of the peak AS when an appropriate
electric field was chosen. Moreover, Griffith et al. recently raised
another reasonable parameter to evaluate the MCE material [47],

namely temperature averaged entropy change (TEC),
TEC(ATyi) —A}“ﬂmaxnm{ f;::%{; ASM(T)dT}, where ATy refers

to the desired lift temperature in response to a given field change.
Here we choose AT ~10 K to evaluate the TEC(10 K) while Tpiq is
obtained by sweeping over the available AS(T) data and selecting
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+8 -8

Low temperature ~ High temperature ~ Low temperature  High temperature

Table 1
Magnetic refrigeration parameters (0—5T) of FeRh(011)/(001)PMN-PT at different electric fields.
Electric field (kV/cm) 0
AS peak Low temperature  High temperature
AS peak position(K) 347.5 377.5
AS peak value (m]J/cm>K) 108 77
FWHM(K) 34 14
RC(mJ/cm3) 2976 836
TEC(10 K) at the peak position (mJ/cm®K) 103 63
RCiotar covering all (m]J/cm?) 3812

3425 3725 3375 367.5
89 80 45 104
29 28 42
2055 1772 466 3494
85 79 45 101
3827 3960

the value that maximizes TEC(ATy) for the given ATy [47]. The
obtained TEC(10 K) is also listed in Table 1. The performance of TEC
for the present films is comparatively attractive [47].

It can be seen from Table 1 that the FWHM of AS-T curves can
be largely adjusted by the FE domain switching induced by elec-
tric field, thereby the RC of FeRh film. For example, the available
cooling temperature span can be dynamically widened from 34 K
(327K-361 K) to 60 K (327K-387 K) by tuning E from 0 to —8 kV/
cm. It is almost doubled, as shown in Fig. 3d. Although there is
no significant change in the total RCy, covering the two AS
peaks of FeRh film, the relative magnitude of the two in different
temperature regions can be effectively regulated by the electric
field. In particular, the appearance of two adjacent AS peaks with
nearly equal height under +8 kV/cm suggests that the FeRh films
can be simultaneously applied in the corresponding two tempera-
ture regions.

3.3. Phase transition and magnetocaloric effect controlled by
ferroelectric R-O phase transition in FeRh(001)/(011)PMN-PT

Due to the multidomain structure of substrate, FeRh films grown
on (011)-oriented PMN-PT substrate also show two step phase tran-
sition, which can be seen from the M-T and corresponding dM/dT-T
curves (black) measured at 0 kV/cm and 0.5 T (Fig. 4b and its inset).
The sketch of the circuit applying electric field and magnetic field is
shown in Fig. 4a. From the dM/dT-T curves, the two step phase transi-
tion under 0 kV/cm is located at 368 K and 378 K. The origin is the
same as that in (011)FeRh/(001)PMN-PT. The different projections of
ferroelectric domains r1/r2 and r3/r4 in the (011) plane of PMN-PT
substrate makes the FeRh films grow in two kinds of domains, which
undergo different in-plane strains owing to lattice mismatch. When
an electric field (+6 kV/cm or —6 kV/cm) is applied across the thick-
ness direction of (011)-PMN-PT substrate, the multidomain



K. Qiao et al. / Acta Materialia 191 (2020) 51-59

I FeRh
PMN-PT

()

[011]

[01-1]
| 20me

-(c) o
=
=t
=
E ——0kV/cm
‘Ei | = _-6KkV/cm
-
: -
&
=
~ =
312 314 31.6
20 (deg)

57

1200 +6kV/
. cm
i (b) —=— 0kV/cm
900 | —4— -6kV/cm
e ?40 1
§ ¢ |
g 600 - 520 _/' \{f\
2 s ’
=
= 300} S
0
50 100 150 200 250 300 350 400
T (K)
0.05 ( d) [100] direction
[ —e— first cycle
0.00 | second cycled
-0.05F Y k
< f 7 \
~— A/ 4 \
“.0.10f ;/ / 1
I
/ M
-0.15F ﬁ‘? # 1
-0.20 ! 1 ! [ ! 1
-8 -6 -4 -2 0 2 4 6 8
E (kV/ecm)

Fig. 4. (a) Sketch of (001)FeRh/(011)PMN-PT heterostructure with in-situ electric field applied, where H and E represent the direction of applied magnetic field and electric field,
respectively. (b) M-T curves of (001)FeRh/(011)PMN-PT at different electric fields at 0.5 T. Inset shows the corresponding dM/dT-T curves on heating. (c) XRD patterns of PMN-PT
substrate collected under 0 kV/cm and - 6 kV/cm at room temperature. (d) Strain as a function of electric field (¢-E curve) along in-plane [100] direction measured by strain gauge at

room temperature.

rhombohedral phase transforms into a single domain orthogonal
phase (R-O phase transition) and a compressive strain along in-plane
[100] direction is produced (Supplement material S4). As a response,
the two step phase transition of FeRh films merges into a single one
and moves to higher temperature (inset of Fig. 4b).

To evidence the R-O phase transition of (011)PMN-PT substrate
driven by electric field, XRD patterns under different in situ electric
fields were collected at room temperature. The results are shown in
Fig. 4c. Under 0 kV/cm, the observed two peaks correspond to the
coexisting multidomain structure r1/r2 and r3/r4 in R phase, from
which the calculated out-of-plane projections of lattice parameters
are 5.696 A and 5.687 A, respectively. These values are consistent
with those reported previously [27]. When the —6 kV/cm is applied,
the two peaks merge into a single one and moves to a lower angle,
corresponding to a single domain orthogonal phase [48]. Meanwhile,
the in-plane parameter along [100] compresses, which favors AFM
phase of FeRh film and shifts the phase transition to higher tempera-
ture. All these agree well with the behaviors of M-T and dM/dT-T
curves (inset of Fig. 4b). However, the multi-domain structure of
(001)FeRh film governed by r1/r2 and r3/r4 FE domains was not
observed in the STEM image, which can be understandable consider-
ing the isotropic atomic configuration in both in-plane and out-of-
plane directions for the (001)-oriented FeRh film. Note that the differ-
ence in the out-of-plane projections of lattice parameters between
r1/r2 and r3/r4 is rather small, only 0.01 A. The corresponding
response in FeRh films is hard to be distinguished from the STEM
image.

Moreover, the strain as a function of electric field (&-E curves) was
measured along the in-plane [100] direction of (011)-PMN-PT

substrate by strain gauges (Fig. 4d). The &-E curves are nearly sym-
metrical for positive and negative electric fields and no obvious offset
of the coercive electric field is observed, which is coincident with the
M-T curves at +6 kV/cm. The occurrence of symmetrical strain curves
in (011)-oriented PMN-PT substrate might be due to the more homo-
geneous composition than that of (001)-oriented PMN-PT. The pro-
duced compressive strain is about ~ —0.18% under either +6 kV/cm or
—6 kV/cm. Repeated measurements demonstrate good repeatability,
as shown by the consistence of first and second cycles in Fig. 4d.

To study the effect of electric field driven R-O phase transition on
magnetocaloric effect, isothermal magnetization curves were mea-
sured under 0 kV/cm and —6 kV/cm, and the calculated AS-T curves
based on Maxwell relation are plotted in Fig. 5. As expected, two
peaks appear under 0 kV/cm, which originates from the multi-
domain structure of FeRh film governed by FE domains r1/r2 and r3/
r4 as stated above. The low and high temperature AS peaks at
347.5 K and 367.5 K with maximum about 142 mJ/cm’K and 74 m]/
cm®K for a magnetic field change of 0—5T, respectively. When the
—6 kV/cm was applied, the two AS peaks merged into a single one,
consistent with the M-T, dM/dT-T curves (Fig. 4b and its inset) and
the XRD results (Fig. 4d). The single AS peak locates at 357.5 K with
maximum about 153 mJ/cm’K at 0—5T. This AS value is about 8%
higher than that of low temperature AS at 0 kV/cm. Additionally, the
FWHM of AS-T curve at —6 kV/cm is 33 K, widened by 8 K with
respect to the FWHM (25 K) of the low temperature AS peak at 0 kV/
cm. According to the AS peak value and FWHM, RC is 3151 mJ/cm?
and 827 mJ/cm? for the low and high temperature AS peak at 0 kV/
cm, respectively. The total RC, covering the two peaks is 3978 m]/
cm? at 0 kV/cm while the RCyoa covering a single peak at —6 kV/cm
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Fig. 6. (a) Schematic diagram of dual field stimulated AMR cycle; (b) The AS-T curves of FeRh layer tuning by FE domains of PMN-PT substrates.

is 3995 mJ/cm>. However, the electric field regulation can enable the
RC and AS to be distributed or concentrated at different temperature
regions to meet specific requirements. The available cooling tempera-
ture span of FeRh film can be widened from 25 K (331K-356 K) to
43 K (331K-374 K) by utilizing the R-O phase transition induced by
electric field, as shown in Fig. 5c.

3.4. Design of AMR cycle based on the regulated phase transition and
magnetocaloric effect by ferroelectric domain

The active regenerative magnetic refrigeration (AMR) [49] has
been regarded as an alternative refrigeration cycle with high energy
efficiency compared to conventional refrigeration techniques. Mag-
netocaloric materials with first-order transition usually have narrow
temperature span. To achieve refrigeration in a wide temperature
span, composite of multiple materials with different transition tem-
peratures is usually required [11,50], properly arranged in the refrig-
erator bed. However, phase transition characteristics are usually
sensitive to preparation arts particularly for the first-order materials,
which make it difficult to prepare materials with continuous phase
transitions. Based on the regulated phase transition and magneto-
caloric effect by ferroelectric domain in FeRh/PMN-PT heterojunc-
tions, a feasible AMR cycle with assistance of electric fields can be
designed, as shown in Fig. 6a.

The material beds of the AMR cycle can consist of FeRh films on
(001) and (011) PMN-PT substrates. The entropy change for all cases
is shown in Fig. 6b. For the FeRh(011)/(001)PMN-PT, two separated
AS peaks already appear in a broadened temperature region in the
absence of electric field (black curve in Fig. 6b). Application of proper
electric field can adjust the magnitude of AS and RC through switch-
ing FE domains in the corresponding temperature regions (red and
blue curves in Fig. 6b). Meanwhile, the AS peak of FeRh(001)/(011)
PMN-PT (magenta curve) can complements the temperature range
between the two separated AS peaks of FeRh(011)/(001)PMN-PT.
Then good refrigeration performance can be realized in a continu-
ously wide temperature span and the peak positions can be

dynamically adjusted by regulating the applied electric field depend-
ing on the working conditions of the refrigerator at each moment.
This dynamic control could be used as an additional parameter for
the optimization of the device.

4. Conclusion

In conclusion, adjacent two-step phase transition in FeRh films
has been realized and hence the working temperature span AT,y of
FeRh films was greatly broadened by utilizing the alternatively
arranged two kinds of domains in FeRh films induced by multi-
domain in PMN-PT substrates. The growth mechanism is confirmed
by STEM. A 4 nm thick spinel buffer layer naturally formed at the
interface greatly reduces the lattice distortion and lattice mismatch.
The two step phase transition can also be regulated by FE domain
switching or FE phase transition. As a result, a continuously adjust-
able AS and RC in a wide temperature span is achieved, which solves
the key problem of narrow working temperature span in first order
MCE materials. On this basis, a dual field stimulated AMR cycle based
on the ferroelectric domain controlled MCE is proposed. This work
provides an effective way to broaden the available cooling tempera-
ture span by utilizing ferroelectric domains and simultaneously sol-
ves difficult problems of the material preparation which provide a
solid foundation for the application of first-order phase transition
material films in micro/nano devices.
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