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As living standards increase, the energy consumption in refrigeration, such as air-conditioning and refrigerators,
tremendously increases and intensiﬁes global warming. As an alternative for the conventional vapor compression technique, solid state refrigeration based on magnetocaloric eﬀect shows signiﬁcant potential due to energysaving and environmental-friendly properties. However, hysteresis loss is a longstanding problem seriously
harming refrigeration eﬃciency. Here, we report novel enhancement of refrigeration eﬃciency controlled by
strain memory eﬀect in FeRh ﬁlms grown on (011)-PMN-PT substrates. Utilizing nonvolatile strain triggered by a
pulse electric ﬁeld to engineer magnetization process of FeRh ﬁlm, a nonvolatile large reduction of hysteresis
loss, ∼56%, is achieved, consequently eﬀective refrigeration capacity increases to ∼86%. The hysteresis loss
can be expected to be eliminated and even turned out to be inverse through enhancing the strain memory eﬀect.
As a result, eﬀective refrigeration capacity (RCeﬀe) can increase to a new height through introducing external
mechanical work in a magnetic refrigeration cycle, and the ideal COP (coeﬃcient-of-performance) would break
through Carnot limit if only hysteresis loss and the contribution of mechanical work were considered.

1. Introduction
Conventional vapor compression refrigeration technique has been
used everywhere in our daily life. However, the produced ozone depleting and/or greenhouse eﬀects due to the usage of Freon and its
substitutes seriously impact environment. Therefore, it is urgent to
search an alternative technique especially after the new global climate
Paris agreement [1]. Solid state refrigeration [2–11] based on magnetocaloric [2,10], electrocaloric [3,4], mechanocaloric eﬀect [5,7] has
attracted ever-increasing interest for its environmental-friendly and
energy-saving superiority compared to conventional vapor compression
technique. In the past two decades, the discovery of giant caloric materials, such as Gd5Si4-xGex [2], La(Fe1-xSix)13 [12,13], MnFeP1-xAsx [8],
NiMnX [14,15], has indeed promoted the developing of solid state refrigeration technique.
As well known, FeRh is a giant magnetocaloric material [16,17]
discovered earlier than the milestone material Gd5Si2Ge2 [2]. The nearequiatomic FeRh alloys own a coupling between magnetic and
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structural order, hence a typical ﬁrst-order transition accompanied with
a volume expansion about 1% from antiferromagnetic (AFM) to ferromagnetic (FM) state occurs just above room temperature (around
350 K) [18]. This characteristic makes FeRh sensitive to various external stimulus, such as temperature, magnetic ﬁeld [19], and strain
[20], hence giant elastocaloric [21], and barocaloric eﬀect [22] have
been also reported in FeRh besides giant magnetocaloric eﬀect (MCE)
[16,17].
However, the usage of FeRh in a prototype has rarely been reported
since its discovery [16] in 1990 because the large hysteresis loss and
irreversibility hinder it to be as eﬀective refrigerants. Hysteresis loss
denotes heat leakage in a refrigeration cycle, which seriously reduces
eﬃciency. Not merely in FeRh, many ﬁrst order materials with giant
MCE exhibit large hysteresis loss. Eﬀectively decreasing the hysteresis
loss is, therefore, a longstanding issue for the caloric materials. People
dedicated lots of eﬀort to reduce hysteresis loss, such as by doping [23],
introducing porosity [24], or introducing hydrostatic pressure [14]. The
remarkable work is the signiﬁcant reduction of hysteresis loss in
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Fig. 1. Schematic of (a) refrigeration cycle, (b) M-H curves (after virgin cycle) with pulse ± E applied only at points of 0 T and H, and the corresponding (c) M-E
curves and (d) M-T curves at magnetic ﬁelds of 0 T and H.

possible as eﬀective refrigerants. More attractively, as long as the strain
memory eﬀect can be large enough, the hysteresis loss is expected to be
inverse, resulting in a novel enhancement of eﬀective refrigeration
capacity (RCeﬀe). The RCeﬀe can increase to a new height by utilizing
mechanical work in a magnetic refrigeration cycle, and the ideal COP
(coeﬃcient-of-performance) would break through Carnot limit if only
hysteresis loss and the contribution of mechanical work were considered.

Heusler alloys NiMnCoIn proposed by utilizing multicaloric cycle
combining magnetic ﬁeld with hydrostatic pressure [14].
Although great successes in decreasing hysteresis loss have been
achieved, most of the previously reported were focused on bulk samples. With the popularization of microelectronic devices, miniaturization of refrigeration devices has become an urgent demand of refrigeration technology. Compared to bulk, thin ﬁlm has much broader
application and richer physics owing to the size eﬀect and the coupling
with substrate. Recently, a magnetic-electric multicaloric cycle in a
FeRh/BaTiO3 heterostructure was proposed and a reduction of hysteresis loss had been observed [9] when a combined magnetic ﬁeld and
electric ﬁeld was simultaneously applied during demagnetization process. However, the hysteresis loss ﬁrmly relies on the electric ﬁeld,
which would recover again when the driving electric ﬁeld is removed.
The continuously needed electric ﬁeld during heat absorb/release
(magnetization/demagnetization) process limits the design of a practical prototype, which makes the refrigeration cycling almost impossible when conductive ﬂuid acts as heat transfer medium. Here, we
report the nonvolatile control of hysteresis loss by strain memory eﬀect
in a FeRh thin ﬁlm grown on a piezoelectric-type PMN-PT ferroelectric
(FE) substrate. Utilizing the large strain memory eﬀect provided by
rhombohedral-to-orthorhombic (R-O) phase transformation upon bipoling along [011] direction, nonvolatile reduction of hysteresis loss is
achieved in FeRh ﬁlms by switching the magnetic state under a pulse
electric ﬁeld. The application of electric ﬁeld is avoided during heat
absorb/release (magnetization/demagnetization) process, which solves
the bottleneck problem in technical design of electric-magnetic dual
ﬁeld cycle and makes the materials with large hysteresis loss practically

2. Methods
2.1. Film growth
FeRh ﬁlm was grown on (011)-oriented (1-x)PMN-xPT (PMN-PT)
single crystal substrate (x = 0.30) by magnetron sputtering at 750 °C
with a power of 30 W in an argon pressure of 0.2 Pa. The background
vacuum pressure was 2 × 10−6 Pa. The ﬁlms were annealed in situ for
an hour at 750 °C and then cooled to room temperature in vacuum.
FeRh target and PMN-PT substrates are both purchased commercially.
2.2. Measurement of magnetic properties
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 thickness direction of
FeRh/PMN-PT structure by a Keithley 6517B electrometer. The leakage
current was below 5 nA under an electric ﬁeld of 6 kV cm−1. The pulse
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width of electric ﬁeld applied in the refrigeration cycle was 2 s.

cases. The change of magnetization can be entirely remained for the
loop-like (Fig. S1b) and partially remained for the partial-loop-like case
(Fig. S1c). Previous studies have revealed that the strain in FeRh ﬁlm
owing to substrate can totally determine the fractions of the coexisting
AFM and FM phases [27,28] in the absence of magnetic ﬁeld. A compressive/tensile strain favors the AFM/FM phase noting the ∼1% volume diﬀerence between AFM and FM. Initially, AFM phase dominates
the FeRh thin ﬁlm and only a little FM phase coexists, as shown in
Fig. 1a ①. The cycle starts with applying a magnetic ﬁeld H (from ① to
②), resulting in the conversion of AFM to FM phase (②), which cools the
ﬁlm and absorbs heat from an external source. Then, a pulse electric
ﬁeld 0 ∼ -E ∼ 0 is applied across the thickness direction of the PMN-PT
substrate to switch (②-③) and memorize (③-④) the strain state at a
constant magnetic ﬁeld H. Speciﬁcally, during 0 ∼ -E (②-③), a compressive strain is produced which favors AFM phase and reduces the
magnetization, and the strain is memorized and hence the magnetic
state keeps the same during -E ∼ 0 (③-④). The magnetic ﬁeld H is then
removed (from ④ to ⑤), resulting in the conversion of FM to AFM phase
(⑤), which warms the ﬁlm and releases heat to the external source.
During the next ⑤-⑥-①, a pulsed electric ﬁeld 0 ∼ +E ∼ 0 is applied
across the PMN-PT substrate to recover the initial strain and magnetic
state at zero magnetic ﬁeld. Speciﬁcally, during 0 ∼ +E (⑤-⑥), the
compressive strain is released, which favors FM phase and increases the
FM proportion, as a result, the magnetic state completely recovers to
the initial state, while during +E ∼ 0 (⑥-①) the strain and magnetic
state is maintained owing to the strain memory eﬀect. Fig. 1b clearly
shows the reduction of hysteresis loss during the cycle mentioned above
(cycle c-d compared to cycle a-b). Cycle a-b represents the one after the
virgin cycle [13], which decreases a lot when a pulse E is simply applied
at the points of magnetic ﬁeld H and 0 (cycle c-d). The corresponding
M-E and M-T curves are shown in Fig. 1c and Fig. 1d, respectively. All
the relevant states labeled by the circled numbers in the refrigeration
cycle (Fig. 1a) are correspondingly marked in the M-H, M-E and M-T
curves.

2.3. Structure characterization under in situ electric ﬁelds
The crystal structure of PMN-PT substrates was characterized by Xray diﬀraction performed in a Bruker AXS D8 discover X-ray diffractometer with Cu-Kα radiation with in situ electric ﬁelds applied
across the thickness direction of FeRh/PMN-PT structure by a Keithley
6517B electrometer. The leakage current was below 5 nA under an
electric ﬁeld of 6 kV cm−1. To understand the R-O transition and get
information of in-plane lattice change along [100] direction, reciprocal
space maps (RSMs) were measured around the (−222) reﬂection of
PMN-PT substrate for diﬀerent strain states produced by the
pulse ± 6 kV cm−1. Since the in-plane reciprocal vector components of
reﬂections around the (−222) peak are parallel to the [100] direction,
the lattice parameter along in-plane [100] direction can be deduced
from the RSMs.
3. Results
3.1. Refrigeration cycle with strain memory eﬀect
A refrigeration cycle involving the strain memory eﬀect is detailedly
schematized in Fig. 1a, and the full cycle has been demonstrated experimentally. Here, we suppose that the refrigeration cycle was carried
out fast enough to be adiabatic in principle for all the steps. It is
practically rational because the heat conductivity of PMN-PT substrate
is small (thermal conductivity, κ∼1.2–1.3 Wm−1 K−1) compared to
metal (κ∼50–450 Wm−1 K−1). Alternatively, a thermal barrier layer
preserving strain coupling may be also considered to introduce between
the substrates and ﬁlms, which can avoid heat leakage from the FeRh
ﬁlm to PMN-PT substrate. Besides, advanced means can be put forward
to solve this problem during refrigeration cycling. For example, if suitable materials can be chosen as heat transfer medium, the problem of
heat leakage through substrate can be solved through careful designing
the devices. Finite element simulation is performed by taking Cu, Ag,
Au, graphene, Pt as heat transfer medium, respectively. Both simulation
and experimental results illustrate that Cu is suitable as the heat
transfer medium for FeRh grown on PMN-PT. The leakage heat through
the substrate can be neglectable if Cu serves as the heat transfer
medium (Details can be seen in Supporting information S4). For the
typical FM materials grown on PMN-PT, the magnetization versus
electric ﬁeld (M-E curves) can be butterﬂy-like, loop-like, or a combination of butterﬂy-like and loop-like owing to the diﬀerent volatile and
nonvolatile strain eﬀect provided by PMN-PT substrate [25,26], as
shown in Fig. S1 (Supplementary material S1). The change of magnetization behaves volatile for the butterﬂy-like case (Fig. S1a), while
nonvolatile magnetization has been demonstrated for the other two

3.2. Experimental veriﬁcation of refrigeration cycle
To verify the refrigeration cycle stated above, a FeRh ﬁlm about
50 nm-thick was grown on (011)-oriented (1-x)PMN-xPT single crystal
substrate (x = 0.30). Fig. 2a shows the temperature dependent magnetization (M-T curve) measured at a magnetic ﬁeld of 0.5 T along inplane [100] direction with and without an electric ﬁeld of − 6 kV cm−1
for FeRh/(011)PMN-PT. The transition temperature, T0, in heating
process locates at 368 K (the maximum of dM/dT under 0.5 T) in the
absence of electric ﬁeld, which is higher than that of the bulk owing to
the compressive stress introduced by the lattice mismatch between
FeRh and PMN-PT, analogous to the pressure experiments in bulk FeRh
[29,30]. Magnetic ﬁeld favors FM phase and a 5 T magnetic ﬁeld shifts

Fig. 2. (a) The M-T curves with and without application of − 6 kV cm−1 measured at 0.5 T. (b) The M-T curve at a high magnetic ﬁeld of 5 T, where the shadow area
signiﬁes the phase transition region on heating.
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Fig. 3. (a) Sketch of the FeRh/PMN-PT heterostructure,
where H and E denote the applied magnetic ﬁeld and
pulse electric ﬁeld, respectively. (b) The loop-like M-E
curve measured at 5 T and 310 K. (c) M-H curves in the
virgin (path 1–2) and second (path 3–4) cycles in the
absence of electric ﬁeld, after that (d) path 5 from 0 to 5 T
was continued and a pulse electric ﬁeld 0 → − 6 →
0 kV cm−1 was applied to switch and memory the strain
state at 5 T, then path 6 from 5 T to 0 was performed and
followed by a pulse electric ﬁeld 0 → + 6 → 0 kV cm−1.
Supposing the produced strain during 0 → − 6 →
0 kV cm−1 could be larger, path 6 would be along path 6′
or path 6′′ instead, and then the enveloped area by path
5–6′ or 5–6′′ would approach zero or turn out to be inverse. Lower panel, an exploded diagram corresponds to
the above processes.

was cooled down to 100 K to ensure the sample at AFM phase, and then
heated to the target temperature without magnetic ﬁeld and electric
ﬁeld. M-H curves were measured at temperatures within the transition
region (see the shadow area in Fig. 2b), and similar phenomena were
observed. As a representative display, we choose 320 K to illustrate the
manipulation on hysteresis loss, as shown in Fig. 3. For clarity, an exploded diagram is also given in the lower panel of Fig. 3.
The M-H loops exhibit a diﬀerence between the cycles 1–2 and 3–4
(Fig. 3c) due to the virgin eﬀect [32] (see Supplementary material S2,
Fig. S2). The main diﬀerence appears between the paths 1 and 3, while
the paths 2 and 4 almost coincide, consistent with previous studies
[32]. After these two cycles, we continue path 5 from 0 to 5 T in the
absence of electric ﬁeld (Fig. 3d). When the magnetic ﬁeld reaches 5 T,
a pulse electric ﬁeld 0 → − 6 → 0 kV cm−1 is applied so as to switch
and memorize the strain state. During 0 → − 6 kV cm−1, the ferroelastic domain transformation of PMN-PT substrate produces a compressive strain, which favors AFM phase of FeRh ﬁlms and leads to a
drop of magnetization, as indicated by the magenta arrow in Fig. 3d
(corresponding ②-③ in Fig. 1a). While during − 6 → 0 kV cm−1, the
ferroelastic domain does not switch to the original state and the strain is
holding on a compressive state, i.e. strain memory eﬀect, hence the
magnetization keeps the same (③-④ in Fig. 1a). Then, path 6 from 5 T to

T0 down to 325 K, as shown in Fig. 2b, where the shadow area denotes
the phase transition region on heating. The thermal hysteresis of ﬁlm,
about 37 K, is broader than that of the bulk alloy because of the possibly
introduced crystalline defects and chemical disorder during ﬁlm growth
[31]. With an applied electric ﬁeld of − 6 kV cm−1, the shape of M-T
curves remains nearly unchanged while the transition temperature, T0,
shifts to a higher temperature by 10 K owing to the compressive stress
transferred from the substrate.
We found that strain memory eﬀect and loop-like M-E curve
(magnetization as a function of electric ﬁeld) can be constructed for the
PMN-PT substrates with composition near the morphotropic phase
boundary (MPB), where the electric ﬁeld induced R-O phase transformation exerts substantial eﬀect. The sketch of FeRh/PMN-PT heterostructure with the circuit of applying electric ﬁeld is given in Fig. 3a. As
a representative display, Fig. 3b shows the loop-like M-E curve measured at 5 T and 310 K.
To illustrate the reduction of hysteresis loss by utilizing strain
memory eﬀect for the FeRh/PMN-PT(011) heterostructure, we measured the isothermal magnetization as a function of magnetic ﬁeld (M-H
curves). The pulse electric ﬁeld was applied along out of plane [011]
while magnetic ﬁeld along in-plane [100] direction, as shown in
Fig. 3a. Before the M-H measurements at each temperature, FeRh ﬁlm
288
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Table 1
Manipulation of hysteresis loss (WHL) at temperatures within the transition region.
Temperature/K
Hysteresis loss (WHL) /J kg

−1

cycle 3–4
cycle 5–6
(compare cycle 5–6 to 3–4)
Reduction of WHL/J kg
Reduced ratio of WHL (compare cycle 5–6 to 3–4)
−1

310

315

320

325

330

340

350

360

16
7
9
56%

23
10
13
57%

34
14
20
58%

48
21
27
56%

66
30
36
55%

111
45
66
59%

118
51
67
57%

85
44
41
48%

Fig. 4. The evolution of domain structure
during the R-O phase transition for the PMNPT single crystal with electric ﬁeld E poled
along [011] direction. (a) The arrows along
the body diagonals denote the eight possible
spontaneous polarization directions of R
phase. The red arrows represent the polarization directions for (a) R phase, (b) intermediate phase, and (c) O phase.

0 is carried out (Fig. 3d). When the magnetic ﬁeld returns zero, a pulse
electric ﬁeld 0 → + 6 → 0 kV cm−1 is applied to release the compressive strain, and make the system recover the initial strain state
(⑤-⑥-① in Fig. 1a). Compared Fig. 3d to Fig. 3c, one can notice the large
reduction of hysteresis loss (WHL: the diﬀerence in area ∫ MdH between
M-H curves with increasing and decreasing H). Path 5 almost coincides
with path 3, but the magnetization in the entire path 6 drops a lot
compared to path 4 because the memorized compressive strain favors
AFM state. At 320 K, the enveloped area by the cycle 3–4 is 34 J kg−1,
while the enveloped area by the cycle 5–6 becomes 14 J kg−1, which
reduces 58% compared to cycle 3–4. Table 1 summarizes the hysteresis
loss and its manipulation at representative temperatures. One can see
that the regulating ratio of hysteresis loss keeps almost the same within
the transition region and the reduction ratio can be as much as ∼56%
in average when comparing the cycle 5–6 to 3–4.
Moreover, if the compressive strain generated during the 0 → − 6→
0 kV cm−1 could be larger, the magnetization along the entire path 6
will further drop like path 6′ or path 6′′ (Fig. 3d). As a result, the
hysteresis loss may vanish or even become inverse, noting that the
enveloped area by cycle 5–6′ approaches zero while the area by cycle
5–6′′ is completely inverse. This phenomenon indicates that the elastic
work done by strain eﬀect counteracts hysteresis loss and saves the
magnetic work. Not only the total hysteresis loss is canceled, the exceeding part will converts into heat energy, resulting in a novel enhancement of eﬀective refrigeration capacity (RCeﬀe).
RC of FeRh ﬁlm was evaluated based on magnetic entropy change
ΔS, which was calculated based on the M-H data in the branch with H
increasing. Note that the M-H curves with H increasing remains nearly
unchanged for the cases with and without the pulse ± E (see Fig. 3c
and d, the path 5 almost coincides with path 3). To ensure the reliable
evaluation of ΔS, the well accepted loop method was used during the MH measurements [33]. The FeRh ﬁlm was ﬁrstly cooled down to 100 K
before each M-H curve, and second-round data were adopted to avoid
virgin eﬀect. The resulted ΔS peaks at 343 K with a maximal value
about 160 mJ cm−3 K−1 (see Fig. S3 in Supplementary material S3),
and the evaluated RC is about ∼376 J kg−1 according to
T
RC = ∫T 2 |ΔSM (T )|dT , where T1 and T2 are the temperatures corre1
sponding to the half maximum of ΔS peak [34] and the mass density
ρ = 9760kg /cm3 [22] of FeRh ﬁlm is used. After deducting the maximal
hysteresis loss, WHLmax∼118 J kg−1, the eﬀective RCeﬀe ∼258 J kg−1
counts 68% of RC for the case without pulse ± E [23]. However, with
the application of pulse ± 6 kV cm−1, the maximal WHLmax reduces to
∼51 J kg−1 and the corresponding RCeﬀe ∼325 J kg−1 increases to
86% of RC. Moreover, this ratio RCeﬀe/RC could be further increased

and reach a new height (exceeding 100%) if the compressive strain
produced by the pulse -E could be further strengthened through designing the composition and engineering ferroelectric domain of the
PMN-PT substrates.
4. Discussion
4.1. Strain memory eﬀect
The strain memory eﬀect and piezoelectric response in (1-x)PMNxPT single crystals crucially depend on the multi-domain structure and
the poled direction by electric ﬁeld [35]. Generally, PMN-PT single
crystal with rhombohedral structure has 8 spontaneous polarizations
along the body diagonals, < 111 > orientations (Fig. 4a) [36]. When
the PMN-PT is poled along [001] direction, strain memory eﬀect can be
realized along the in-plane [110] or [1–10] direction through 109°
polarization switching [37]. While for the [011]-poled PMN-PT, 71°
switching from out-plane to in-plane upon unipolar action can also lead
to a strain memory eﬀect [38]. However, the 109 ° switching contributed to the nonvolatility counts only 26% of the total for the [001]
poled case, and the produced nonvolatile compressive strain is usually
small, in average below − 0.05% [37]. Although 90% of switching (71°
and 109 °) can be found in the [011]-poled case upon unipolar action,
the produced compressive strain (∼ −0.02% [36]) along [100] direction is also rather small (though a large tensile strain (0.13–0.25%)
occurs along [01−1] direction [36,38]). A suﬃcient compressive stress
is required to favor AFM phase of FeRh ﬁlm and reduce its hysteresis
loss. Here, we propose to utilize the large nonvolatile compressive
strain (up to −0.45%) induced along in-plane [100] owing to irreversible rhombohedral-to-orthorhombic (R-O) phase transformation for (1x)PMN-xPT single crystals with composition (x = 0.28–0.32) near the
MPB. Generally, un-poled PMN-PT single crystal stays at a metastable
multi-domain R phase with 8 spontaneous polarizations along the body
diagonals. A negative electric ﬁeld poled along the [011] direction
switches the 8 equivalent ferroelectric domains from < 111 > polar
axis into two crystal variants along [−111] and [111], as shown by red
arrows in Fig. 4a. With further increasing electric ﬁeld to a critical
value, these two variants will rotate towards the [011] electric ﬁeld
direction (Fig. 4b), inducing a large shrink of [100] length and a
structural transition from R to a single domain O phase (Fig. 4c).
The numerical value of strain relevant to R-O phase transition in (1x)Pb(Mg1/3Nb2/3)O3-(x)PbTiO3 (PMN-PT) single crystals crucially depend on the speciﬁc compositions. Diﬀerent strains (up to −0.45%)
and critical electric ﬁelds driving R-O phase transition have been
289
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Fig. 5. (a) XRD patterns measured at room
temperature, where the electric ﬁeld E was in
situ applied in the sequence of + 0, − 6, − 0,
+ 6, + 0 kV cm−1. (b) The deduced lattice
parameter a011 along the out-plane [011] direction versus E. Reciprocal space maps (RSMs)
around the (−222) reﬂection of PMN-PT substrate for states of (c) + 0 and (d)
− 0 kV cm−1, where r1, r2 denote the domains
of R phase. (e) Hypothetical Gibbs free energy
proﬁles of multidomain R phase (R(m)) and
single-domain O phase (O(s)). R, O denote
rhombohedral and orthorhombic phase, respectively, while A, B, C, D in the brackets
correspond to the ones in Fig. 3b.

domains of R phase (Fig. 5c, Fig. 4a), which switch into a single spot at
− 0 state corresponding to O phase (Fig. 5d, Fig. 4c). Since the in-plane
reciprocal vector components of reﬂections around the (−222) peak
are parallel to the [100] direction, the lattice parameter along in-plane
[100] direction can be deduced from the RSMs. Accordingly, a compressive strain as large as ∼ − 0.2% along in-plane [100] direction has
been deduced as the + 0 state switched into − 0 state, which transferred to the FeRh ﬁlm and hence produced the loop-like M-E and the
diﬀerent remanent magnetic states at + 0 (point A) and − 0 (point C),
as shown in Fig. 3b. Accordingly, the estimated tensile stain along inplane [01−1] direction is as small as 0.04% considering the tensile
stain (0.17%) along out-plane [011] and the constantness of lattice
volume. Moreover, one can notice that, from Fig. 3b and Fig. 5b, both
the O and R phases of PMN-PT single crystal can equivalently exist at
zero electric ﬁelds. In other words, the Gibbs free energy of the single
domain O phase should be at the same level as that of the multi-domain
R phase (Fig. 5e). It means that the motivation energy of pulse + 6 or
− 6 kV cm−1 can equivalently drive the PMN-PT across the energy
barrier between the R and O phases, leading to the strain memory eﬀect
and hence the nonvolatile control of hysteresis loss.

observed for the PMN-PT single crystals with compositions near the
MPB [39]. The change of PT concentration will alter the occupation of
B-cite cations in the FE ABO3 structure, leading to the displacements of
both cations and anions. These ions occupy diﬀerent types of orbitals
and a hybrid bonding is typical due to the large number of preferred
coordination geometries. The hybrid between B-site cations and O−2
lowers the bonding energy of BO6, hence distorts the octahedron and
domain structures, leading to various strains by electric ﬁeld depending
on PT concentration [40]. For x > 0.30, irreversible R-O phase transition tends to occur. O phase remains after removing electric ﬁeld,
signifying strain memory eﬀect [39], but it returns to R phase upon an
application of reverse electric ﬁeld, which elongates the [100] length
and converts O into R phase.
The commercial substrate with nominal composition x = 0.30 near
MPB is adopted in present work. Under bipolar application
of ± 6 kV cm−1 along [011] direction, we detected the structural
transition from R to O phase and the strain memory eﬀect, exactly
corresponding to the loop-like M-E curve shown in Fig. 3b. Fig. 5a
shows x-ray diﬀraction (XRD) patterns measured at room temperature,
where the electric ﬁeld was in situ applied in the sequence of + 0, − 6,
− 0, + 6, + 0 kV cm−1. The deduced lattice parameter a011 along the
out-plane [011] for the pseudo-cubic R and O phases is shown in
Fig. 5b. Signiﬁcant extension along [011] appears upon the R to O
phase transition, and more importantly memory eﬀect is demonstrated.
The R phase appears at + 0 kV cm−1 and transforms into O phase at
− 6 kV cm−1, which remains when the − 6 kV cm−1 is removed. Then
an application of + 6 kV cm−1 makes the O phase return to R phase,
which also remains when the + 6 kV cm−1 is removed, strongly evidencing the memory eﬀect. We notice that the lattice elongates by
about ∼0.17% along the out-plane [011] direction upon switching
from + 0 (point A) to − 0 state (point C). Repeated measurements
demonstrated consistent results (see the ﬁrst and second cycles in
Fig. 5b).
To further understand the R-O transition and get information of inplane lattice change along [100] direction, reciprocal space maps
(RSMs) were measured around the (−222) reﬂection of PMN-PT substrate for the states + 0 (point A) and − 0 (point C) produced by the
pulse ± 6 kV cm−1. The results are shown in Fig. 5c and d, respectively. The two spots at + 0 state correspond to r1 and r2 polarization

4.2. Evaluation of mechanical work
It is a universal law that energy cannot be created or destroyed. The
reduction of hysteresis loss should be contributed by mechanical work
in the elastic cycle, which saves the magnetic work and compensates
the reduction of cooling eﬃciency caused by hysteresis loss, WHL.
Fig. 6a schematically displays the comparison of magnetic loops with
and without the applications of pulse ± E. The shaded area denotes the
diﬀerence of the two loops, i.e. the reduction of WHL. Fig. 6b displays
the schematic of mechanical work, Wmech, during an elastic cycle (see
the shadow area), where the thin ﬁlm stress σ versus in-plane strain
εFeRh is schematically shown. Based on the measured compressive strain
(−0.20%) along the in-plane [100] direction, mechanical work, Wmech,
in the elastic cycle can be evaluated according to the following relation,

Wmech =

1
·V
m

∮ σ·dε

(1)

where m is the mass of FeRh ﬁlm, V the volume of FeRh ﬁlm, the stress
induced by magnetic ﬁeld, and the in-plane strain (−0.20%) along
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Fig. 6. Schematic of (a) the magnetic loops
with (path a′-b′) and without (path a-b) the
applications of pulse ± E, and (b) mechanical
work (the shadow area), Wmech, during the
refrigeration cycle, where the thin ﬁlm stress σ
versus in-plane strain εFeRh is schematically
shown. The cycled numbers correspond to the
ones shown in Fig. 1.

[100] induced by a pulse electric ﬁeld. Here, the stress σ = BεAFM − FM is
estimated based on the linear strain (εAFM − FM = 0.3%[18]) produced
during the transition from AFM to FM, and the elastic modulus B
= 2.05 × 1011Pa of FeRh is adopted [41]. The resulted mechanical
work is Wmech ∼126 J kg−1. Noting the maximal reduction of WHL is
∼67 J kg−1 (see Table 1), about 53% of Wmech compensates the WHL
while the rest is for self-loss. Supposing this ratio for compensating
keeps unchanged, the maximal hysteresis loss (WHL∼118 J kg−1,
Table 1) can be completely compensated as the produced strain reaches
− 0.35%, noting that the Wmech is proportional to the strain caused by
pulse ± E from Eq. (1). Accordingly, the Wmech for compensation will
exceed the maximal WHL as long as the strain is over − 0.35%. The
excess part converts into heat energy, leading to a novel enhancement
of cooling eﬃciency by utilizing mechanical work. That is RCeﬀe > RC,
as stated above. Previous literature [38] indicates that the numerical
value of strain relevant to R-O phase transition in (1-x)Pb(Mg1/3Nb2/3)
O3-(x)PbTiO3 (PMN-PT) single crystals can be up to − 0.45%, crucially
depending on the compositions [39].

the both magnetic hysteresis loss and external mechanical work are not
taken into account. From the perspective of energy, the COP of carnot
cycle is determined by the ratio of the heat absorbed from the cold
reservoir and the work done to the refrigerant, and the COP can be
described as COPCarnot = Q/WCarmot. Q = T|ΔS| is evaluated based on
the peak value and position of ΔS (Fig. S3b). Substituting these corresponding values into the formula, the value of WCarmot = 143 J kg− 1
can be obtained. When the hysteresis loss is taken into account
(Fig. 7b), the work needed must increase if the heat absorbed from the
cold reservoir remains unchanged. Therefore, the COP becomes smaller
than the COPcarnot. In this paper, the maximal hysteresis loss (additional
magnetic work) WHL∼118 J kg− 1 (Table 1) in FeRh ﬁlm would lead to
COP = Q/(WHL+WCarnot) = 21.5, which is about 54% of the Carnot
eﬃciency (Fig. 7b), corresponding to the eﬀective refrigeration capacity RCeﬀe∼258 J kg−1 ∼68% of RC as stated above. If the hysteresis
loss was partially (Fig. 7c) or completely compensated (Fig. 7d) by
Wmech, the WHL would reduce to ∼51 J kg− 1 or 0 J kg− 1 upon the
cooperation of strain memory eﬀect of − 0.20% or − 0.35% by a
pulse ± E, and the COP would increase to 29.0 or 39.4(full Carnot
limit), corresponding to 74% or 100% of the Carnot eﬃciency, and
RCeﬀe/RC ∼ 86% or 100% respectively. With further increasing the
Wmech by strengthening the strain (> |−0.35%|), the WHL would become inverse (negative), leading to the result COP > COPCarnot
(Fig. 7e) and RCeﬀe/RC > 100%. These relations tell us the ideal COP
or RCeﬀe in a magnetic Carnot cycle can increase to a new height
through introducing external mechanical work. It should be noted that,
for simplicity, the ideal magnetic carnot cycle here only considers the
eﬀect of magnetic hysteresis loss in FeRh ﬁlms and the mechanical work
done on the ﬁlms. In a real device, the COP would be also aﬀected by
other losses, such as the ferroelectric losses in the substrate, but they
can themselves be reduced by optimization. The relation COP >
COPCarnot here only denotes the fundamental enhancements of RCeﬀe by
utilizing mechanical work.

4.3. Evaluated COP in an ideal magnetic refrigeration cycle
COP (coeﬃcient-of-performance) is a fundamental parameter reﬂecting cooling eﬃciency in a magnetic refrigeration cycle. For better
understanding the role of mechanical work in compensating hysteresis
loss in a magnetic refrigeration cycle, we take the ideal magnetic Carnot
cycle as an example and evaluated the COP. An ideal magnetic Carnot
cycle between hot and cold baths composes of two isothermal and two
adiabatic processes, as shown in the entropy-temperature (S-T) diagram
of FeRh (Fig. 7), where Th (A,D) and Tc (B,C) represent the temperatures of hot and cold baths, respectively. Magnetizing and demagnetizing are both accomplished in two sub processes. In the adiabatic
process from A to B, the cycle starts from the initial state A at temperature Th of the hot bath with HA = 0. With adiabatically increasing
magnetic ﬁeld to HB, the temperature of FeRh decreases to the Tc of the
cold bath (inverse MCE). While in the isothermal process from B to C,
FeRh is set in thermal contact with and absorbed heat from the cold
bath, and the magnetic ﬁeld is further increased to the maximal HC at
the point of C. Then in another adiabatic process from C to D, the
magnetic ﬁeld adiabatically decreases to HD and the temperature returns to Th. In the isothermal process from D to A, FeRh is set in thermal
contact with and released heat to the hot bath, and the magnetic ﬁeld
decreases to the initial state HA = 0. In these adiabatic processes, entropy does not remain constant because WHL acts as an unavoidable
entropy source [42]. For simplicity, the impact is only denoted in the CD branch.
Here, we consider an ideal magnetic Carnot cycle with a hot reservoir at Th = 343 K (the peak temperature of ΔS) and a temperature
span (Th-Tc) = 8.5 K for FeRh [17]. COP is normally bounded by the
Carnot limit [9], i.e. COPCarnot = Tc /(Th-Tc) = 39.4 (Fig. 7a), where

4.4. Inverse hysteresis loss
Although an inverse hysteresis loss was not experimentally observed
yet in FeRh ﬁlm by utilizing non-volatile strain provided by anisotropic
(011)-PMN-PT substrates, the inverse hysteresis loss would appear as
long as the strain could be large enough through engineering ferroelectric domain of the PMN-PT substrates. In order to prove the possibility of inverse hysteresis loss, we do achieve the inverse hysteresis loss
in the FeRh ﬁlm grown on (001)-cut PMN-PT substrates, as shown in
Fig. 8, where the electric ﬁeld, − 8 kV cm− 1, is continuously applied
during the demagnetization process. As the − 8 kV cm− 1 is applied
along out-plane [001] direction, the produced isotropic in-plane compressive strain, analogous to hydrostatic pressure, favors AFM phase of
FeRh ﬁlms and causes a large drop of magnetization. As a result, inverse
hysteresis loss appears. Although the change of the hysteresis loss in
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Fig. 7. S-T diagram of FeRh for an ideal magnetic Carnot cycle between Th (A,D) and Tc
(B,C) composed of two isothermal and two
adiabatic processes: (a) Reversible Carnot cycle
without considering hysteresis loss; (b) Carnot
cycle considering full WHL without pulse ± E;
(c) Carnot cycle considering partially reduced
WHL with pulse -E, + E successively applied at
points C, A; (d) Carnot cycle considering fully
reduced WHL = 0 with pulse ± E; (e) Carnot
cycle considering inverse hysteresis loss,
WHL < 0, with pulse ± E. In the adiabatic
processes, entropy does not remain constant
because WHL acts as an unavoidable entropy
source [42]. For simplicity, the impact is only
denoted in the C-D branch.

this case relies on the electric ﬁeld, which is volatile and disappears
when the electric ﬁeld is removed, the appearance of inverse hysteresis
loss proves the possibility of RCeﬀe/RC > 100% by utilizing mechanical work, and the ideal COP > COPCarnot if only hysteresis loss and the
contribution of mechanical work were considered. Desired ferroelastic
properties and strain eﬀect can be reached through domain engineering
for the FE substrates.

strain memory eﬀect not only helps rescuing the FeRh as a magnetic
refrigerant but also paves a new way to solve large hysteresis loss for
similar caloric materials.
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Fig. 8. Realization of an inverse hysteresis loss
with electric ﬁeld applied during the demagnetization process at 335 K (a) and 355 K
(b). Path 3–4 denotes the M-H curve in the
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(the virgin eﬀect has been eliminated, and
path 1–2 does not show for clarify), while Path
5–6 denotes the subsequent cycle, where
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