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Anisotropic nonvolatile magnetization controlled
by electric ﬁeld in amorphous SmCo thin ﬁlms
grown on (011)-cut PMN-PT substrates†
Wenhui Liang,a,b Fengxia Hu, *a,b,c Jian Zhang, *d Hao Kuang,a,b Jia Li,a,b
Jiefu Xiong,a,b Kaiming Qiao,a,b Jing Wang,*a,b,e Jirong Sun a,b,c and
Baogen Shena,b,c
The tunable, nonvolatile electrical modulation of magnetization at room temperature is ﬁrstly demonstrated in a magnetically hard amorphous SmCo ﬁlm grown on a (011)-cut 0.7Pb(Mg1/3Nb2/3)O30.3PbTiO3 (PMN-PT) substrate. Uniaxial in-plane anisotropy with hard and easy axes lying in the [100] and
[01−1] directions, respectively, occurs. Bipolar electric ﬁeld, E, across the thickness direction enhances the
remnant magnetization, Mr, along the hard axis, while suppresses the Mr along the easy axis, and the
maximal regulation is about −5.8% and +2.2%, respectively. Detailed analysis indicates that the induced
eﬀective uniaxial magnetic anisotropy ﬁeld, which arises from the magnetostrictive properties of the
amorphous SmCo thin ﬁlm and the anisotropic strain from the PMN-PT substrate, is mainly responsible for
the anisotropic tunability. The variation of the directional pair ordering of the SmCo ﬁlm, which is caused by
the anisotropic strain due to the electric ﬁeld, also contributes to the tunability. More importantly, nonvolatile modulation and a stable two-state memory eﬀect are demonstrated for the bipolar case, and in situ
X-ray diﬀraction and X-ray diﬀraction reciprocal space mapping reveal that these phenomena originate from
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the electric-ﬁeld-induced rhombohedral-orthorhombic phase transformation in the PMN-PT substrate.
Moreover, by unipolarizing the ferroelectric substrate, a nonvolatile modulation is also observed. The aniso-
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tropic nonvolatile control of magnetization in SmCo amorphous ﬁlms opens a new avenue for developing
multifunctional information storage and novel spintronics devices based on hard magnetic materials.
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1.

Introduction

Electric field control of magnetism is promising for developing
dense, fast, nonvolatile magnetic random access memory
(MRAM) with very low energy consumption.1,2 Multiferroic
materials with two or more ferroic properties, such as
ferroelectricity,
ferroelasticity
and
ferromagnetism/
ferrimagnetism,3–9 are strong candidates for achieving the
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electrical modulation of magnetization, which is induced by
the magnetoelectric (ME) eﬀect. The ME eﬀect has attracted
such intense interest because of its high speed, low power consumption and high eﬃciency,10,11 which makes it suitable for
potential applications in sensors, multistate memory and
other new multifunctional devices.5,12–14 In general, multiferroic materials can be categorised as single-phase multiferroics
or multiferroic heterostructures, depending on their composition. Although single-phase multiferroics possess both magnetism and ferroelectricity, their practical applications are
limited due to the small ME eﬀect and low working temperature.15 Conversely, multiferroic heterostructures, consisting of
ferromagnetic (FM) and ferroelectric (FE) materials, provide a
better choice. Based on the origin, the ME eﬀect in the multiferroic heterostructures can be separated into three
approaches: strain-mediated coupling,16–21 exchange-bias
mediated coupling22,23 and manipulation of charge carrier
density.24–26 The most widely studied approach is strainmediated coupling in FM/FE heterostructures due to the
variety of FE and FM materials at room temperature and the
remarkable converse ME eﬀects.1,18,27–31 In strain-mediated
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FM/FE heterostructures, large electric field control of magnetization has been achieved in Fe3O4/PZN-PT(011),18 Ni/BaTiO3 32 and
other systems.29,30,33 However, for most systems, removing the
electric field would lead to the piezostrain disappearing, and this
volatility in the change of magnetization is problematic for practical applications. Later on, a nonvolatile electric field control of
magnetization at room temperature was observed in a number of
systems, such as Co40Fe40B20/PMN-PT(001) heterostructures.2
However, the small coverage (26%) of the 109° ferroelastic switching in the entire poled area,34 which plays a major role in the nonvolatile modulation due to its main contribution to the in-plane
lattice strain, may lead to inhomogeneity in the regulation.35
Moreover, in most previous studies, soft FM or ferrimagnetic materials were usually chosen as the FM layer in the
FM/FE heterostructures.2,28,30,36–38 To meet the rapidly
growing need for developing multifunctional devices, particularly multifunctional information storage devices, the combination of the ME eﬀect and hard magnetic properties is highly
desirable. Our recent research indicated that permanent magnetic materials acting as the FM layer, namely Nd2Fe14B thin
films,39 can also exhibit the ME eﬀect, demonstrating the
possibility of exploring multifunctional devices combining permanent magnetic properties and the ME eﬀect. Nevertheless,
it is the spin reorientation in the Nd2Fe14B thin films that can
be rotated by an electric field across piezoelectric substrates,
and the phenomenon of spin reorientation is not a universal
property in permanent magnetic materials. Therefore, nonvolatile electric-field-controlled magnetization in other hard
magnetic materials is desirable.
SmCo alloy, a kind of mature and time-honored hard magnetic material, is widely used in daily production and life.
Although amorphous SmCo is less popular than crystalline
alloys, it is a valuable material that is still studied.
Specifically, amorphous SmCo5 films with uniaxial in-plane
anisotropy have great potential for applications in information storage and spintronics.40–42 The high recording
density and signal-to-noise ratio,40 caused by the high coercivity, the lack of grain boundaries and the smoothness of
the film surface, make magnetically hard amorphous SmCo
films promising for information storage media.43 The
tunable giant magnetic anisotropy,44 magnetic domains,45
the magnetostrictive properties,46 the proximity eﬀects47 and
other properties48,49 of amorphous SmCo have been investigated extensively. These studies focus on the suitability of
amorphous SmCo thin films for magnetic heterostructures,
such as magnetic tunnel junctions,44 the potential application in magnetic memory and magnetic logic circuits,45 the
exploration of magnetic anisotropy in amorphous films46 and
further clarification of the magnetic proximity eﬀects.47 As
known, the mechanism that produces a reversible and permanent magnetic anisotropy change is necessary for electrically
writing nonvolatile bit information for MRAM applications.28
Hence, the anisotropy change in amorphous SmCo under electric fields is important for MRAM applications. The strain eﬀect
provided by the FE PMN-PT can change the anisotropy, which
allows higher storage capacity and lower consumption than
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voltage-controlled memory devices.50 The combination of the
two properties would pave the way for new applications of amorphous SmCo. However, the converse ME eﬀect of thin films
grown on piezoelectric substrates has not yet been examined.
In this paper, we report the electrical modulation of magnetization in an amorphous SmCo film grown on a (011)cut PMN-PT substrate. Uniaxial in-plane anisotropy was
established by the in-plane anisotropic strain caused by the
substrate. The coercivity (Hc ∼650 Oe) is among the
highest reported for magnetically hard amorphous SmCo
films.43,44,51–53 Anisotropic nonvolatile electrical modulation
of magnetization was demonstrated at room temperature. The
results indicate that the poled electric field across the thickness direction increases the remnant magnetization, Mr, in the
[100] direction (hard axis) and decreases Mr in the [01−1]
direction (easy axis). Detailed analysis indicates that the
induced eﬀective uniaxial magnetic anisotropy fields exert the
main eﬀect, which blocks the magnetization process along the
easy axis and facilitates the magnetization process along the
hard axis. The variation of directional pair ordering of the
SmCo film caused by the anisotropic strain also contributes to
the tunability. The composition of the substrate we chose is
around the morphotropic phase boundary (MPB). An irreversible rhombohedral-orthorhombic (R–O) phase transformation
was observed by in situ X-ray diﬀraction and X-ray diﬀraction
reciprocal space mapping (XRD-RSM) of the bipolar state of the
substrate, which is responsible for the nonvolatile modulation of
magnetic properties for both the hard and easy axis directions.
The present work contributes to the area of electric field control
of magnetization in FM/FE multiferroic heterostructures, which,
in particular, is a substantial step toward realizing electric-fieldcontrolled magnetization in hard magnetic materials, and
broadens the potential applications of amorphous SmCo films,
such as in electrically writing nonvolatile high-density magnetic
memory and in novel multifunctional sensors.

2. Experimental
An amorphous SmCo thin film with a thickness of 50 nm was
grown on a (011)-cut PMN-PT substrate by magnetron sputtering in an ultra-high vacuum chamber with a base pressure
below 10−6 Pa. A Cr (50 nm) cover layer was deposited at room
temperature to prevent oxidation. An Au layer was deposited
on the bottom side of the FM/FE structure as electrode. The
magnetic properties and their modulation by the electric field
were measured by using a Quantum Design superconducting
quantum interference device (SQUID VSM) with in situ electric
fields provided by an electrometer (6517B, Keithly). X-ray diﬀraction and XRD-RSM with in situ application of an electric
field was performed with a four-circle diﬀractometer (AXS D8Discover, Bruker) to identify the structural evolution of the
PMN-PT substrate. The polarization-electric field (P-E) curve of
PMN-PT was measured in the capacitance configuration using
a Radiant FE tester (Premier II). The in-plane strains of
PMN-PT induced by the electric bias were measured using a
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high-resolution strain gauge bonded to the substrate. The
width of the pulsed electric field was about 165 s during the
repeated Mr pulse measurements.
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3. Results and discussion
The configuration of the SmCo/(011)PMN-PT heterostructure is
shown in Fig. 1(a). To apply an electric field across the
PMN-PT substrate, an Au layer was deposited by sputtering as
the bottom electrode and the Cr cover layer acted as the top
electrode. The commercial (011)-oriented slab of PMN-PT
single crystal was chosen as the substrate because it has an
excellent anisotropic converse piezoelectric eﬀect. An electric
field along the out-of-plane [011] crystalline direction can
produce a strong in-plane anisotropic piezostrain in the
PMN-PT substrate.54 The left figure in Fig. 1(b) shows the
unpoled rhombohedral PMN-PT(011) substrate with eight
possible 〈111〉 polarization directions. When a negative electric
field is applied along the [0−1−1] direction of the PMN-PT
(011) substrate, all of the eight possible polarization directions
are switched into two crystal variants, namely the [−1−1−1] and
[1−1−1] variants, as shown in the middle figure of Fig. 1(b).
On the contrary, when the PMN-PT(011) substrate is poled by a
positive electric field, the preferential polarization directions
are [111] and [−111] variants. In addition, when the electric
field is reversed from one polar to the other, and the electric
field is just at the coercive field, the preferential polarization directions are the four possible in-plane 〈111〉 directions, which means that the polarizations undergo a reorientation by non-180° (71° or 109°) polarization switching.28 A sche-
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matic of non-180°/180° polarization switching is given in
Fig. S1 (ESI†). In this type of polarization, when the substrate
is poled along the [011] or [0−1−1] direction, the preferential
polarization directions will be above or under the (011) plane.
In these cases, the length along the in-plane [100] direction
will shrink, and the length along the [01−1] direction will
elongate because of the constant volume, and all the [−111]
and [111] or [1−1−1] and [−1−1−1] variants tend to be closer
to the poled direction.10,55 Moreover, for PMN-PT with composition near the MPB, a structural transformation from the
rhombohedral (R) to orthorhombic (O) phase is favored when
the poled electric field along [0−1−1] is big enough, and the
variants along [1−1−1] and [−1−1−1] are rotated along the
[0−1−1] direction,10,55 as shown on the right of Fig. 1(b). As a
result, the constriction along the in-plane [100] direction and
the extension along the [01−1] direction both increase.
Fig. 2 shows the hysteresis loops of the Cr (50 nm)/a-SmCo
(50 nm) film grown on PMN-PT(011) measured with magnetic field
along the in-plane [100] and [01−1] directions (“a” indicates amorphous). The squareness ratio of the hysteresis loop along the
[01−1] direction is much better and the corresponding coercive
field is relatively lower than that along the [100] direction. This uniaxial in-plane anisotropy provides the possibility for applications
in information storage and spintronics.40–44 The anisotropy conð1
stant, kA, calculated by kA ¼
ðMiH  MiE ÞdH,56 is about 2.1 × 104
0

J m−3. The origin of the constant is closely related to the anisotropic strain caused by the diﬀerence in lattice constants along
pﬃﬃﬃ
the two in-plane directions,34 a01ˉ1 ¼ 2a100 . It has been demonstrated that the preferential seeding of FM domains along the
elongated direction36,57 and the directional pair ordering53,58 intro-

Fig. 1 (a) Conﬁguration of the SmCo/(011)PMN-PT heterostructure. (b) Polarizations of the PMN-PT(011) substrate upon applying an electric ﬁeld
along the [0−1−1] direction, increasing in electric ﬁeld from left to right. The length of the black arrows represents the magnitude of the electric
ﬁeld. The red and green arrows represent the polarization directions for the rhombohedral (R) and orthorhombic (O) phases, respectively. The gray
arrows represent the polarization directions for R phase that have vanished under the electric ﬁeld.
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duced by the anisotropic strain can both lead to uniaxial in-plane
magnetic anisotropy in amorphous SmCo films. The coercivities,
Hc, along [100] and [01−1] are ∼650 and 500 Oe, respectively, and
are among the large ones compared with previously reported magnetically hard amorphous SmCo films.43,44,51–53 The transition
parameter between diﬀerent magnetization directions is expressed

9
8
T >1=2
>
>
<4Mr T d þ 2 >
=
, where Mr is the magnetic remaas a ¼
>
>
Hc
>
>
:
;

Fig. 2 Hysteresis loops of Cr (50 nm)/a-SmCo (50 nm) ﬁlms grown on
PMN-PT(011) substrates, where “a” indicates amorphous.

nence, T is the medium thickness, and d is the head-disk
spacing.59 Increasing the coercive force decreases the transition
parameter, a, which guarantees a high recording density.40
Fig. 3(a) shows the dependence of the remnant magnetization, Mr, on electric field (Mr–E curves) for the in-plane [100]
direction. Before applying the electric field, the film was first

Fig. 3 (a) Dependence of the remnant magnetization on the electric ﬁeld (Mr–E curves) for the in-plane [100] direction, from which the decomposed (b) butterﬂy-like and (c) loop-like parts are obtained. (d) Repeated Mr pulse measurements. (e) Magnetic hysteresis loops with the magnetic
ﬁeld along the in-plane [100] direction, where the electric ﬁeld was applied in the sequence of −0(D), +8(F), +0(A), −8(C), −0(D) kV cm−1. For consistency, the capital letters in parentheses correspond to those shown in (a) and the ﬁrst M–H curve here was measured when PMN-PT was in O phase.
Inset: magniﬁcation of the M–H curves. (f ) Dependence of Mr/Ms on the electric ﬁeld corresponding to (e). The arrows represent the electric ﬁeld
application sequence.
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magnetized by applying a magnetic field of up to 1 T along the
in-plane [100] direction, and then reducing the field to zero.
The Mr–E curve turn out to be a loop-like behavior, or rather, a
mixture composed of the loop-like behavior and butterfly behavior. For the (1 − x)PMN-xPT single crystals near the MPB
(x = 0.28–0.32), R–O phase transition can be induced by an electric field, E.55,60,61 The numerical value of critical E decreases
monotonically from ∼10 to ∼2 kV cm−1 as the PT concentration
increases from x = 0.28 to 0.32, and an irreversible R–O phase
transition and strain memory eﬀect occurs at x = 0.32.62
Although the commercial (1 − x)PMN-xPT substrate used in
the present work has a nominal composition of x ∼0.30, the
possibility of component inhomogeneity may lead to diﬀerent
critical E. In other words, within ±8 kV cm−1, part of R phase
may remain stable and non-180° (71° and 109°) polarization
switching contributes to the butterfly-like behavior, whereas
the other part contributes to the loop-like behavior arising
from the irreversible R–O phase transition induced by E.55,62
Separating the Mr–E curves into symmetric butterfly-like and
antisymmetric loop-like parts provides a clearer picture
(Fig. 3(b) and (c)). Details and sketches indicating electric
field-induced polarization switching and the R–O phase transition are provided in ESI S1.† We also measured the strain–
electric field curves (Fig. S5a†) and polarization–electric field
curve (Fig. S5b†), which are consistent with the asymmetric
Mr–E curves (ESI S3†). Moreover, we performed X-ray diﬀraction (Fig. S3†) and XRD-RSMs (Fig. S4†) under in situ electric
fields, and the results confirmed our hypothesis and strongly
supported the irreversible R–O transition (ESI S2†).
During the variation of the electric field, the non-180°
polarization switching in R phase causes the volatile butterflylike Mr–E curve (Fig. 3(b)). The application of a −8 kV cm−1
electric field (A1–B1–C1) decreases, and then increases Mr, and
the turning point lies in the coercive field, Ecr ( point B1). In
this process, the preferential polarization directions of the substrate change from [−111] and [111] ( point A1) to the four possible in-plane 〈111〉 directions ( point B1), and then rotate to
[1−1−1] and [−1−1−1] ( point C1). The compressive strain
along the [100] direction, induced by the polarization reorientation of the substrate, decreases, and then increases, correspondingly. The zero electric field here ( point A1) comes from
the positive electric field, so there are two preferential polarization directions ([−111], [111]) rather than eight possible 〈111〉
polarization directions. When the electric field is removed
from point C1 to D1, Mr decreases linearly. The domain structure of the substrate at point D1 remains basically the same as
that at point C1 ([1−1−1], [−1−1−1]). However, the emergence
of a small proportion of the non-180° (71° and 109°) polarization switching cannot be excluded during the decreasing procession of the electric field (C1–D1),63 so that the compressive
strain at point D1 is not as large as that at point C1. Next, we
address the fact that the two points A1 and D1 represent
diﬀerent domain structures (Fig. S2a and S2d†) though their
positions in Fig. 3(b) are the same. The preferential polarization directions are [−111] and [111] at point A1, whereas they
are [1−1−1] and [−1−1−1] at point D1. When the electric field
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is applied in reverse (D1–E1–F1–A1), the variation of the compressive strain and the corresponding remnant magnetization
remains similar and the polarization direction is the opposite.
Then, the butterfly-like behavior comes into being. The compressive strain along the in-plane [100] direction reaches its
maximum when the electric field reaches its maximum (points
C1 and F1), and the minimum compressive strain occurs at the
coercive field, Ecr (points B1 and E1). The contribution of the
butterfly-like behavior causes the coercive field in Fig. 3(a). The
variation of the remnant magnetization and the compressive
strain along the [100] direction are similar. The larger compressive strain results in the higher remnant magnetization.
During changing the electric field, the irreversible R–O
phase transition (Fig. 3(c)) coincides with the polarization reorientation in R phase. That is, when the electric field increases
to −8 kV cm−1 ( point C2), the irreversible R–O phase transition
occurs and some parts of the polarizations rotate to the [011]
direction (Fig. 3(c)). The strain induced by the R–O phase
transformation along the in-plane [100] direction is also compressive and the amplitude is even larger than the strain
induced by the polarization switching in the R phase
(Fig. 1(b)). When the electric field decreases to −0 kV cm−1
from point C2 to D2, the structure of O phase and the polarization direction remain due to the irreversibility of the R–O
phase transition, as does the compressive strain. When the
electric field increases to +8 kV cm−1, from point D2 to F2, the
substrate returns to R phase and remains unchanged, even
when the electric field decreases to +0 kV cm−1, from point F2
to A2. Although the strain in this procession (O–R phase transformation) is still compressive, it is a strain release procession,
rather than a strain accumulation procession. The loop-like
part of the Mr–E behavior, or the irreversibility of the R–O
phase transformation, leads to the non-volatility of the modulation. What needs to be explained is that the irreversibility
means that the R–O phase transformation is not reversible in
the only-positive/only-negative electric field. As shown in
Fig. 3(c), the relative remnant magnetization in O phase is
higher than that in R phase because the compressive strain in
O phase is larger than that in R phase along the [100] direction. This phenomenon reflects the same rule—the bigger the
compressive strain, the higher the Mr—compared with the
butterfly-like part shown in Fig. 3(b). Owing to the loop-like behavior in the Mr–E curves contributed to by the R–O phase
transformation, there are two Mr states with diﬀerent magnetization values at E = ±0 kV cm−1. In this case, the magnetization
does not return to the initial state as soon as the driving electric field is removed, but goes to another Mr state. That is, a
nonvolatile electric-field-controlled magnetization at room
temperature has been achieved in an amorphous SmCo/
PMN-PT(011) heterostructure, and it is the first time to catch
sight of the marvellous spectacle in amorphous SmCo alloys.
The remnant magnetization (Mr) of the amorphous SmCo
film can be regulated by bipolar electric fields and it is nonvolatile (Fig. 3(a)); therefore, stable and remarkable high and
low Mr states can be obtained by switching the polarity of the
electric field (Fig. 3(d)). The switching of the two Mr states was
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measured with intermittent positive and negative pulsed electric fields of ±8 kV cm−1. The reversible Mr induced by the
pulsed electric fields is promising for applications in two-state
memory devices.64 Fig. 3(e) shows the magnetic hysteresis
loops (M–H curves) of the amorphous SmCo thin film on
PMN-PT(011) measured under a magnetic field along the inplane [100] direction, where the electric field was applied in
the sequence −0 (D), +8 (F), +0 (A), −8 (C), −0 (D) kV cm−1. ±0
kV cm−1 indicates zero positive or negative electric field. For
consistency, the capital letters in parentheses in Fig. 3(e)
correspond to those in Fig. 3(a), and the first M–H curve
was measured when PMN-PT was in O phase. Due to the
repeatability of the cycles, we choose the M–H curve under an
electric field of −0 kV cm−1 (D), rather than +0 kV cm−1 (A), to
start the M–H measurements. Overall, there are no major
diﬀerences among the curves. Nevertheless, Mr clearly changes
with the applied electric field if the intersection of the curves
and the vertical axis are magnified (inset of Fig. 3(e)).
Furthermore, the dependence of Mr/Ms, where Ms is the saturated magnetization, on the electric field (Mr/Ms–E curve) for
the in-plane [100] direction is shown in Fig. 3(f ). The
maximum change of Mr/Ms from 0.416 to 0.439 occurs when
the electric field is changed from +0 ( point A) to −8 kV cm−1
( point C), and the relative Mr change [Δ(Mr/Ms)/((Mr/Ms)(0))] is
about −5.8%, which is consistent with the data shown in
Fig. 3(a) and is comparable to a previous result reported for
CoFe2O4/PMN-PT.30 The same behavior can be observed in
Fig. 3(d)–(f ). The maximum remnant magnetization occurs at
−8 kV cm−1, namely, the electric field at which the maximum
compressive strain along the [100] direction is reached.
These results show that a large compressive strain is
produced along the in-plane [100] direction when the electric field is applied along the out-of-plane [011] direction
and the remnant magnetization increases with the compressive strain. In other words, the magnetization process
along the initially hard direction of the amorphous SmCo
film becomes easier when the electric field is applied
across the thickness direction of the substrates, which is
the opposite of that described in (011)-Pr0.7Sr 0.3 MnO 3 /
PMN-PT. 36 Our previous results36 revealed that the magnetization process became easier along the easy axis and
harder along the hard axis under applied electric fields in
(011)-Pr 0.7 Sr 0.3 MnO 3 /PMN-PT. The diﬀerence in behavior in
this work, namely, the increase of M r along the hard axis,
arises from the electric-field-induced eﬀective uniaxial
magnetic anisotropy field, H eﬀ,〈100〉 , in amorphous SmCo
films. In a multiferroic heterostructure, an applied electric
field induces a strain on the piezoelectric layer, and
this strain is transferred to the magnetic layer. Hence,
the magnetoelastic energy (F ME ) emerges as required
~eff ¼ ∇M  FME , comes into
and Heﬀ , defined as H
being immediately. 65 After a series of derivations, Heﬀ,〈100〉
3λ
can be expressed as Heff;h100i ¼
ðσ ½100  σ ½011 Þ, 65,66
Ms


Y
where σ[100]
σ ½100 ¼
þ
νd
ÞE
and σ[01−1]
ðd
31
32
ð1  ν2 Þ
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Y
ðd
þ
νd
ÞE
are compressive stress
32
31
ð1  ν2 Þ
along the [100] direction and tensile stress along the [01−1]
direction, respectively. Finally, Heﬀ,〈100〉 is expressed as
3λY
ðd31  d32 ÞE,65,66 where λ is the magneHeff;h100i ¼
Ms ð1 þ νÞ
tostriction coeﬃcient of amorphous SmCo films
(Sm 4 Co 96 , λ = −16 × 10 −6 ; Sm 10 Co 90 , λ = −37 × 10−6 ;
Sm 27 Co 73, λ = −51 × 10−6 ).46 The nominal composition of
our film is SmCo5 , between Sm 10 Co90 and Sm 27 Co 73 , so
−40 × 10−6 was chosen as the value of λ. Y is the Young’s
modulus of amorphous SmCo film (120 GPa), 46 ν is the
Poisson’s ratio (0.27), 46 M s is the saturation magnetization
of amorphous SmCo film (850 emu cm−3 ), and d 31 and
d 32 are the in-plane piezoelectric coeﬃcients along the
[100] and [01−1] directions (−3100 and 1400 pC N −1),
respectively, for the (011)-cut PMN-PT substrate. 10,67,68
Thus, a rough value of H eﬀ,〈100〉 , as large as 500 Oe, was
obtained with an electric field of ±8 kV cm −1 , which is comparable to the coercive field of 600 Oe along the hard axis.
The electric-field-induced eﬀective uniaxial magnetic anisotropy in the amorphous SmCo film along the [100] hard
axis could promote the magnetization process, resulting in
an increase of M r. A brief ideal sketch is shown in Fig. 4 to
illustrate this procession. When the substrate is unpoled,
the easy axis lies in the [01−1] direction (Fig. 4(a)). When
the substrate is poled, the magnetization process along the
[100] direction is promoted under the eﬀect of Heﬀ,〈100〉
(Fig. 4(b)). This theoretical conclusion is broadly in line
with the experimental results. Similarly, a reduction of M r
along the [01−1] easy axis was observed due to the −500 Oe


3λY
of H eﬀ,〈01−1〉 Heff;h011i ¼ 
ðd31  d32 ÞE .62 Here,
Ms ð1 þ νÞ
the in-plane stress provided by the substrate was assumed
to be transmitted completely to the film grown on it, ignoring factors that may reduce the stress. The relevant paraσ ½011 ¼

Fig. 4 Schematics of the magnetization states in the ﬁlm in the (a)
unpoled and (b) poled states of the substrate. The ﬁlms experience compression along the [100] direction and extension along the [01−1] direction during polarization. The blue arrows denote the spin directions and
their rotation in the poled state, where Heﬀ, produced by the speciﬁc
magnetostrictive properties of the amorphous SmCo thin ﬁlm and the
anisotropic strain from the PMN-PT substrate, rotates the easy axis.
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meters, Y, λ, and ν, were taken from the data provided for
commercial SmCo magnets.46
The trends for |Heﬀ,〈100〉| (or |Heﬀ,〈01−1〉|) and the strain with
the variation of the electric field remain the same,69 and are
responsible for the modulation of Mr (Fig. 3(f )). When the
negative electric field is applied ( points A–B–C, Fig. 3(a)), the
compressive strain along [100] direction decreases, increases,
and then reaches the maximum at point C, as does the eﬀect
of Heﬀ,〈100〉, and Mr reaches its maximum at point C. After that,
with decreasing electric field along path C–D, the compressive
strain and Heﬀ,〈100〉 decrease, and Mr also decreases. When the
negative electric fields are applied, especially from −Ecr to −8
kV cm−1, the non-180° (71° and 109°) polarization switching
in R phase leads to the accumulation of the compressive
strain during the whole butterfly-like procession. In addition,
the irreversible R–O phase transformation allows the compressive strain to reach a new maximum. The combination of these
two factors is responsible for the maximum of Heﬀ and the
remnant magnetization. When the positive electric fields are
applied (D–E–F–A, Fig. 3(a)), the trends for Mr and |Heﬀ,〈100〉|
(or |Heﬀ,〈01−1〉|) with the variation of electric field are also
similar. However, the changes in Mr under the positive electric
fields are much smaller than those under the negative fields
for the following reason. When a positive electric field is
applied (D–E–F, Fig. 3(a)), the butterfly-like part accumulates
the compressive strain (D1–E1–F1, Fig. 3(b)) on the whole,
whereas the loop-like part releases the compression (D2–F2,
Fig. 3(c)). This means that the loop-like part is a drag on the
comprehensive compressive strain, which results in the
smaller |Heﬀ,〈100〉|, as well as the smaller compressive strain
compared with the negative electric fields. In conclusion, the
eﬀective uniaxial magnetic anisotropy field, Heﬀ,〈100〉, induced
by the applied electric fields is mainly responsible for the
easier magnetization along the hard axis ([100] direction). Heﬀ,
〈100〉 arises from both the magnetostrictive properties of the
amorphous SmCo films and the anisotropic strain from the
substrate induced by the applied electric field.
The variation of the directional pair ordering in amorphous
SmCo film caused by the anisotropic strain may also explain
the anisotropy modulation of the magnetization. According to
previous studies,53,58,70,71 directional pair ordering can
cause in-plane anisotropy in amorphous films. The Co–Co
and Sm–Co pairs in amorphous SmCo films are recommended
to be the mechanism of the induced anisotropy,70 and the
directional pair ordering can be rearranged by the applied
stress.72 In crystalline alloys, the rearrangement takes place
through atoms jumping from regular lattice sites to neighbouring vacant sites. In amorphous alloys, the so-called free
volumes behave similarly to the vacancies in crystalline
materials, which correspond to the free spaces between
atoms.73 The mobility of the atoms increases around a free
volume, and thus increases the rearrangements of the atoms.73
In our samples, the electric-field induced anisotropic strain
drives the rearrangement of the directional pairs. An ideal
simple schematic of atom pairs’ arrangement is shown in
Fig. 5. When the substrate is unpoled, the easy axis lies in the
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Fig. 5 Schematics of pair arrangements in the ﬁlm in the (a) unpoled
and (b) poled states of the substrate. The ﬁlms experience compression
along the [100] direction and extension along the [01−1] direction
during polarization. The big blue circles represent Sm atoms, and the
small green circles represent Co atoms. The red arrows represent the
direction of the Sm–Co pairs’ magnetic moments.

[01−1] direction and the pair arrangement is shown in
Fig. 5(a). When the substrate is poled, the films are compressed along the [100] direction and extended along the
[01−1] direction during the polarization. More free volumes
along the [01−1] direction may emerge. The mobile Sm atoms
move to the new free volumes and the number of Sm–Co pairs
increases along the [01−1] direction. The direction of the Sm–
Co pair’s magnetic moment lies in the connection direction of
the Sm and Co atoms, which was assumed to be pointing
toward the Co atom. Hence, the remnant magnetization along
the [100] direction increases and that along the [01−1] direction decreases under the eﬀect of the anisotropic strain
induced by the electric field. The behavior of the Co–Co pairs
tends to be similar, which is not shown here. It can be concluded that the anisotropic strain provided by the substrate
under the electric fields can also aﬀect the rearrangement of
the directional pairs in amorphous SmCo films, and then
aﬀect the in-plane anisotropy further.
Fig. 6(a) shows the dependence of the remnant magnetization on the electric field (Mr–E curves) for another in-plane
[01−1] direction. Before applying the electric field, the film
was similarly magnetized by applying a magnetic field of up to
1 T along the in-plane [01−1] direction, and then reducing the
magnetic field to zero. There are similarities and diﬀerences
between the regulation of the magnetic properties by the electric field along the [100] and [01−1] directions. On the one
hand, similar to Fig. 3(a), the Mr–E curve along the [01−1]
direction is still a mixture of the loop-like and butterfly-like behavior and the two parts are shown separately in Fig. 6(b) and
(c), respectively. Two circles appear on the both sides of the
loop-like curve, but the reason for this is unclear at the
moment. In addition, the remnant magnetization at −8
kV cm−1 arrives at the extremums in both situations (maximum
in the [100] direction and minimum in the [01−1] direction)
due to the coexistence of R and O phases. On the other
hand, for the in-plane [01−1] direction, although the Mr
switching by the bipolar electric fields remains, the variation
of Mr is the opposite of that along the [100] direction. In particular, the electric-field-induced eﬀective uniaxial magnetic
anisotropy in amorphous SmCo film blocks the magnetization
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Fig. 6 (a) Dependence of the remnant magnetization on the electric ﬁeld (Mr–E curves) for the [01−1] direction, from which the decomposed (b)
butterﬂy-like part and (c) loop-like part were obtained. (d) Repeated Mr pulse measurements. (e) Magnetic hysteresis loops with the magnetic ﬁeld
along the in-plane [100] direction, where the electric ﬁeld was applied in the sequence of −0(D), +1.4(O), +2.8(E), +8(F), +1.4(O), +0(A), −1.4(B),
−8(C), −0(D) kV cm−1. For consistency, the capital letters in parentheses correspond to the ones shown in (a) and the ﬁrst M–H curve was measured
when PMN-PT was in O phase. Inset: Magniﬁcation of the M–H curves. (f ) Dependence of Mr/Ms on the electric ﬁeld corresponding to (e). The
arrows represent the electric ﬁeld application sequence.

process along the [01−1] easy axis, resulting in a decrease in
Mr. For example, the remnant magnetization at +8 ( point F)
and −8 kV cm−1 ( point C) reaches minimum values during the
variation of the electric field. In addition, the changes in the
remnant magnetization, −5.8% and +2.2% (see following paragraph), along the two in-plane directions ([100], [01−1]) are
diﬀerent in both numerical value and sign under the same
electric field conditions. This result is explained by the diﬀerences in the type and magnitude of strain along the two in-

This journal is © The Royal Society of Chemistry 2019

plane directions under the same electric field. The room-temperature strain at 8 kV cm−1 was examined along both the inplane directions for the (011)-PMN-PT substrate with similar
compositions (Fig. S5a†). A large compressive strain (ca.
−0.27%) along the [100] direction and a small tensile strain
(ca. 0.12%) along the [01−1] direction are observed. We have
already explained the appearance of Heﬀ, the relationship
between Heﬀ and strain, and the variation of the directional
pair ordering, which is responsible for the harder magnetiza-
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tion along the easy axis of the [01−1] direction under applied
electric fields.
The high/low remnant magnetization states (Fig. 6d) caused
by the pulsed electric field are still stable and remarkable,
although the diﬀerence between the two Mr states is slightly
smaller than that in Fig. 3(d). The magnetic fields and electric
fields are the same as those in Fig. 3(d). The magnetic hysteresis loops (M–H curves) with magnetic fields along the inplane [01−1] direction were measured under diﬀerent but
typical electric fields (Fig. 6(e)). The coercive field, maximum
field, and minimum field were chosen as the representative
electric fields, and were applied in the sequence of −0(D),
+1.4(O), +2.8(E), +8(F), +1.4(O), +0(A), −1.4(B), −8(C), −0(D)
kV cm−1 (Fig. 6a). We chose the M–H curve under −0 kV cm−1 (D),
rather than +0 kV cm−1 (A), to start the M–H measurements
due to the repeatability of the cycles, and the capital letters in
parentheses in Fig. 6(e) correspond to the ones in Fig. 6(a) for
consistency. Although the M–H curves under diﬀerent electric
fields look similar (Fig. 6e), the partially enlarged detail shown
in the inset shows the variation of Mr. Similar to Fig. 3(f ),
Fig. 6(f ) summarizes the eﬀect of the electric field on Mr
based on the data from Fig. 6(e). When the electric field
changes from +0 to −8 kV cm−1 along points A–B–C, Mr/Ms
changes from 0.805 to 0.787 accordingly, and the relative
increase of Mr [Δ(Mr/Ms)/((Mr/Ms)(0))] is +2.2%, nearly onethird the magnitude of the −5.8% change for the [100] direction in the numerical data. The diﬀerence between the two
absolute
changes
in
the
remnant
magnetization
(|Δ(Mr/Ms)[100]| ∼ 0.023, |Δ(Mr/Ms)[01−1]| ∼ 0.018) is far less
marked, which confirms the significance of the modulation
along the two in-plane directions. The numerical diﬀerence of
[Δ(Mr/Ms)/((Mr/Ms)(0))] along the two in-plane directions arises
from the diﬀerent magnitude and sign of the strain, and the
intrinsic anisotropy of the amorphous SmCo films. In
addition, the negative ( positive) value of [Δ(Mr/Ms)/((Mr/Ms)
(0))] in the [100] ([01−1]) direction is consistent with the
reduction (increase) of Mr as the electric field is applied, which
indicates that the magnetization process along the hard (easy)
axis is facilitated (blocked) by the eﬀect of the electric-fieldinduced eﬀective uniaxial magnetic anisotropy.
Generally, the nonvolatile modulation of magnetization in
FM-material/PMN-PT heterostructures can be achieved by
three methods. The 109° polarization switching is used to
produce the nonvolatile control along the [110] direction when
the substrate is [001]-poled.2 For the [011]-poled PMN-PT, the
non-180° (71°/109°) polarization switching from the out-ofplane to in-plane direction induced by unipolar action can
also lead to the nonvolatile regulation.28 The irreversible R–O
phase transformation could be another possible cause for the
composition of PMN-PT(011) around the MPB.55 In our work,
the unipolar action is feasible and the irreversible R–O phase
transformation occurs; thus, these eﬀects can be combined.
We chose the [01−1] direction and tried to create the unipolar
Mr–E curves to make the manipulation less volatile. As mentioned before, O phase prevails when the electric field is
negative, so that we selected the positive coercive field (Ecr ∼+3
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kV cm−1) as the maximum electric field to form the unipolar
cycle (−8 kV cm−1–+3 kV cm−1).
Fig. 7(a) shows the unipolar Mr–E curves along the [01−1]
direction for electric field cycled between +3 and −8 kV cm−1.
When a positive electric field is applied from −0 to Ecr
( points D to E in Fig. 7a), the magnetization response follows
the bipolar Mr–E curve with a nonlinear magnetization jump,
which mainly corresponds to the 71° or 109° polarization reorientation from [−1−1−1] or [1−1−1] to the four in-plane 〈111〉
directions in R phase. Removing the electric field at Ecr
( points E to A) results in a large Mr at point A and the polarization variants remain. When a negative electric field is applied
from +0 to −8 kV cm−1 ( points A to C), the magnetization
response jumps back to the original path compared with
Fig. 6(a), because of the non-180° polarization reorientation
from the four in-plane 〈111〉 directions to [−1−1−1] or
[1−1−1], as well as the irreversible R–O phase transformation.
When the electric field is removed ( points C to D), the Mr
returns ( point D). Therefore, two reversible Mr states with
diﬀerent magnetization values at E = ±0 kV cm−1 are created.
In Fig. 7(a), the coercive field values remain almost constant, but the magnetization increases slightly shifts in the
first three cycles. The repeated Mr pulse measurements
(Fig. 7(b)) also indicate that both the high and low magnetization states caused by the pulsed electric field go all the way up.
After more than 50 cycles and holding for 30 min, the repeated
Mr pulse measurements were carried out again, and surprisingly, the results in Fig. 7(c) show a more stable state. The evolution of Mr from an unstable to a relatively stable state after
unipolar cycles should be completely determined by the substrates, which is probably due to the FE history-dependent properties. Namely, the realignment of the four in-plane 〈111〉
polarization variants decides the nonlinear magnetization
response. The polarization variants follow the same path when
the realignment path is established, while the path may be dictated by the internal friction in the first few cycles.63 In other
words, the switching of the polarization from the four in-plane
〈111〉 directions to [−1−1−1] or [1−1−1], as well as the R–O
transition, and the reverse path are not streamlined enough at
first. The path only became smooth after a number of unipolarization cycles. This helps to explain the shifting of the magnetization in the first three cycles of the unipolar Mr–E curves
as well as the “all the way up” in the repeated Mr pulse
measurements, shown in Fig. 7(b). Although the magnetization states in Fig. 7(c) are more stable than those in Fig. 7(b),
there are still some discrepancies with Fig. 3(d) and 6(d). The
reason for the diﬀerences is that the realignment of the polarization variants in the first few unipolar cycles is in a metastable state; thus, the states cannot be as stable as the initial
condition. In other words, although the realignment path followed by the polarization variants is established, it cannot be as
smooth as the original path and a small amount of friction is
inevitable.63 Fig. 7(d) shows the retention of the magnetization
states after positive and negative electric field pulses. The
unevenness of the points further illustrates the metastability of
the new state. The inset of Fig. 7(d) shows the last 12 unipolar
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Fig. 7 (a) Unipolar Mr–E curves along the [01−1] direction for electric ﬁeld cycled between +3 and −8 kV cm−1. To avoid confusion, the letters
(A/C/D/E) here represent the same electric ﬁelds as those in Fig. 5(a). The arrows represent the electric ﬁeld application sequence. (b) Repeated Mr
pulse measurements after the ﬁrst three unipolar Mr–E curves. (c) Repeated Mr pulse measurements after more than 50 unipolar Mr–E curves and
holding for 30 min. (d) Retention of the magnetization states after positive and negative electric ﬁeld pulses. Inset of (d) shows the last 12 unipolar
Mr–E curves.

Mr–E curves. These last 12 cycles show high repeatability,
which suggests that the magnetization states gradually become
stable after frequent cycles. Thus, two stable and reversible
magnetic states can also be realized by unipolarizing the substrate. The switching of the polarization in R phase, as well
as the R–O phase transformation play major roles in this nonvolatile manipulation.

4.

Conclusions

Tunable anisotropic nonvolatile electrical modulation of magnetization at room temperature was achieved in a heterostructure composed of (011)-cut PMN-PT and amorphous
SmCo film with uniaxial in-plane anisotropy and hard magnetic properties. When a poled electric field was applied along
the out-of-plane [011] direction, the magnetization of the
SmCo film became easier along the in-plane [100] hard axis
and harder along the in-plane [01−1] easy axis. The eﬀect of
anisotropic strain from the PMN-PT substrate and the specific
magnetostrictive properties of the amorphous SmCo thin film
produced an eﬀective uniaxial magnetic anisotropic field,
which caused the novel anisotropic tunability. The variation of
the directional pair ordering in the amorphous SmCo film
owing to the anisotropic strain also contributed to the electrical modulation of the magnetization. Moreover, the nonvola-

This journal is © The Royal Society of Chemistry 2019

tile change of Mr and the stable two-state memory eﬀect were
demonstrated under a bipolar electric field. Decomposition of
the Mr–E curves, in situ XRD studies and in situ XRD-RSMs
revealed that the R–O phase transformation played a key role
in the nonvolatility. A number of cycles of unipolarization of
the FE substrate also established stable nonvolatile magnetization. The present work extends the scope of electric-field-controlled magnetization to hard magnetic films, which is desirable for designing new multifunctional devices, particularly
electric-write nonvolatile high-density MRAM based on SmCo
amorphous films.
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