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We report a large and nonvolatile bipolar-electric-field-controlled magnetization at room temperature in
a CoygFes0B,/Pb(Mg, ;3Nb,/3) 7 Tig 305 structure, which exhibits an electric-field-controlled looplike
magnetization. Investigations on the ferroelectric domains and crystal structures with in situ electric fields
reveal that the effect is related to the combined action of 109° ferroelastic domain switching and the
absence of magnetocrystalline anisotropy in CoyyFe40B,g. This work provides a route to realize large and
nonvolatile magnetoelectric coupling at room temperature and is significant for applications.
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With the fast development of information storage, ex-
ploiting new concepts for dense, fast, and nonvolatile
random access memory with reduced energy consumption
is a significant and challenging task. To realize this goal,
electric-field control of magnetism is crucial [1-3]. A
promising way to control magnetism via electric fields is
using the converse magnetoelectric (ME) effect [2], which
permits control of magnetism with electric fields rather
than with electric currents or with magnetic fields [3]. In
that context, multiferroic materials which exhibit simulta-
neous magnetic and ferroelectric orders with coupling
between them are among the top candidates for realizing
electric-field control of magnetism [4-6]. However, single-
phase multiferroic materials are rare at room temperature
and the converse ME effects are typically also too small to
be useful [2]. The use of artificial two-phase systems
consisting of ferromagnetic (FM) and ferroelectric (FE)
materials, especially various room temperature FM and FE
materials, serves as an alternative approach to achieve
electric-field control of magnetism and has been widely
studied in recent years [2,7-12].

For the electric-field control of magnetism, tunable and
nonvolatile converse ME effects are two important require-
ments for information storage. In the strain-mediated FM-
FE two-phase system, the bipolar-electric-field-controlled
magnetization generally exhibits a reversible, butterflylike
behavior [7-11] and the understanding of it has been
well established in terms of the piezostrain of the FE
substrate transferred to the FM layer. In this case, the
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change of magnetization is volatile because the piezostrain
vanishes when the driving electric field is removed.
Some exceptions have been reported, e.g., in
Lag ¢7S10,33Mn0O;/BaTiO; FM-FE heterostructures, an
electric-field-controlled nonvolatile converse ME effect
was present [2]. However, in this case both positive and
negative electric fields can only change the sample from a
large magnetization to a small one and a series of compli-
cated processes is needed to reset the large magnetization
rather than to simply change the electric field. It was also
reported that the electric-field induced remanent strain or
irreversible ferroelectric domain effect controls the mag-
netization [8,12]; however, a specific value or range of
electric field is required to induce the effect in these
systems and the magnetization controlled by electric fields
shows obvious relaxation with time [8], which are disad-
vantageous for applications. Therefore, in the FM-FE two-
phase system, a tunable and nonvolatile converse ME
effect at room temperature is highly desired.

CoyoFe4Bsg (CoFeB) belongs to the class of amorphous
ferromagnetic Co-Fe-B alloys, which shows perfect soft
ferromagnetism [13] without magnetocrystalline anisot-
ropy and possesses the highest spin polarization among
Co-Fe-B compounds [14] giving rise to a large tunneling
magnetoresistance (TMR) in magnetic tunnel junctions
[15]. Considering the absence of magnetocrystalline an-
isotropy and the low coercive field, it is interesting to
explore the electric-field control of magnetism of CoFeB
thin film in FM-FE structures. Moreover, the electric-field
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control of magnetism in these kinds of materials is also a
key approach for electric-field-controlled TMR, which has
been proposed theoretically as a way to achieve electric-
write nonvolatile memory [16].

In this Letter, we report a large, tunable and nonvolatile
converse ME effect at room temperature in a
FM-FE  structure composed of CoFeB and
Pb(Mg, /3Nb,/3)07Tig 303 (PMN-PT). The magnetization
of CoFeB film exhibits a looplike response to electric field
instead of the butterflylike behavior commonly observed in
the piezostrain-mediated FM-FE structures [7-11].
Through systematic investigation of the ferroelectric do-
mains and crystal structures using piezoresponse force
microscopy (PFM) and high-resolution x-ray reciprocal
space mapping (RSM) with in situ electric fields, it was
demonstrated that the looplike magnetization response to
the electric field originates from the combined action of
109° ferroelastic domain switching in PMN-PT and the
absence of magnetocrystalline anisotropy in CoFeB.

Heterostructures composed of amorphous CoFeB film
and PMN-PT substrate were prepared by magnetron sput-
tering and the properties of the samples were measured by
various techniques. Sample configuration is shown in
Fig. 1(a) and the detailed experimental methods are
presented in the Supplemental Material [17]. The magnetic
hysteresis loops were measured along the [110] direction
under electric fields of 0 kVem™!, =1 kVem™!, and
+8 kVem ™!, respectively, and the maximum change in
magnetization occurs between +8 kVem™!  and
—8 kVem™!, which are shown in Fig. 1(b). It can be
seen that positive electric fields tend to decrease the
magnetization, while negative electric fields tend to
increase it. It also reveals that the converse ME effect is
more remarkable at low magnetic fields. To explore the
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FIG. 1 (color online). (a) Scheme of the sample and experi-
mental configuration. (b) In-plane magnetic hysteresis loops
under electric fields of +8 kVem™! (circle) and —8 kVcem™!
(square). (c) Electric-field tuning of the in-plane magnetization
(square) and polarization current (open circle) recorded at the
same time. (d) The repeatable high/low magnetization states
(open circle) switched by pulsed electric fields (blue line).

correlation between the change of magnetization and elec-
tric field directly, we measured the variation of magneti-
zation along the [110] direction with the electric field at
5 Oe. The polarization current was also obtained at the
same time. The variation of magnetization with the electric
field guided by the dashed arrows is shown in Fig. 1(c),
which turns out to be a looplike magnetization-electric
field response and the magnetization changes sharply
with the polarization switching process in PMN-PT as
revealed by the polarization current peak. Thus, the
magnetization-electric field curve for our CoFeB/PMN-
PT FM-FE structure is clearly distinct from previous re-
ports on magnetization-electric field curves of piezostrain-
mediated FM-FE structures [7—11], which exhibit butter-
flylike magnetization-electric field curves and the change
of magnetization is volatile. Although looplike
magnetization-electric field curves have been reported in
Lag ¢St ,MnO;/FE [18] and dilute magnetic semiconduct-
ing Ga;_,Mn,As/FE [19], the effect in their systems oc-
curs below 100 K and the mechanisms are different from
the present work as mentioned later. Thus, the large, tun-
able and nonvolatile converse ME effect reported here is
particularly important in terms of room temperature appli-
cations involving electric-field control of magnetism.
Since the magnetization of CoFeB can be tuned by bipolar
electric fields and is nonvolatile as shown in Fig. 1(c),
stable and remarkable high/low magnetization states can
be achieved by switching the polarity of electric field as
shown in Fig. 1(d). Similar measurements were carried out
along the [— 110] direction, and the results (Fig. S1 of
[17]) show a reverse behavior compared to those of the
[110] direction (Fig. 1). The magnetoelectric coefficient
(a = wodM/dE) accompanying the polarization switch-
ing is nearly 2 X 107® sm~! (Fig. S1(c) of [17]), which is
about 1 or 2 orders of magnitude larger than the previous
reports [2,7,9]. The fatigue and retention properties of the
ME effect have also been investigated (Fig. S1(e) and S1(f)
of [17]), which further demonstrated the tunability and
nonvolatility of the electric-field-controlled magnetization.

To understand the electric-field control of magnetism in
our CoFeB/PMN-PT structure, the effect of electric field
on the magnetic anisotropy of CoFeB was explored by
using electron spin resonance (Fig. S2 of [17]). It shows
that the as-grown CoFeB film exhibits an in-plane mag-
netic isotropy. After poling, it changes to a uniaxial mag-
netic anisotropy with the easy and hard directions of
magnetization along [110] and [— 110], respectively. The
direction of the uniaxial magnetic anisotropy does not
change with the polarity of electric field; however, a posi-
tive electric field leads to a weaker uniaxial anisotropy
compared to the negative electric field of the same ampli-
tude. This can account for the experimental observation
that a positive electric field decreases the magnetization of
CoFeB along [110] and increases the magnetization along
[— 110], while a negative electric field does the opposite.
Comparing the magnetization-electric field curves with the
corresponding polarization current curves (Fig. 1(c) and
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also S1(b) of [17]), one can deduce that the nonvolatile ME
effect is associated with the FE domain switching in PMN-
PT. However, it should be pointed out that our results
cannot be explained by the scenario related to the
electric-field induced charge accumulation/dissipation at
the interface [18] or a surface effect due to the polarization
switching in the ferroelectric layer [20], because the con-
tributions from these two scenarios are too small to account
for the observed large change in magnetization which
should originate from the whole film.

The composition of PMN-PT used in our work is in the
region of the morphotropic phase boundary [21], which
possess not only an ultrahigh piezoelectric response [22]
but also complicated phase structures and ferroelectric
domains [23-25]. One of the major structures of PMN-
PT is the rhombohedral phase with spontaneous ferroelec-
tric polarizations along (111) directions (the body diago-
nals of the pseudocubic unit cell) at room temperature [21]
as in rhombohedral BiFeOs, and there are eight equivalent
polarization directions, which can be switched by 71°,
109° and 180°, respectively [26]. As a powerful technique
for directly observing the FE domains and switching cate-
gory, PFM was used to investigate the ferroelectric domain
state and polarization switching in the PMN-PT with the
cantilever along the [110] direction. Figures 2(a) and 2(b)
are the PFM images of the unpoled PMN-PT for the out-of-
plane and in-plane cases, respectively. Based on the pie-
zoresponse analysis [27], the polarization directions can be
deduced as shown in Fig. 2(c), which agrees with the
nature of the rhombohedral structure. After poling a
5 pm by 5 pm square in the center of a 10 um by
10 pm visual field with a —12 V dc voltage biased by
the tip, the color of the out-of-plane image becomes black
[Fig. 2(d)] in the poled area and the color of the in-plane
one changes to brown [Fig. 2(e)], which means that all the
out-of-plane polarization components are switched upward
and the in-plane ones mainly have two possible directions,
nominally [111] and [— 1 — 11] as shown in Fig. 2(f). The
reduction of polarization directions was also observed in
the poled PMN-PT single crystals [25] and explained by
considering the strain compatibility criteria and the weak
random field. In the case of +12 V bias voltage, the out-of-
plane image becomes white [Fig. 2(g)], representing the
out-of-plane polarization components switched downward
as shown in Fig. 2(i), while for the in-plane image shown in
Fig. 2(h) some white regions appear inside the brown area,
as marked by the red circle and dashed bars. We can deduce
the in-plane polarization directions as shown in Fig. 2(1).
Therefore, the white regions correspond to 109° ferroelas-
tic switching [28], while the brown regions are related to
71° or 180° (71/180° for short) switching. The difference
between FE domain structures under positive and negative
electric fields was also observed in rhombohedral BiFeO;
[29], and can be understood in terms of the internal field
induced by impurity doping [30] or point defects of the
crystal [31]. Furthermore, besides the dominant [111] and
[ 1 — 11] oriented domains at —12 V, there are still some
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FIG. 2 (color online). (a), (d), and (g) are the out-of-plane
phase PFM images while (b), (e), and (h) are the in-plane
ones. Corresponding to PFM images in the upper panel, the
sketch maps (c), (f), and (i) show the different configurations of
the polarization vector under different voltages, where the long
arrows along the body diagonals represent the spontaneous
polarization vectors in the rhombohedral phase and short arrows
in the center of cubic represent the out-of-plane polarization
components, respectively. The broad arrows along the diagonals
of the top square stand for the in-plane polarization components
and their colors correspond to those in the in-plane PFM images
(b), (e), and (h).

(@

[— 111] oriented domains and their changes are discussed
in Sect. S4 of [17].

PFM probes local regions (micrometer size) rather than
the whole area of the sample (millimeter size). In contrast,
the x-ray diffraction reciprocal space mapping [32]
(XRD-RSM) with the ability to reflect the fraction of
rhombohedral distortion for the whole sample [28] is more
straightforward. Synchrotron radiation high-resolution
XRD-RSM was used with in situ electric fields to
investigate the change of crystal structure, lattice parame-
ters, and the fractions of different rhombohedral
distortions accompanying ferroelectric domain switching.
The reflections around the (113) peak under electric
fields of —8 kVem™!, —0kVem™!, +8 kVem™!, and
+0 kVem™! are shown in Figs. 3(a)-3(d). Interestingly,
the overall features of the reflections are almost unchanged
after removing the electric field [compare Fig. 3(a) with
Fig. 3(b) and compare Fig. 3(c) with Fig. 3(d)], while they
show a remarkable difference for the positively and nega-
tively poled cases. This behavior is consistent with the
nonvolatile electric-field control of magnetism (Fig. 1
and Fig. S1 of [17]). The configuration of the XRD-RSM
measurement around the (113) reflection and the eight
possible polarization orientations in the pseudocubic unit
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FIG. 3 (color online). (a) to (d) show the electric-field tuned
XRD-RSMs around the (113) reflection. Ellipses with different
colors in the RSMs draw the outlines of the deduced spots with
center positions listed in Table S1. (e) Configuration of the (113)
crystal face (translucent blue plane) and the rhombohedral dis-
tortions as well as polarizations shown by the arrows, whose
colors correspond to the colors of the ellipses in (a) to (d).
(f) The 109° switching induced changes of in-plane distortions
along the [110] direction as well as the corresponding lattice
parameters and the in-plane projections of polarization vectors
(broad arrows).

cell of PMN-PT are shown in Fig. 3(e), from which we can
deduce the switching category from the changes between
different rhombohedral distortions. According to the lattice
parameters of the rhombohedral distortion [23] and re-
ported RSM analyzing method [28], we have obtained
the position and intensity of spots in the (113) reflection,
corresponding to all the possible rhombohedral distortions
as well as polarizations (Sect. S5 of [17]). From this
analysis, the percentage of r2/r4 between the negatively
and positively poled cases changes from about 4% to 30%,
which is consistent with the remarkable difference of
intensity distribution of the RSM results shown in Fig. 3,
and also the direct PEM observation shown in Fig. 2. Since
the change between r1*/r3" and r2~ /r4~ corresponds to
the 109° switching [Fig. 3(f)], therefore the percentage of
109° switching is about 26% and the 71/180° switchings
share the balance of 74%. It should be noticed that the
amount of 109° switching is consistent with the relative
change of magnetization (see discussion in Sect. S5 of
[17]), suggesting their correlation. Quantitative analysis
on the position variation of the obviously changed spots
in all the RSMs around the (113) reflection was carried out
(Sect. S6 of [17]), and the electric-field dependence of the
lattice parameter and corresponding strain along the [110]
direction exhibits a giant looplike behavior (ferroelastic
strain) as shown in Fig. S3(j) of [17], consistent with the
magnetization-electric field curves [Fig. 1(c)].

The aforementioned results can be understood as fol-
lows. The as-grown CoFeB on the unpoled PMN-PT sub-
strate shows an in-plane magnetic isotropy due to its
amorphous nature and the randomness of ferroelectric
domains. After negative poling, most of the ferroelectric
domains align in the [110] direction [see Fig. 2(f) and also

the quantitative RSM results listed in Table S2] to reduce
the ferroelastic energy, leading to a longer distortion along
the [110] direction. This induces a uniaxial magnetic
anisotropy in the CoFeB layer with the easy direction
of magnetization along [110] and hard direction along
[ 110] (Fig. S2(b) of [17]). For the positive poling,
some ferroelectric domains switch by 109° while others
switch by 71/180° as shown in Fig. 2(i) with fractions
listed in Table S2. In contrast to the 71/180° switching, the
109° switching (e.g., switching from r1*/r3" to 12~ /rd4~
under electric fields changing from negative to positive)
changes the elongated distortions from the [110] direction
for negative poling to the [— 110] direction for positive
poling (see Fig. 3(f) and detailed scheme in Fig. S4 of
[17]), resulting in complementary ferroelastic strains along
the [110] and [— 110] directions with a looplike behavior
for the strain-electric field curve (Fig. S3(j) of [17]), which
is consistent with the looplike magnetization-electric field
curves and the complementary behavior for the [110] and
[— 110] directions [Fig. 1(c) and Fig. S1(b)]. It should be
emphasized, besides 109° switching in PMN-PT, the ab-
sence of magnetocrystalline anisotropy in amorphous
CoFeB is also important, which makes the magnetization
sensitive to the ferroelastic strain related to the 109° do-
main switching. In the previous reports [7,9], the effective
magnetic field related to the magnetocrystalline anisotropy
suppresses the response of magnetization to the ferroelastic
strain related to the 109° domain switching, resulting in the
butterflylike magnetization-electric field curve with a much
smaller change in magnetization. A similar ME effect, as
reported here, should be expected for FM/FE structures
consisting of nonepitaxial FM layers with weak or no
magnetocrystalline anisotropy and FEs with 109° ferroe-
lastic switching. It should be mentioned that our mecha-
nism is different from the previous report [33], which is
based on the exchange coupling between BiFeO; and
CoFe.

In summary, large, tunable and nonvolatile electric-field
control of magnetization at room temperature and giant
magnetoelectric coupling were achieved in CoFeB/PMN-
PT. It was demonstrated that the ME effect originates from
the direct coupling between the FE domain and FM film
with the combined action of 109° ferroelastic domain
switching in PMN-PT and the absence of magnetocrystal-
line anisotropy in CoFeB. This work is significant for
exploring novel mechanisms of electric-field control of
magnetism and applications, especially electric-field-
controlled TMR to achieve electric-controlled magnetic
random access memories.
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