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ABSTRACT

We identify room-temperature converse magnetoelectric effects (CMEs) that are non-volatile by using a single-crystal substrate of PMN-PT
(001),c (pc denotes pseudocubic) to impart voltage-driven strain to a polycrystalline film of Ni. An appropriate magnetic-field history
enhances the magnetoelectric coefficient to a near-record peak of ~10"°sm™"' and permits electrically driven magnetization reversal of
substantial net magnetization. In zero magnetic field, electrically driven ferroelectric domain switching produces large changes of in-plane
magnetization that are non-volatile. Microscopically, these changes are accompanied by the creation and destruction of magnetic stripe
domains, implying the electrical control of perpendicular magnetic anisotropy. Moreover, the stripe direction can be rotated by a magnetic
field or an electric field, the latter yielding the first example of electrically driven rotatable magnetic anisotropy. The observed CMEs are
associated with repeatable ferroelectric domain switching that yields a memory effect. This memory effect is well known for PMN-PT
(110)pc but not PMN-PT (001),,. Given that close control of the applied field is not required as for PMN-PT (110),., this memory effect
could lead the way to magnetoelectric memories based on PMN-PT (001),. membranes that switch at low voltage.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0040258

. INTRODUCTION

Magnetic memory devices can be more energy efficient if data
are written using voltages rather than electric currents or their
Oersted fields. ™ Consequently, there is now much interest in using

exchange bias”™"' from a juxtaposed ferroelectric material. Here, we
focus on strain-mediated CMEs, where inverse magnetostriction in a
polycrystalline ferromagnetic film is triggered by the electroactive
response (piezoelectricity or domain switching) of ferroelectric

voltages to modify magnetic properties and thus exploiting converse
magnetoelectric effects (CMEs)."™ Single-phase multiferroic materi-
als tend to show voltage-driven magnetic changes that are largest at
low temperatures but nevertheless small.'’~"* Applications are, there-
fore, more likely to be achieved by exploiting the large CMEs that
arise at room temperature in multiferroic heterostructures, where a

. . . . 13-23 24-2
ferromagnetic film is addressed via strain, charge, 8 or

substrates, most typically single crystals of BaTiO; (BTO) or
(1-x)Pb(Mg; 3Nby/3)O3-xPbTiO; (PMN-PT) with x ~ 0.3.
Ferromagnetic films on PMN-PT substrates represent an
exciting playground for strain-mediated CMEs.'”™>’ These CMEs
are non-volatile if PMN-PT adopts the (110),. orientation and
if applied fields closely match the coercive field.'""' By contrast,
the (001),. orientation of PMN-PT typically results in volatile
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CMEs,"” but it can also result in non-volatile CMEs with no need
for close control of applied field magnitude,”* as we will see here by
studying the in-plane (IP) and out-of-plane (OOP) magnetization of
a 100-nm-thick film of Ni on PMN-PT (001),. (x ~ 0.28).

Here, as usual, we identify magnetic changes in the film when
a voltage that is applied between this film and a back electrode on
the substrate causes the substrate and thus the film to deform. We
first present macroscopic non-volatile CMEs, where a negative elec-
tric field induces uniaxial IP magnetic anisotropy via 109° ferro-
electric domain switching in specific directions and where a
positive electric field destroys this anisotropy. We also demonstrate
electrically induced magnetization reversal in the presence of a
magnetic field. Our previous work with surface-sensitive measure-
ments demonstrates complete strain transfer from thick ferroelec-
tric substrates to much thinner 100 nm-thick films of Ni as
expected,”” and we will assume that CMEs measured in our poly-
crystalline film reflect the strain-field behavior of our PMN-PT
(001),, substrate, as seen elsewhere,' "

Microscopically, our virgin Ni film displays magnetic stripe
domains. These stripe domains arise in our polycrystalline film
because a small uniaxial OOP stress anisotropy competes with domi-
nant IP shape anisotropy to cant the local magnetization slightly up
and down in alternating stripe domains.”>*® Given that Ni shows
negative magnetostriction, the OOP anisotropy is understood to
originate from an isotropic planar growth stress that is tensile.”>***

We present microscopic CMEs in which electrically induced
ferroelectric domain switching overcomes the growth stress in the
film®* to annihilate stripe domains. The stripes reappear after the
ferroelectric domains switch back, and the process is repeatable
over at least 10 cycles. The stripe domains can be rotated with an
IP magnetic field, demonstrating that our as-grown films possess
rotatable magnetic anisotropy (RMA, which led to the discovery of
stripe domains).”” ™"’ The stripe domains in our films can also be
rotated by electrically switching the ferroelectric domains. This
non-volatile rotation is a consequence of uniaxial film stress arising
from 109° ferroelectric domain switching, and it represents the first
demonstration of electrically driven RMA.

Il. METHODS

A 100 nm-thick polycrystalline film of Ni was grown at
~0.3 nm/min on a 5x5x 0.3 mm’ substrate of unpoled PMN-PT
(001),, using room-temperature e-beam-assisted evaporation with
a base pressure of 1.5 x 107" mbar. Using the same growth techni-
que, the Ni film was capped with 4 nm of Cu to prevent oxidation.
From our previous work on similar films,”” the Ni grain size is over
100 nm, and there is no evidence for preferred orientations. IP
crystallographic orientation was inferred from knowledge of PMN-
PT domain geometry. Magnetization measurements were per-
formed using a Princeton Measurements Corporation vibrating
sample magnetometer (VSM), with electrical access to the
sample.”’ All bipolar sweeps of the magnetic field were performed
in 04MAm™' and are presented in a smaller field range.
Magnetic force microscopy (MFM) measurements were performed
using a Digital Instruments Dimension 3100, at lift heights of
40-60 nm, using low-moment ASYMFMLM Asylum Research tips
that were coated with 15nm of CoCr. The cantilever stiffness was

ARTICLE scitation.org/journalljap

2N m™". These tips and the Ni film were both grounded to mini-
mize noise and keep them at the same potential. All MFM image
analysis was performed using WSxM software."' During VSM mea-
surements, the Ni film was also grounded. Positive and negative
voltages were applied to a 200 nm-thick back electrode of Pt, and
the sign of the applied voltage identifies the sign of the resulting
electric field in the PMN-PT substrate.

Ill. RESULTS
A. Macroscopic magnetoelectric effects

Topographical scans that we acquired during our MFM mea-
surements revealed the roughness of the Ni film to be 1 nm. Major
IP magnetic hysteresis loops measured (plotted) out to
+04MAm™' (x0.08 MAm™) at increasing values of the positive
electric field [Fig. 1(a)] reveal a CME in which the electric field lin-
early increases remanent magnetization M, and linearly decreases
the coercive field H,, and the increase and decrease both measure
30% at our maximum field of E=+1.33 MV m™". By contrast, the
corresponding OOP measurements [Fig. 1(b)] show that the posi-
tive electric field linearly increases the saturation field. These IP
and OOP measurements self-consistently imply an electrically
driven increase (suppression) of a relatively large IP (relatively
small OOP) anisotropy, and subsequent observations confirmed
that these CMEs are volatile. We, therefore, identify these
high-positive-field CMEs with piezostrains that are compressive
along all IP directions on average [see Fig. 4(b), later]. If we instead
use the electric field to switch ferroelectric domains, then we will
see that Ni/PMN-PT represents a rich playground in which to
investigate CMEs.

The state of this playground depends on the magnetic history
of the sample. To show this, we will investigate CME:s after starting
from three different magnetic states that we identify via the IP hys-
teresis measurement for E=0 [see Fig. 2(a), which represents a
zoom of Fig. 1(a) out to the smaller field of +0.04 MA m™"]. State
S1 is a magnetically remanent state after saturating with a large
positive field of H=+0.4 MA m™". State S2 is reached after reduc-
ing a large positive field of H=+04MAm™' down to
H=+0.08 MA m™". State S3 is reached after increasing a large neg-
ative field of H=—04MAm ™' to reach a positive field of
H=+0.08 MAm™". After reaching each of these three magnetic
states, we performed bipolar sweeps in which the electric field was
first negative and then positive, resulting in CMEs that are large
and non-volatile [Figs. 2(b), 2(d), and 2(f)]. This result contrasts
the small and volatile CMEs that we obtained with unipolar sweeps
of a positive electric field (Fig. 1). For state S1, the negative voltage
sweep from E=0 to E=—0.4MV m™" produces a 62% increase in
magnetization, most of which is non-volatile given that this
increase is reduced to 53% after removing the electric field (i.e., the
magnetizations of electrically remanent states Al and Bl differ
by 53%). For state S2, the negative voltage sweep from E=0 to
E=-024MV m™" produces a 36% increase in magnetization, most
of which is also non-volatile given that this increase is reduced to
30% after removing the electric field (i.e., the magnetizations of
electrically remanent states A2 and B2 differ by 30%).

For state S3, the negative voltage sweep from E=0 to
E=-024 MV m™" produces a giant 200% increase in magnetization,
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FIG. 1. Volatile ME effects with positive electric fields. (a) IP and (b) OOP reduced magnetization M/M; vs collinear magnetic field H for selected values of electric field E.
Data in (a) were measured out to 0.4 MAm™". Figure 4(b) shows that the increased remanence in (a) arises along all IP directions when applying £ =+0.33 MV m~".

Saturation magnetization M =185kAm™".

most of which is yet again non-volatile given that this increase is
reduced to 185% after removing the electric field (i.e., the magnetiza-
tions of electrically remanent states A3 and B3 differ by 185%). After
subsequently sweeping the field to E=+0.16 MV m™" and then back
to E =0, repeating the negative field sweep produces a smaller 44%
increase in magnetization, most of which is non-volatile given that
this increase is reduced to 36% after removing the electric field (i.e.,
the magnetizations of electrically remanent states C3 and B3 differ
by 36%). However, the giant change 200% can be repeated by repeat-
ing the magnetic preparation of state S3 [Fig. 2(a)] with E=0.

Figures 2(c), 2(e), and 2(g) show that the CME coupling coef-
ficients a=uodM/dE associated with states S1-S3 present sharp
minima, with peak magnitudes ranging from 3x107 sm™'
[Fig. 2(c)] to 49x 1077 sm™" [Fig. 2(e)] to ~10"sm™" [Fig. 2(g)].
These values exceed the value of 2.3 x 1077 sm™" for epitaxial films
of Lag 67519 33MnQO3 on BaTiO; (001)pc4(’ and lie close to the record
value of 7.4x 107%sm™", which was achieved for polycrystalline
films of Co4oFe4oB,o on PMN-PT (110)1,042

Figure 3(a) shows two major IP magnetic hysteresis loops that
start from the electrically and magnetically remanent states Al
and Bl’, where B1’ was prepared from Al by applying and
removing a negative field of E=—0.33 MV m™' (above we used
E=-04MVm™' to convert Al to Bl, but here we use a field of
smaller magnitude to reduce the risk of fatigue and failure, such
that the 30% discrepancy in the magnetization of Al and B’ is
smaller than the 53% discrepancy in the magnetization of Al and
B1). Alternating voltage pulses of opposite polarity [Fig. 3(b)]
repeatably interconvert two stable states whose magnetizations
match well with the magnetizations of states Al and B1’ [Fig. 3(c)].
Figure 4(a) shows major IP magnetic hysteresis loops for these two

electrically interconverted states, as well as the initial state with
E =0. The corresponding polar plots of loop squareness [Fig. 4(b)]
show that the negative electric field induces a uniaxial magnetic
anisotropy and enhances magnetic remanence, and that the positive
electric field restores the isotropic magnetic state and small mag-
netic remanence [Figs. 4(a) and 4(b)]. Note that the effect of the
negative electric field here is non-volatile, and although we did not
show this using polar plots, it follows from Fig. 2(b).

The electrical control of magnetic coercivity observed in Fig. 3(a)
presages an electrically driven magnetization switching, and this
switching is large and irreversible (Fig. 5). After increasing a
large negative field to a small positive value of H; =0.0048 MA m™"
or H,=00064MAm™, the subsequent application of
E=-033MVm™" reverses the direction of net magnetization, and
the resulting states lie on the lower branch of the orange hysteresis
loop that was obtained after setting state B1" by applying and remov-
ing the same field of E=—0.33MV m™". If instead one increases
the large negative field to slightly larger positive fields of
H;=0.0080 MAm™" or H,=0.0096 MA m™", such that the net mag-
netization switches from negative to positive, then the subsequent
application of E = —0.33 MV m™" increases the magnetization to yield
a state that lies on the upper branch of the purple hysteresis loop.
This is surprising given that the purple hysteresis loop was obtained
after setting state Al by applying and removing E=+0.33 MV m™"
rather than E=—-0.33 MV m~.. However, the common feature is
that the electric field increases the magnetization by the smallest
possible amount that brings the system to a branch of the orange or
the purple hysteresis loop, implying a rich complexity in which meta-
stable states populate a complex and hysteretic energy landscape on
(H,E) axes.
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FIG. 2. Giant and non-volatile ME effects with electric fields that are initially negative, and the role of magnetic-field history. (a) The central part of the IP hysteresis loop at
E=0 [Fig. 1(a)] is repeated here to define state S1 at H=0 and states S2 and S3 at H=+0.08 MAm™". (b)-(g) For starting states S1-S3, we show M(E) and the corre-
sponding ME coupling coefficient = uodMIdE. The states A1, A2, and A3 were obtained at E=0 following the application of the positive electric field in Fig. 1.
Subsequent electric field cycling led to states B1, B2, B3, and C3 at E=0.
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FIG. 3. Repeatable non-volatile ME switching with no magnetic field. (a) IP reduced magnetization MIM; vs collinear magnetic field H measured out to +0.4 MAm™"
after starting at H=0 in states A1 and B1". The preparation of A1 is shown in Fig. 2(b). State B1" was obtained by preparing state A1 and then applying and removing
a negative field of £=—0.33 MV m~" (cf. state B1 created from A1 with E=—0.4 MV m~"). (b) and (c) Starting in state A1, (b) opposite-sign pulses of electric field E
produce (c) a non-volatile and repeatable switching of the magnetic moment m that may be considered to represent switching between states corresponding to A1 and

B1".
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FIG. 4. Electrically induced uniaxial anisotropy. (a) IP component of reduced magnetization MIM, vs collinear magnetic field H measured out to +0.4 MAm™" for the

<110>, direction, with E=0, then E=+0.33 MV m =

, and then E=—0.33MVm~". (b) Polar plots of loop squareness M,/Ms derived from hysteresis loops such as those

shown in (a), where M, denotes remanent magnet|zat|on Crossed arrows denote <110>,; directions. Red and blue data were mirrored to construct the lower half of the

polar plot.

B. Microscopic magnetoelectric effects

The electrical field sweep in Fig. 2(b) involves the creation and
annihilation of magnetic stripe domains (Fig. 6), whose presence at
E=0 can be considered ubiquitous after close inspection of the
MFM images for states Al and G. The stripe domains represent a
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FIG. 5. Electrically driven magnetization reversal at constant magnetic field. We
show part of the major IP magnetic hysteresis loops that were measured out to
+0.4 MAm™" after starting in states A1 (purple) and B1’ (orange) at H= E=0.
After having started in state A1, increasing H from the largest negative field
=—04MA m‘) to a positive field (specified in the legend) and then applying
= —0 33MVm™" results in a jump of M that approximately reaches a branch
on one of the as-shown magnetic hysteresis loops.

manifestation of the small and electrically controlled uniaxial OOP
anisotropy that was evidenced in our macroscopic OOP measure-
ments using a positive electric field [Fig. 1(b)]. The initial Al state
at E=0 presents a stripe domain pattern with stripe width
W =193 £ 15 nm, such that the OOP anisotropy constant is found
to be K, ~ 19 k] m™ from the following expression:*®

D? 2
KZ:D (w2+1> A,

where film thickness D=100nm and exchange stiffness
A=082x10""Tm™"."’ The OOP anisotropy arises due to a growth
stress of -%KZA;I =+0.4 GPa,”” which is similar to growth stress in
other polycrystalline metallic films,” and similar to the value for
similar Ni films that were grown on BaTiO; in the same deposition
system’” (the saturation magnetostriction for room-temperature Ni
is Ay =-32.9x 107°). Stripe domains undergo progressive and ulti-
mately complete elimination due to negative electric fields of increas-
ing magnitude (A1 —» C — D — E, Fig. 6), partial reset on returning
to E=0 (B1, Fig. 6), and complete reset by a positive field (F, Fig. 6)
such that they persist after this field has been removed (G, Fig. 6).
The initial application of a negative electric field, thus, yields non-
volatile changes of OOP anisotropy at seemingly all locations in our
MEM field of view.

Let us now consider the effect of magnetic and then electric
fields on stripe orientation. Figure 7 shows that a sufficiently large
magnetic field produces a non-volatile alignment of the stripes with
respect to the field direction. This represents an example of mag-
netically induced RMA, which is a well-known phenomenon.”” ™’
By contrast, Fig. 8 shows that a sufficiently large electric field
produces a non-volatile alignment of the stripes with respect to
the <110>,. direction (Fig. 4). This represents an example of
electrically induced RMA, which is novel.
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FIG. 6. MFM images with an applied electric field. The central plot showing M(E) from Fig. 2(b) is labelled to identify the seven corresponding MFM images. These
images were obtained in the order shown by blue arrows, starting with the image for state A1. The image for state E was obtained beyond the largest negative field used

when measuring M(E).

IV. DISCUSSION

Let us now understand the field asymmetry in our CMEs
during bipolar cycles [Figs. 2(b), 2(d), and 2(f)], which display
non-volatile and repeatable switching [Figs. 3(b) and 3(c)].
Negative electric fields result in a uniaxial IP magnetic anisotropy
[black data, Fig. 4(b)] and a concomitantly high moment along the
measurement direction [Figs. 3(b) and 3(c)], while positive electric
fields recover the IP magnetic isotropy [blue data, Fig. 4(b)] and
a concomitantly low moment along the measurement direction

[Figs. 3(b) and 3(c)]. At negative (positive) electric fields, the uni-
axial IP magnetic anisotropy is created (destroyed) by IP compres-
sion (tension) along the <110>,. direction, which is accompanied
by a relatively small tensile (compressive) strain along the perpen-
dicular IP direction, implying that bipolar ferroelectric domain
switching is dominated by 109° switching in specific directions.
Overall, we, therefore, find that a sufficiently large positive
electric field results each time in a ferroelectric domain configura-
tion that confers IP isotropy on the as-grown film and that a

J. Appl. Phys. 129, 154101 (2021); doi: 10.1063/5.0040258
© Author(s) 2021

129, 154101-6


https://aip.scitation.org/journal/jap

Journal of

Applied Physics

~0.6

Phase (deg

3 um

FIG. 7. Magnetically induced rotation of stripe domains. MFM images of a 15 x 15 um? region of the sample (a) before and (b) after applying a field of H=0.1 MAm

ARTICLE scitation.org/journalljap

Phase (deg)

=il

along the IP direction marked by the single-headed arrow. Crossed arrows denote <110>, directions. The rotation of the stripes can be appreciated by viewing the images
at a glancing angle or from the 5.5 x 5.5 um~2 fast Fourier transforms that appear above the images.

sufficiently large negative electric field results each time in a ferro-
electric domain configuration that confers uniaxial IP anisotropy
on the film. This repeatable asymmetry is attributed to ordered
dipole defects that arise from oxygen vacancies and impart an
internal bias field,"” """ and the phenomenon was recently exploited
to control PMN-PT (110),. and the resulting CMEs.”® In other
words, PMN-PT (001),. here (and in Ref. 22), and PMN-PT
(110), in Ref. 48 (and in Ref. 42) display a memory effect. The
repeatable asymmetry underpins electrically driven switching
between the different branches of different magnetic hysteresis
loops at finite magnetic fields (Fig. 5), resulting in large CMEs. The
concomitant creation and destruction of stripe domains (Fig. 6)

demonstrate that the Ni/PMN-PT (001),,. system offers control of
both IP and OOP magnetic phenomena.

Ferromagnetic films on PMN-PT (001),. substrates some-
times display asymmetric CMEs of the type we find here [loop-like
M(E)],” but it is more common for them to display symmetric
CMEs [butterfly-like M(E)]"” when most ferroelectric domains
switch by 71° (or 180°), such that electrically induced changes of IP
strain are volatile. Likewise, the ferromagnetic films on PMN-PT
(110)p,c substrates can present loop-like/lz”17 or butterfly-like M(E)
behavior,”* while butterfly-like behavior can in effect be converted
to loop-like behavior by making the loops minor."” In future, it
would be interesting to exert deterministic control over ferroelectric

-0.5
3 um

FIG. 8. Electrically induced rotation of stripe domains. MFM images for a 15 x 15 um? region of the sample (a) before and (b) after applying a field of £=—0.33 MV m™"
along the OOP direction marked by the tail-end view of what is a single-headed arrow. Crossed arrows denote <110>,. directions. The rotation of the stripes can be appre-
ciated by viewing the images at a glancing angle or from the 5.5 x 5.5 um™=2 fast Fourier transforms that appear above the images.
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switching pathways in PMN-PT, as this would represent a key step
in the development of magnetoelectric memory cells. These cells
could be based on PMN-PT membranes, which avoid the con-
straint of a fixed substrate and switch at low voltage.”” It would
also be interesting to perform more detailed imaging studies, e.g.,
using photoemission electron microscopy (PEEM) with magnetic
contrast from x-ray magnetic circular dichroism (XMCD),” in
order to see how the shear associated with ferroelectric domain
switching in PMN-PT influences the details of local stripe
orientation.
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