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ABSTRACT

Uniaxial magnetic anisotropy was imposed on a CoFeB film by applying an in-plane magnetic field during growth. Electrically driven strain
from a ferroelectric 0.68Pb(Mg;,3Nb,/3)03-0.32PbTiO; (011) substrate resulted in giant magnetoelectric effects, whose coupling constant
peaked at a record value of ~8.0 x 10°® s m™". These large magnetoelectric effects arose due to non-volatile 90° rotations of the magnetic
easy axis, reflecting a competition between the fixed growth anisotropy and the voltage-controlled magnetoelastic anisotropy. In contrast to
previous work, our non-volatile rotations did not require the assistance of an applied magnetic field or the setting of an in-plane substrate

polarization prior to deposition.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5078787

The renaissance of magnetoelectric materials and devices' " is
driven by the technological goal of developing magnetoelectric ran-
dom access memories (MERAMs),  in which converse magnetoelec-
tric effects (CMEs) permit data to be written electrically with a voltage
rather than magnetically with a current, thus consuming less power. It
is therefore necessary to identify systems in which a large magnetiza-
tion undergoes electrically driven switching that is repeatable and
non-volatile, at room temperature, with no assistance from a variable
magnetic field.

CMEs have been demonstrated in a range of systems, namely,
multiferroic materials,’ "* ferromagnetic semiconductors,” > ultra-
thin ferromagnetic films addressed via back gates,"'* and ferromagnetic
films addressed via materials that are ferroelectric,'” > antiferromag-
netic,” or both.”**’ Large voltage-driven switches of net magnetization
have only been achieved in the latter systems,”””” for example, via
strain from ferroelectric substrates of BaTiO; (BTO)™”' and

(1-x)Pb(Mg;5Nb,/3)0s—xPbTiO; (PMN-PT, with x ~ 03).”°
However, the vast majority of strain-mediated CMEs are volatile
because the ferroelectric substrates show voltage-strain “butterfly”
characteristics that are single-valued at zero electric field.'*** Non-
volatile CMEs include 90° rotations™* *° and reversals™*”” but suffer
the need for magnetic-field assistance,””" the need for setting an in-
plane polarization before deposition,”*** or inhomogeneity.*’

Here, we use voltage-driven anisotropic strain from ferroelectric
substrates of PMN-PT (011) to control the magnetization in ferromag-
netic films of CoyoFes0B, (CFB). Voltage-driven 90° rotations of the
easy-axis were achieved in a repeatable and non-volatile manner due
to the competition between the voltage-controlled magnetoelastic
anisotropy arising from the substrate and a fixed uniaxial magnetic
anisotropy that we imposed by applying a magnetic field during film
growth. Our non-volatile CME displays a record magnetoelectric cou-
pling coefficient of ~8.0 x 107° s m~' and moreover represents a
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qualitative improvement with respect to all but one” previously
reported”” “** non-volatile CMEs for two reasons. First, we did not
require the assistance of a magnetic field.”*** Second, we prepared the
substrate for deposition by applying a large poling field rather than set-
ting the polarization in-plane using a carefully tuned field whose mag-
nitude is substrate dependent.”**”

We used a 0.3 mm-thick substrate of rhombohedral PMN-PT
(011),, from Atom Optics (pc denotes pseudocubic). X-ray diffraction
with a four-circle high-resolution Panalytical Empyrean vertical dif-
fractometer was used to confirm that the long substrate edges were
aligned with x || [100],c and y || [011],c [Figs. 1(a) and 1(b)]. In order
to avoid virgin CMEs, the substrate was poled along —z by applying
an electric field of E = —1MV m™' between a back electrode of
sputter-deposited Pt and a temporary top electrode of silver paste.

After dissolving our temporary electrode, we applied ~30 Oe in-
plane along x || [100], [Figs. 1(a) and 1(b)], set a base pressure of
6 x 10~® mbar, and used magnetron sputtering to deposit first the
50 nm CFB film and then a 5nm Pt cap to prevent oxidation (both
films were grown at 50 W in 2.7 x 10~> mbar Ar). X-ray diffraction
revealed the CFB film to be amorphous, and the CEB/Pt bilayer served
as a grounded top electrode.

After cleaving the sample into two, we used one part for all mag-
netic measurements and the other part for all strain measurements.
CMEs were measured with a Princeton Measurements Corporation
vibrating sample magnetometer, using a bespoke probe with electrical
wiring that was constructed in-house.'® Strain measurements were
performed by gluing a biaxial strain gauge (KFG-1-120-D16-
16L1M3S, KYOWA) to the CFB film.

The magnetic field that was applied along x during growth
caused the CFB film to display uniaxial magnetic anisotropy, as seen
via magnetic hysteresis loops [Fig. 1(c)] and a polar plot of squareness
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FIG. 1. Sample structure and uniaxial magnetic anisotropy. (a) Sample schematic,
not to scale. Magnetic field Hy; was applied along x during film growth. (b) The
pseudocubic (pc) unit cell of the PMN-PT substrate, whose edges were collinear
with the Cartesian directions denoted by black arrows, such that the (011),, surface
lay in the x-y plane. Red arrows denote permitted (111), directions of local polari-
zation. (c) Reduced components of magnetization M,/Ms (blue) and M,/M; (red)
versus collinear magnetic field H, prior to the application of any electric field.
(d) Polar plot of loop squareness M,/Ms derived from plots such as those shown in
(c). Here, M, denotes the remanent magnetization and Ms denotes the saturation
magnetization.
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[Fig. 1(d)] that was constructed from 18 such loops. For our poled
sample, the magnetic easy axis (EA) with M,/M, ~ 1 was parallel to x,
and the hard axis (HA) with M,/M, ~ 0.07 was parallel to y (where M,
denotes the remanent magnetization and M denotes the saturation
magnetization).

Bipolar measurements of the piezoelectric effect in our PMN-PT
substrate were performed with the CFB/Pt bilayer present as the top
electrode. The primarily compressive x-axis strain ¢(E) [Fig. 2(a)]
took the form of a weakly hysteretic “butterfly” that was single-valued
at E ~ 0 (rather than E=0, evidencing a small imprint). By contrast,
the primarily tensile y-axis strain &/(E) [Fig. 2(b)] displayed a pro-
nounced asymmetry that rendered it hysteretic and thus bistable at
E=0. It follows that the resulting anisotropic strain ¢, — &, [Fig. 2(c)]
was also bistable at E =0, and we will see later that the two zero-field
values of &, — &, lie above and below the critical strain &, that deter-
mines the EA orientation.

Zero-magnetic-field CME measurements of M, (E) [Fig. 3(a)] and
M,(E) [Fig. 3(b)] reveal two states of magnetization at E = 0, consistent
with an electrically controlled strain that rotates the EA between y
(green data) and x (red or blue data). [Note that all values of M,(E) are
relatively small because the pre-measurement magnetic saturation was
performed when the x axis was electrically set to be magnetically hard.]
As expected, the CME coupling coefficients o, = podM,/dE [Fig. 3(c)]
and o, = pedM,/dE [Fig. 3(d)] were the largest near the coercive fields
of the ferroelectric substrate.

Magnetic hysteresis loops [Figs. 4(a)-4(c)] and polar plots [Figs.
4(d)-4(f)] confirm that the EA and HA underwent non-volatile inter-
conversions when we applied and removed saturating electric fields of
fixed magnitude (0.67 MV m™ ") and alternate sign. Specifically, the

&x(Ppm)

-450-

&y (Ppm)

Ey- &y (ppm)

E(MV m™)

FIG. 2. Piezoelectric response of the PMN-PT substrate. In-plane strains (a) ¢, and
(b) &, and hence (c) anisotropic strain &, — &, versus electric field E. When
&, — & Was larger (smaller) than the critical strain of &, ~ 220 ppm, as shown by
colouring data green (pink), the magnetic easy axis of the CFB film lay along y
(along x). The CFB film served as the top electrode.
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FIG. 3. Magnetoelectric effects. Variation of (a) M, and (b) M, with the electric field
E, after electrically setting the easy axis parallel to y, applying and removing
500 mT along the measurement direction, and sweeping the electric field through
one complete cycle prior to data collection. The corresponding magnetoelectric cou-
pling coefficients are (c) o, = podM,JdE and (d) o, = podM,/dE. Green data iden-
tify fields for which the EA was understood to lie along y [cf. Fig. 2(c)].

application and removal of a large negative field aligned the EA along
y, while the application and removal of a large positive field aligned
the EA along x. This switching is consistent with the non-volatile
CME:s that we observed when sweeping an electric field [Figs. 3(a) and
3(b)], and it permits electric field pulses of alternate sign [Fig. 5(a)] to
switch a large net magnetization as measured along both the y axis
[Fig. 5(b)] and the x axis [Fig. 5(c)]. This electrically driven switching
is non-volatile, repeatable, and did not require the assistance of a mag-
netic field*>*" or the setting of an in-plane substrate polarization.”**’
[Again, all values of M,(E) are relatively small because the pre-
measurement magnetic saturation was performed when the x axis was
electrically set to be magnetically hard.]

Our non-volatile CMEs (Figs. 3-5) result from electrically driven
90° rotations of the EA (Fig. 4), which may be understood in terms of

(@) (b) (©)
A/R -0.67 MV m"’

A/R +0.67 MV m'  A/R -0.67 MV m-"

\“ W, "~ y
A 8 = Ly

FIG. 4. Electrically driven changes of loop squareness. (a)—(c) Reduced compo-
nents of magnetization M,/Ms (blue) and M,/M (red) versus collinear magnetic field
H, after applying and removing (a) —0.67MV m~", (b) +0.67MV m~" and
(c) —0.67MV m~". (d)~(f) The corresponding polar plots of loop squareness M,/Ms
derived from plots such as those shown in (a)—(c).
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FIG. 5. Magnetoelectric switching. (a) Pulses of electric field E versus time ¢, and
the resulting changes in (b) M, and (c) M, after electrically setting the easy axis
parallel to y, and applying and removing 500 mT along the measurement direction.
The large interval between switching events confirms good stability.

a competition between the growth-anisotropy energy K,sin’0 and the
magnetoelastic energy %nyl(ay — £,)c0s’0 = K,cos?0 arising from the
anisotropic strain &, — &, [Fig. 2(c)]. Here, K; > 0 is the growth-
anisotropy constant, K, is the magnetoelastic energy constant, Ey is
the Young’s modulus of the CFB film, 4 > 0 is the magnetostriction
of the CFB film, and 0 is the angle that the in-plane CFB magnetiza-
tion makes with the x-axis.

The resulting total energy density (K, — Ky)cos’0 implies an EA
along y for K, > K, and an EA along x for K, < K;. Therefore, the EA
is expected to switch from x to y when &, — &, exceeds a critical strain
of &, = 2Ky/3/.Ey ~ 245 ppm, where K, = %HOMsHk = 6k] m° from
the HA measurement of magnetisation [Fig. 1(c) with anisotropy field
toH = 15mT and M; = 0.8 MA m™ '], . = 75ppm for a similar
material,” and Ey = 216 GPa from Ref. 37. Our measurements of
anisotropic strain imply that a similar value of &, ~ 220 ppm would
be just small enough to permit the two EA orientations at E=0 [Fig.
2(c)] required for our non-volatile CMEs (Figs. 3-5). (Either the calcu-
lated value of &, has been slightly overestimated due to experimental
errors associated with its constituent parameters or the experimental
strain has been slightly underestimated due to imperfect strain transfer
through the glue affixing the strain gauge.)

The coupling coefficients of our CMEs peak at o, = iodM,/dE
~30%x10 sm™! [Fig. 3(c)] and &, = podM,/dE ~ 8.0 x 10 %sm!
[Fig. 3(d)]. Both of these values exceed the large values achieved
using BaTiO; substrates with epitaxial films of either
Lag ¢757033MnO5 (2.3 x 1077 s m~*)'® or FeRh [for which we read
14%x107% s m ! from Fig. 3(a), rather than 1.6 x 107° s m! for
the virgin effect measured indirectly via temperature sweeps].”'

In summary, we have exploited uniaxial growth-anisotropy in a
CFB film, and anisotropic strain in a PMN-PT (011),,. substrate, to
achieve repeatable and non-volatile voltage-driven switching of a large
net magnetization at room temperature. In contrast to previously
reported CMEs, we did not require the assistance of a magnetic
field™* or an in-plane substrate polarization prior to film
deposition.”**” The CMEs that we report are associated with EA rota-
tions of 90°, and the peak magnetoelectric coupling coefficient of
~80x107° s m™' exceeds all previously measured values.'""’
Miniaturization should lead to single-domain CMEs in which small
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voltages interconvert the values of M, and M,, in zero magnetic field,
resulting in even larger peak coupling coefficients. Taken as a whole,
our work represents a step towards the proposed scheme”®** of deter-
ministic magnetization reversal via consecutive 90° rotations, and
therefore, it represents a step towards future MERAMs.
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