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Artificial composite multiferroic materials can be created by the interfacing of magnetostrictive and
piezoelectric materials, allowing electric field control of magnetic properties. For multilayer-device
applications, addition of weakly magnetostrictive layers is a potentially important means of tuning
functionality. For such a device, the length scale over which weakly magnetostrictive layer(s) can
be coupled to an applied electric field is of critical importance. In this work, we use polarized neu-
tron reflectometry to characterize this distance for a model composite multiferroic multilayer system
(PbMg, ;3Nb,,303-PbTiOs/galfenol/permalloy). For a superlattice more than 100 nm thick, we observe
that the magnetizations of all layers rotate coherently with the applied electric field. Further, we observe
electric-field-induced rotation across the entirety of a 46-nm permalloy layer anchored by a single
galfenol interface. The confirmation of long-range magnetic coupling in these strain-coupled multiferroic
composites opens extensive opportunities for designer technological applications.

DOL: 10.1103/PhysRevApplied.10.044045

I. INTRODUCTION

Strain-coupled composite multiferroic systems are
attracting widespread interest to enable energy-efficient
control of magnetism for numerous device applications,
including radio-frequency resonators, sensors, and energy
harvesters [1-3]. In principle, composite multiferroic sys-
tems offer a wide range of adaptability, as materials with
different properties can be added to the composite to
achieve the desired functionality. For example, magneto-
electric control of the highly magnetostrictive ferromagnet
Fej00—+Ga, (galfenol) [4] can be realized by the interfacing
of it with piezoelectric PbMg;, /3Nb2/303—PbTiO3 (PMN-
PT) [5,6]. It has recently been shown that the magnetic
properties of thin-film galfenol/PMN-PT composites can
be further tuned through the addition of soft ferromagnetic
layers with virtually zero magnetostriction [7]. Specifi-
cally, interfacing of galfenol with NigoFeyy (permalloy)
layers significantly reduces the magnetic coercive field
of the composite as a whole, an important consideration
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for high-frequency applications. In this case, electric field
control of the weakly magnetostrictive component occurs
through a secondary process: the applied electric field cou-
ples to the galfenol magnetization via strain, and then to the
permalloy magnetization through ferromagnetic exchange.
It is therefore important to establish the length scale over
which a permalloy layer can be magnetoelectrically cou-
pled. To that end, we use polarized-neutron reflectome-
try (PNR) to characterize the electric field response of
the depth-dependent magnetization in galfenol/permalloy
multilayer structures deposited on PMN-PT[011] sub-
strates. These PNR investigations, in conjunction with
micromagnetic calculations, reveal that the electric-field-
induced magnetization rotation is uniform through the
entire 100-nm thickness of a galfenol/permalloy super-
lattice and is nearly coherent throughout a galfenol/46-
nm permalloy bilayer structure. The ability to couple
essentially nonmagnetostrictive layer(s) to an electric field
across such great distances provides a great deal of design
flexibility, as it allows the addition of numerous distinct
material layers to the multilayer stack to achieve the
desired composite functionality.

© 2018 American Physical Society
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II. SAMPLE FABRICATION

FegsGay4/NiggFeyp multilayers are deposited on piezo-
electric 0.65[PbMg, ,;Nb,/303]-0.35[PbTiO;] [011] sub-
strates by room-temperature dc magnetron sputtering. The
system base pressure is approximately 3 x 107> Pa [7].
For all samples, the bottom sides of the substrates are
coated with Au and Ti layers to allow “back-gating”
of the applied voltage. The top surfaces of the sub-
strates are then coated with an approximately-5-nm-thick
Ti adhesion layer to attach an approximately-50-nm-thick
Pt layer, which serves as a barrier to prevent an inter-
facial reaction between PMN-PT and the initial layer of
galfenol. Magnetometry measurements of uniform films
prepared by similar methods reveal that the magnetic coer-
cive field is approximately a factor of 60 greater for
galfenol (6 mT) than it is for permalloy (0.1 mT) [7].
For this work, we primarily consider two samples: a
“superlattice” with layer structure [25-nm FeggGa4/6-nm
NiggFeag]3/25-nm FegsGayg, and a “bilayer” with structure
22-nm Feg6Ga14/46-nm NigoFezo.

The superlattice sample and the back-gating geometry
are depicted in Fig. 1(a). An optical microscopy image
of the superlattice sample is shown in Fig. 1(b). Because
of the inherent roughness of the PMN-PT substrate, the

surface topography is highly corrugated, with ridges sepa-
rated by an average distance of 50 & 5 um, as determined
with a stylus profilometer.

I1I1. BULK CHARACTERIZATION

Preliminary characterization of the voltage-strain-
magnetization relationship for the superlattice sample
is performed by Cu Ko x-ray diffraction (XRD) and
superconducting-quantum-interference-device  (SQUID)
magnetometry. Figure 1(c) shows the voltage dependence
of the PMN-PT (022) reflection (i.e., growth-axis XRD
scan) measured at room temperature. The left-hand peak
corresponds to the Ko reflection, while the right-hand
shoulder corresponds to Ko, reflection. The substrate
peaks monotonically shift to higher scattering angle 20
with increasing voltage, corresponding to a 0.08% increase
in the c-axis lattice parameter at 400 V, as shown in the
inset in Fig. 1(c). In-plane reflections are not probed for
this work, but the voltage-dependent expansion of the
PMN-PT growth axis is known to coincide with a lattice
expansion along the in-plane [011] axis and a correspond-
ing contraction along the in-plane [100] axis [8].

The growth-axis XRD peaks for the superlattice sample
are shown in Fig. 1(d). The galfenol (220) reflection does
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FIG. 1. Initial characterization of the superlattice sample. (a) Depiction of the layer structure. (b) Optical microscope image of the

sample surface. The ridges correspond to a period of 50 £ 5 um. (c) Voltage dependence of the PMN-PT (022) (growth-axis) x-ray
reflection. The left and right peaks correspond to Koy and Ko, respectively. The inset shows the corresponding change in c-axis
lattice parameter with applied voltage. Error bars are derived from the angular reproducibility of the diffractometer. (d) Growth-axis
XRD peak scans for the superlattice sample. No discernible voltage-dependent shifting is observed. (e),(f) Voltage-dependent magnetic
hysteresis loops measured in a SQUID magnetometer for the superlattice at room temperature for an in-plane magnetic field applied

parallel to the [100] and [01 1] sample directions.
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show a very slight monotonic increase in peak inten-
sity with increasing voltage, suggestive of increased grain
alignment. However, we are insensitive to any voltage-
dependent peak shift in either of the sample peaks that
would demonstrate voltage-dependent expansion. While
it is possible that changes in sample strain are masked
by the reduced counting statistics and vastly increased
width for these polycrystalline peaks, it is also conceiv-
able that strain transfer occurs over only a fraction of the
superlattice thickness before relaxing.

As galfenol exhibits positive magnetostriction, we
expect strain coupling from PMN-PT to manifest itself
as an increase in magnetic anisotropy along the direction
of expansion. As shown in Figs. 1(e) and 1(f), magne-
tometry reveals this to be the case here. For an applied
magnetic field H oriented parallel to the compression axis
[Fig. 1(e)], application of 400 V decreases the remanent
magnetization and hardens the loop, while for H applied
parallel to the expansion axis, voltage increases the rema-
nent magnetization and softens the loop. As such, we can
confidently conclude that the magnetization of this super-
lattice sample is coupled to the applied electric field via
strain.

IV. PNR MEASUREMENTS

Depth-sensitive PNR measurements provide critical
information regarding the uniformity of the electric-field-
induced rotation of the magnetization through the nonmag-
netostrictive permalloy layers. Specifically, PNR allows
determination of the scattering-length-density (SLD) depth
profile of thin films and multilayers [9]. The SLD can be
expressed in terms of a nuclear component indicative of
the sample’s nuclear composition and a magnetic compo-
nent that is proportional to the sample magnetization (M).
For a complete PNR measurement, incident neutrons are
polarized with magnetic moments oriented parallel (+)
or antiparallel (—) to H applied at the sample position,
and the scattered beam is spin analyzed before detection.
The non-spin-flip reflectivities (R*™* and R™~) provide
sensitivity to the nuclear SLD and the component of the
in-plane magnetic SLD parallel to H, while the spin-flip
reflectivities (R™~ and R™™) are sensitive to the in-plane
component of the magnetic SLD perpendicular to the H.
PNR measurements on the superlattice and bilayer sam-
ples are conducted with the PBR beamline at the NIST
Center for Neutron Research. The data shown here are cor-
rected for background, imperfect beam polarization, and
beam footprint. Model fitting is performed with the Refl1D
software package [10].

The samples are magnetically saturated with a magnetic
field applied along the in-plane PMN-PT [100] direction
before reduction of the field to 1 mT (i.e., near remanence)
for measurement with progressively increasing applied
voltage. Figures 2(a)-2(c) show the voltage-dependent

non-spin-flip and spin-flip reflectivities [11] for the super-
lattice. The two non-spin-flip reflectivities R~ and R*t"
are significantly different, indicative of large remanent
magnetization parallel to H. Further, for both R~~ and
R*T, we observe first- and second-order Bragg peaks
indicative of the nuclear and magnetic contrast in the
repeating-layer structure. Electric-field-dependent effects
are most pronounced in the spin-flip channel, as Fig. 2(c)
shows scattering that increases progressively with volt-
age. The data are simultaneously fitted to a single model
that features a perfectly repeating multilayer structure con-
volved with Gaussian roughness [12]. For this model, we
assume that the nuclear SLD (i.e., the composition) is volt-
age independent, and that the magnetization vector rotates
coherently with voltage (i.e., the magnitude of the mag-
netic SLD is voltage independent). The values of ¢,, for
all the galfenol layers are assumed to be equal, as are the
values of ¢,, for all of the permalloy layers. Despite the
simplicity of the model and the constraints applied, the
resulting fits are excellent [solid lines in Figs. 2(a)-2(c)].
The corresponding best-fit SLD profiles are shown in
Fig. 2(d). There is intermixing between the permalloy and
galfenol layers, most evident by the peak nuclear SLD
of the relatively thin permalloy layers, which falls short
of the expected value [13] of 9.26 x 10~* nm~2. Since
the SLD at any given depth represents the average over
the sample plane, interfacial intermixing is attributable
to short-range interfacial roughness, atomic interdiffusion,
and/or apparent interdiffusion associated with layer wavi-
ness [14]. However, the superlattice region is clearly mod-
ulated [evident even without model fitting from the Bragg
peaks in Figs. 2(a) and 2(b)], demonstrating that the degree
of any actual interdiffusion is relatively minor. The volt-
age dependence of the angle between the applied magnetic
field and magnetization, ¢,,, for the galfenol and permalloy
layers is shown in Fig. 2(e). In the absence of an elec-
tric field, the sample exhibits an easy axis near ¢,, = 15°
[Fig. 2(e)] distinct from the PMN-PT [100] axis, evident
by the presence of 0-V spin-flip scattering in Fig. 2(c).
Within fitting uncertainty, the galfenol and permalloy lay-
ers display identical ¢,, at each voltage, increasing from
approximately 15° at 0 V to nearly 40° at 400 V. Such
non-90° rotation has been observed in similar systems fea-
turing a competition between “intrinsic” anisotropy and
anisotropy induced by an electric field [15]. Treating the
¢ values for each of the galfenol and permalloy layers as
separate, independent fitting parameters does not substan-
tially improve the fit and results in values of ¢, compa-
rable to those in Fig. 2(e). In addition, the data cannot be
fit with models in which the ¢,, values of the permalloy
layers are held constant with voltage. Thus, the data are
consistent with coherent magnetization rotation for all the
galfenol and permalloy layers throughout the entire 100-
nm superlattice stack on application of an electric field.
Conversely, the data are inconsistent with reversal that
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FIG. 2. PNR results for the superlattice. (a) Voltage-dependent non-spin-flip R~~, (b) non-spin-flip R**, and (c) average of the spin-
flip R~* and R*~ (¢). (d) Nuclear and magnetic SLD profiles determined from the fits in (a)~(c). (¢) Angle between the applied field
and the sample magnetization (shown in the inset) as determined from the fits. Error bars correspond to 4-1 standard deviation for data

and +£2 standard deviations for fitting parameters.

proceeds strictly through domain nucleation. However,
while we can be certain that coherent rotation is the pri-
mary means of reversal, there is, of course, uncertainty in
the modeling, meaning some small degree of nucleation
is possible.

For this superlattice sample, the electric field is, in
principle, coupled to the weakly magnetostrictive permal-
loy layers via strongly magnetostrictive galfenol layers
dispersed throughout the structure. However, it remains
unclear whether the magnetization of each individual
galfenol layer rotates under the influence of a uniform
magnetoelastic anisotropy dispersed through the thick-
ness in response to a uniform stress. As discussed above,
the voltage-induced lattice distortion may not be uniform
throughout the sample thickness, raising the possibility
that only a subset of the galfenol layers (perhaps only
the one adjacent to the substrate) exhibits a magnetostric-
tive response, with the others rotating uniformly due to
interlayer exchange coupling.

To isolate the role of exchange coupling and determine
the extent over which it could be used to mediate coupling
to the electric field, we examine the voltage-dependent
magnetization in a bilayer sample with a thick (46-nm)

permalloy layer anchored to the electric field by a single
galfenol interface. Fitted PNR data for this bilayer are
shown in Figs. 3(a)-3(c).

Again, H is applied along the PMN-PT [100] direction.
Similarly to the superlattice sample, there is relatively little
voltage dependence for the non-spin-flip scattering, while
the spin-flip scattering shows a significant increase with
applied voltage.

The bilayer depth profile is shown in Fig. 3(d). Unlike
the superlattice sample, the thicknesses are large enough
that the fitted nuclear and magnetic SLD values for the
galfenol and permalloy layers nearly match those expected
for the bulk. As with the superlattice, we find that the
bilayer data cannot be fitted to a model where the permal-
loy magnetization remains fixed with voltage [16], demon-
strating that reversal again proceeds primarily through
coherent rotation. However, we do find that some angular
nonuniformity in the rotational depth profile of the bilayer
does improve the fit. To gain some insight into what a
physically realistic nonuniform rotation profile should look
like across the thick permalloy layer, we perform micro-
magnetic simulations with the program MUMAX® [17].
We use a 500 x 500 x 60 nm® array of spins discretized
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into 2 x 2 x 1 nm? cuboidal finite-difference-time-domain
cells (a size chosen to be smaller than the exchange
lengths of either material). To mimic the 1 x 1 cm? sam-
ples measured, periodic boundary conditions are applied
until the model behavior converges to a thin-film limit.
The bottom 20 nm of the magnetic volume is given the
material properties of bulk amorphous FegsGa4 (satura-
tion magnetization Ms = 1300 kA m~!, exchange constant

A=14x10""" J m™"), while the top layer is given the
properties of bulk NiggFeyo (Ms = 860 kAm™!,4 = 1.3 x
107" J m™3). The two magnetic layers are initialized
with their magnetizations aligned in plane. To simulate the
response of permalloy to the voltage-induced rotation of
galfenol, uniaxial anisotropy is applied to the FegsGajy
layer to rotate it by 90° in plane before the system is
allowed to equilibrate for 1 ns. For these thicknesses, the
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micromagnetic simulation predicts that even across 40 nm,
the permalloy layer should rotate nearly coherently with a
Gaussian-distributed angular profile that deviates by only
3° from the galfenol interface to the free surface (details
are provided in Supplemental Material [16]).

With this in mind, the PNR data for the bilayer in Fig. 3
are fit to a model similar to that used for the superlattice,
except that the permalloy magnetization rotation is allowed
to vary smoothly (an error function). We constrain ¢,, to
be continuous at the galfenol/permalloy interface, and the
nuclear SLD and the magnetic SLD are assumed to be volt-
age independent. The fits in Figs. 3(a)-3(c) are excellent
below Q ~ 0.45 nm~!, although they fall below the data
at high Q. Variations of the model including both mag-
netic and structural nonuniformities cannot account for the
high-Q tail (or otherwise significantly improve the fit). We
suspect instead that this discrepancy between data and sim-
ulation at high Q can be attributed to the Q-dependent (i.e.,
incident-beam-angle-dependent) projection of the coherent
extent of the neutron wavepacket onto the corrugated sam-
ple surface [18,19]. For our scattering geometry, this pro-
jection is a narrow stripe with the short axis parallel to H.
At the lowest Q measured, the projected area is approxi-
mately 75 x 0.5 um?, and is approximately 20 x 0.5 pm?
at the highest Q. Since the ridges are narrow stripes
approximately 50-um wide that are tilted with respect to
the beam direction, O ~ 0.45 nm~! could correspond to a
transition from neutrons scattering from individual struc-
tural domains (i.e., the ridges) to neutrons scattering from
the average of multiple domains.

The best-fit profiles are shown in Fig. 3(d). Again,
we see evidence of an easy-axis noncollinear with the
direction of the applied magnetic field, with ¢,, = 24°
for galfenol at 0 V. The permalloy layer exhibits a
9° rotational gradient, with the magnetization aligned
with that of galfenol at the galfenol interface, then
decreasing to 15° (closer to alignment with H) at
the free interface. Since permalloy is characteristically
soft, the galfenol is likely the source of the magnetic
anisotropy that gives rise to the in-plane easy axis at 0
V. On application of 400 V, the galfenol magnetization
rotates an additional 21° away from the direction of the
applied magnetic field to 45°, and the permalloy mag-
netization near the free surface rotates by 14° to 31°.
Thus, the fitted permalloy gradient is 15° at 400 V. Over-
all, the profiles at 0 and 400 V should be interpreted as
upper limits with regard to magnetic nonuniformity. While
they do correspond to the best-fit parameters for this choice
of model, a coherent model with ¢,, of the galfenol and
permalloy layers constrained to be equal provides a quali-
tatively similar fit to the data, as shown in Supplemental
Material [16]. Importantly though, all of these models
show that spins throughout the entire thickness of the
permalloy layer respond to the electric field. Similar results
are observed for nominally identical samples with thinner

permalloy layers (7 and 20 nm) as detailed in Supplemental
Material [16].

Overall, we observe significant voltage-induced magne-
tization rotation throughout permalloy layers as thick as
46 nm, a remarkable result considering that this distance
is approximately an order of magnitude larger than the
exchange length of permalloy (5 nm) [20].

V. CONCLUSIONS

We use PNR to show that by exchange and strain cou-
pling through a piezoelectric substrate and surrounding
magnetostrictive layer(s), an applied electric field can be
used to control the entire magnetization of thick (more
than 100 nm) multiferroic composites with essentially non-
magnetostrictive permalloy layers. PNR measurements of
a galfenol/permalloy bilayer allow us to isolate the role of
interlayer exchange coupling, which we find to be remark-
ably long range. Micromagnetic calculations fully support
these findings and imply a near-uniform manipulation of
the magnetization is possible in even thicker structures. As
such, we assert that designer galfenol/permalloy composite
thin-film heterostructures are well positioned for imminent
applications since electrical control of permalloy magneti-
zation can be achieved over any practical length scales.
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