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A systematic study of electric-field-tuned ferromagnetic resonance (FMR) of a ferroelectric/ferromagnetic/
semiconductor multiferroic heterostructure, consisting of a Co,MnSb epitaxial film grown on a GaAs substrate
bonded to a lead zinc niobate—lead titanate crystal, is reported. The films, grown by pulsed laser deposition,
were studied for their crystallographic structure, magnetocrystalline anisotropy, and magnetostrictive and
ferromagnetic resonance properties. Ferromagnetic resonance measurements were carried out at X-band
frequency under the application of electric fields with external magnetic fields applied along the [110],
[100], [110], and [001] directions of the Heusler film. Magnetic anisotropy fields were derived from the
angular dependence of FMR measurements, yielding an in-plane fourth-order anisotropy constant K; =
—150 x 10° erg/cm® and a perpendicular second-order anisotropy constant K; = 12 x 10° erg/cm®. A
theoretical model, which includes the effects of electric-field tuning, is presented to calculate the tunability
of the ferromagnetic resonance frequency of the multiferroic heterostructure. The multiferroic heterostructure
exhibits a frequency tuning of 450 MHz under the application of an electric field of 10 kV cm™!, corresponding
to a magnetoelectric coupling coefficient of 8.8 Oe cm kV~!. This work explores the potential of electronically
controlled multiferroic devices for use in microwave integrated circuits, while concomitantly establishing the basic
theoretical foundation allowing for the calculation of microwave tunability for this and other heterostructures.
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I. INTRODUCTION

Multiferroic (MF) materials exhibiting the magnetoelectric
(ME) effect have recently drawn attention for their fun-
damental physical behavior as well as for their potential
in a new class of magnetoelectric devices.'> Among the
numerous investigations appearing in the literature, multifer-
roic metamaterials, constructed as multilayered or granular
heterostructures, have drawn the most attention.? Multiferroic
heterostructures have indeed been shown to offer unique
opportunities in the development of many new multifunctional
devices, including electric-field-controlled (EFC) magnetic
memory elements,*® EFC microwave devices,” and E- and
H-field transducers having magnetically modulated piezo-
electricity or electrically modulated magnetoelectricity.®!°
In many of these examples, mechanical coupling between
piezoelectric and magnetostrictive layers provides electrical
control of magnetic properties of the magnetostrictive layer(s).
In contrast, Geiler et al.'! have demonstrated the generation
of external fringe fields by MF heterostructures that act on
nearby microwave devices that are decoupled from the MF het-
erostructure. In both instances the MF heterostructures elimi-
nate the need for voluminous and costly magnetic-field coils
to actively tune magnetic components. These developments
represent a disruptive advance in the field of multifunctional
electronics.

Although recent studies have made progress in the ap-
plication of MF materials and the magnetoelectric effect
in the above-mentioned technologies, little work has been
performed in introducing these novel materials to microwave
integrated circuits (MICs), which are widely used in, among
other applications, satellite systems that require smaller,
lighter, power-efficient, and less expensive circuits or when
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the parasitic reactance inherent to hybrid integrated circuits
degrades circuit performance. The latter typically occurs in
the upper-microwave- and millimeter-wave frequency bands.
In these situations, GaAs MICs offer substantial advan-
tages over others, including enhanced system performance
from the inclusion of multifunctionality (e.g., rf and logic)
in a single circuit, enhanced reproducibility from uniform
processing and integration of all parts of the circuit, and
wider frequency-bandwidth performance deriving from the
reduction of parasitic reactance in discrete device packages,
among other benefits.'> To our knowledge, studies of multi-
functional integrated technology, especially those combined
with multiferroic heterostrutures, have been few.!>!* We
put forward here the suggestion that multiferroic systems
based on semiconductor substrates would potentially lead
to on-chip integration of important components such as
microwave field-effect transistors (FETSs), etc., where the
enhancement of coupling efficiency between ferroelectric and
ferromagnetic layers would enable significant reduction in di-
mensionality while improving the performance of microwave
circuits.

Many Heusler alloys, such as Co,MnAl, Co,MnSi,
Co,MnGe, etc.,”> ! are predicted to be half metals, defined
as having all conducting electrons existing in one spin state.
Such a property provides, in theory, infinite gain and spin
transport efficiency for such applications as source, drain, or
gate materials in spin FETs and other spintronic devices.”” The
present work focuses on exploring new opportunities, such
as microwave magnetic semiconductor integrated devices,
for this class of Heusler alloy films in combination with
the magnetoelectric effect. Here, we aim to demonstrate
the electric-field tunability of microwave properties of a
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ferroelectric/ferromagnetic/semiconductor sandwich structure
consisting of a ferromagnetic Co,MnSb alloy film epitaxially
grown on a GaAs substrate and bonded to ferroelectric lead
zinc niobate-lead titanate (PZN-PT). Since Heusler films
of this type have moderate to low ferromagnetic resonance
(FMR) linewidths, 100-200 Oe at X-band frequencies,21 such
structures may find application in microwave devices. A key
component of the present study is an expanded model put forth
to describe and predict the FMR behavior of such structures
under application of an external electric field applied across
the ferroelectric element.

II. THEORETICAL MODEL OF FMR FOR
MF HETEROSTRUCTURES

In order to describe the electric-field tuning of fer-
romagnetic resonance in a Co,MnSb/GaAs/PZN-PT het-
erostructure, we first present and discuss the theoretical
formulation of FMR for a Heusler film, such as Co,MnSb.
This will be done for resonance conditions corresponding
to the principal field orientations, i.e., for the dc field H
applied normal to the sample plane, or within the sam-
ple plane along high-symmetry crystallographic directions.??
We apply the well-known Landau-Lifshitz-Gilbert equa-
tion for precession of magnetization to describe the dy-
namics of FMR in the Co,MnSb film. We begin with
the expression for the free-energy density F in an ap-
plied dc magnetic field H for a cubic Co,MnSb film.
Subsequently, the E-field-induced magnetic field will be
introduced into the formulism to establish a basic equa-
tion enabling one to describe the general case of E-field
microwave tunability of FMR in MF heterostructures of
this type.

A. FMR of Heusler films

During ferromagnetic resonance, the precession of mag-
netic moments with free energy F(6,¢) occurs at a frequency
given by*?

£\ 1 32F 9°F 3°F |

<y/> ~ MZsin2 6, |:892 d¢p? (898(p)i|’ M)
where y/ = y/2m [the gyromagnetic ratio y = g(e/2mc)],
0 and ¢ are the polar and azimuth angles of M, 6, is the
equilibrium angle of 6 at resonance, and f is the operating
frequency. F stands for the total magnetic free-energy density.
The relationships between magnetization and applied mag-
netic field with respect to the film’s crystallographic axes are
illustrated in Fig. 1. Since the resonance frequency is related
to the second derivatives of F, it is essentially a measure of the
“curvature” of F, or in a physical sense the “stiffness” of M
in response to the applied magnetic field. If the magnetization
is oriented along a minimum, or “easy” direction of the added
energy, the curvature of F is increased, and the applied field
needed to make the resonance frequency equal to the pumping
frequency, H,, is decreased. Similarly, if the magnetization
is oriented along a “hard” direction of the added energy, H,
is increased. An increased value of H, corresponds to a hard
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FIG. 1. (Color online) Coordinate system used in this work that
describes the orientation of the dc magnetic field H and resulting
equilibrium orientation of the magnetization M with respect to the
crystallographic orientation of the Co,MnSb films.

direction and a decreased value of H, corresponds to an easy
direction.

Ferromagnetic resonance data generally vary with an
applied field within the plane of the film due to in-plane
magnetic anisotropy. Interestingly, the measured FMR data
lack the fourfold symmetry expected to appear in the (001)
plane of cubic magnetic materials, such as the class of
Heusler films under consideration. Specifically, there is likely
a pronounced difference between the anisotropy energy along
the two [110] directions while the in-plane [100] directions
remain largely unchanged.?* Therefore, the total energy can
be expressed by

F = Kl(a%ag + a%ot% + Ol%()llz) + ZnMi —-M-H
— K, cos’0 — K, sin’ 6 cos® (¢ — 1 /4), 2)

where K; is the fourth-order crystalline cubic anisotropy
with o; being the direction cosines of M in the cubic axes,
K, is a second-order anisotropy term normal to the film,
and the second-order K, anisotropy term is included to
represent the inequivalence between [110] and [110]. Here,
it is assumed that the K, axis aligns along [110]. Note
that the second and third terms on the right-hand side of
Eq. (2) represent the shape anisotropy energy (or demagne-
tizing energy) and the Zeeman energy, respectively. These
two types of anisotropy, i.e., cubic and uniaxial, arise from
the crystal structure of the material. The perpendicular and
in-plane cubic and perpendicular uniaxial anisotropy terms
are usually considered to be due to the strain in the crystal
lattice caused by the lattice constant mismatch between the
Co,MnSb film and the substrate on which it was grown.?
The in-plane uniaxial term is due to the fact that there is
a difference between the [110] and [110] crystallographic
directions despite the high-symmetry zinc-blende structure
of the material.?® Heinrich et al.>”?® have recently found an
alternative mechanism of in-plane or perpendicular magnetic
anisotropy in Heusler alloys related to ordered lattice defects
which are more pronounced in thick films, such as epitaxially
grown NiMnSb(001) films grown on an InGaAs/InP(001)
template.
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The resonance condition for any given field orientation is
derived from Eqs. (1) and (2) by minimizing the free energy F
with respect to 6 and ¢. Here, we describe the FMR conditions
with the external magnetic field H aligned along the four
main crystallographic axes. For the (001) plane, the FMR
equilibrium equations can be expressed as

£\ 2K,
— | =|Hcos(¢ —py)+4nM — ——
v’ M

+ Ko in 20) + 2K oo — /)
—(2 —sin —cos(p — 1
M Py 8
2K,
x| H cos(p — ¢u) + —— cos 4¢
M
2K,
+ A cos 2(¢ — 7[/4)], 3)

for =0y =90° and p=¢ =45°, M and H parallel to [110],
i.e., parallel to the film plane,

£\ 2K, | 2K,
(7) = (n-5+57)

Hy +dom — KL Ko 2K
X 4 M — —— + — ,
MMM

for 0=0 5y =90° and p=¢ ;=—45°, M and H parallel to [110],
i.e., parallel to the film plane,

(7) = (-5 5%)
v M M

H o+ any - 2K K 5)
X N aM - —— + — ),
M M

and, for 6=605=90° and p=¢y =0°, M and H parallel to
[100], i.e., parallel to the film plane,

(G-

H, +any — 2KL | Ko 2K 6)
x| H +47M — — 4+ — + — ).
MM M

In order to obtain the FMR condition for H aligned along
[001], we consider M and H within the (110) plane, i.e.,
p=¢@pu=m /4. Thus, we can write the expression

Yy H, cos(0 — 05+ (—anm+25L 4 K 20
— = r COS — —4a7Jr — T — ] COS
' " M 2M
3

+ ——cos46 +

K, 2K,
oM M

H, cos@—6s) + (—dn i+ 252 1 K1Y (os2 0
X r COS(0— — — 1+ —— ] COS
H T Tom

—_— 460 — — |.
+ cos 7

2M

3K, 2K1] )
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For 6=0=0°, M and H parallel to [001], i.e., perpendic-
ular to the film plane,

2
(L) = (- m o 2Kt )
v’ M

2K, + Kl))
— )

X (Hr —4n M + ®)

B. Ferromagnetic resonance under application of an electric
field across the multiferroic heterostructure

We assume that the configuration of fields within this
heterostructure is as illustrated in Fig. 2. The measure-
ments are performed for two cases in which the electric
field is applied perpendicular to the PZN-PT crystal. The
first case is when the applied magnetic field is aligned
along the d3; direction of PZN-PT crystal, corresponding
to the [110] direction of the Heusler film. The second is
for an applied magnetic field aligned along the d3; direc-
tion of the PZN-PT crystal, corresponding to [110] of the
magnetic film. Note that the stress-induced magnetic field
is determined by the electromechanical coefficient d3; (or
d3;) and the magnetostrictive coefficient (A) in a reference
direction. In this case, an electric-field-induced magnetic field
mediated by a strain always aligns along d3, whether an
external magnetic field lies along the ds; or ds, direction
(we ignore the possible cone configuration of the induced
field).”

Since the induced magnetic field is restricted to lie in the
film plane (001) and aligns along the [110] direction, the stress-
induced energy is written as
Ff = —K[ sin® 0 cos’ (¢ — 7/4), ©)

a

where K[ is a stress-induced magnetic anisotropy constant.
Therefore, the induced uniaxial anisotropy generated by an
applied electric field must be included in Eq. (2). Combining
Egs. (2) and (7), the FMR equilibrium condition in the (001)

Au electrode
B PZN-PT: 500 um
B Co:MnShb: 18 nm
W GaAs: 150 um

dss

i 27 0] (film)
[1-10] ( film)

FIG. 2. (Color online) Schematic diagram depicting the H
and E fields within the Co,MnSb/GaAs/PZN-PT multiferroic
heterostructure.
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plane, i.e., 8=m/2, under application of electric field can be
expressed as

\* 2K |
— ) =|H.cos(p —py)+4nM — —
Y’ M
K 2K,
+ ﬁl (2 — sin® 2(/)) + 57a cos? (go — %)
2KE T
g - — 10
+ 2y <08 (90 4):| (10

2K,
x| H, cos(¢ — ¢g) + 57 cosdg

+2K,, 2( 71)+2Kf 2( 7T>
—— Cos - — cos ——)
M T4) T L
We now rewrite the ferromagnetic resonance conditions for
two directions of the applied electric field. When a magnetic
field is aligned along d3, of the PZN-PT crystal, and M and
H align along the [110] direction of the Co,MnSb film, i.e.,
H//[110], ¢ = 7 /4, the resonance condition can be expressed

as30

(f>2_ (H +2Kf L 2K, 2K1>

v/ M M M
x(m+MM+§i+§&_¥£+ﬁ)
M M M M
(1)

When a magnetic field is aligned along ds; of the PMN-PT
crystal, and M and H align along the [110] direction of the
Co,MnSb film, i.e., H//[110], p=—m /4, the external magnetic
field is transverse to the induced uniaxial anisotropy field.
Thus, we obtain

Y (g 2K 2K 2K
vi) U7 M M M

Hy +4nm — KL K (12)
x | H, aM - — 4+ —.
MM

III. EXPERIMENTAL DETAILS

A CopMnSb film was epitaxially grown on a GaAs (001)
substrate by pulsed laser deposition (PLD) in an ultrahigh-
vacuum chamber having a base pressure less than 10 8 Torr
and a substrate temperature of 450 K. The deposition source
was a KrF (A=248 nm) excimer laser with a 20 ns pulse
duration at a 10 Hz repetition rate. The deposition rates
were monitored with a quartz crystal monitor calibrated using
Rutherford backscattering spectroscopy (RBS). RBS was also
used to measure the stoichiometry of both the targets and film
samples. Here, samples were grown with overall deposition
rates of ~20 A/min and thicknesses of 180 A + ~5%. The
film phase was identified through x-ray diffraction (XRD)
measurements at room temperature using a Rigaku U3 x-ray
diffractometer employing Cu Ko radiation. Representative
data are presented in Fig. 3. XRD analysis indicates a single-
phase (001)-textured epitaxial film of L2; structure with lattice
parameters ¢ = b = ¢ = 6.021 A on a GaAs substrate with
a = 5.6568 A. Additionally, the thickness of the film was
further confirmed to be 184 £ 29 A by application of the
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FIG. 3. (Color online) XRD spectrum of Co,MnSb film. Inset
illustrates an L2,-type structure.

Scherrer analysis using B(26) = LO'CQ:S*O, where B(20) is the
full width in radians subtended by the half-maximum-intensity
width of the diffraction peak and L is the vertical depth of
the crystal plane. This result is in relative agreement with
the results derived from RBS. The compositional analysis was
done with RBS, and confirmed using x-ray fluorescence (XRF)
spectroscopic measurements, indicating a film composition of
Co,Mng 9>Sbp 42. A more extensive description of the growth
conditions have been published elsewhere.’!3?

Static magnetic properties were measured using vibrating
sample magnetometry (VSM; Lakeshore Model 7400). The
magnetostriction constant (1) was measured using a high-
precision optical technique over a magnetic field range of 0—
250 Oe. Ferromagnetic resonance measurements were carried
out using a microwave cavity excited in a TE o, mode at X-band
frequency (f = 9.55 GHz).

To produce strong ME coupling in the MF heterostructure
it was crucial to select a high-functioning piezoelectric crystal
as the substrate.’> A relaxor-based ferroelectric single crystal,
Pb(Zn;/3Nb,,3)O03-PbTiO3, consisting of a rhombohedral
symmetric PZN and a tetragonal-symmetry ferroelectric, lead
titanate (PT), was chosen. This crystal features exceptional
dielectric and electromechanical properties: e.g., k33 = 0.86,

40 |
30 |

20 | é

P (nClcm?)

20 F o)
=30

40 -

E (kVicm)

FIG. 4. (Color online) Dependence of polarization upon electric-
field strength for the PZN-PT crystal used in the heterostructure of
the present study.
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d3; = 1100 pC/N, ds3; = —=2700 to —3200 pC/N, dz3 =
1500 pC/N, KT > 5000, and tan§ < 0.01 at 1 kHz.**
These electromechanical properties are superior to those
of other ferroelectric crystals such as Pb(Mg;/3Nb;;3)O03—
PbTiO3 (PMN-PT), which is commonly used in similar
MF heterostructures.>>® In the present work, the PZN-PT
crystal is (011) cut and [011] poled with anisotropic in-
plane piezoelectric coefficients d3; = —2800 pC/N and d3, =
1100 pC/N. The electric-field dependence of the electronic
polarization was measured by a ferroelectric measurement
system (Radiant Technologies, Inc.). The GaAs substrate
was thinned by mechanical polishing to 150 um before
being bonded to the PZN-PT crystal. The multiferroic het-
erostructure was designed to operate in the longitudinal
magnetized—transverse polarized mode. The PZN-PT slab
and Co,MnSb film on GaAs substrate were bonded with a
quick-curing ethyl cyanoacrylate adhesive. Magnetoelectric
coupling measurements were carried out in which H was
alternately aligned parallel to the ds; and d3, directions of
the PZN-PT crystal. Applied voltages ranged from —400
to 400 V across the PZN-PT crystal, corresponding to an
electric-field strength E of —8 to +8 kV /cm. Figure 4 presents
a correlation of electronic polarization (P) to electric field for
the PZN-PT crystal. Generally, the existence of the P-E loop
is considered evidence supporting ferroelectricity. It is pointed
out that a polarization switching leads to strain—electric-field
hysteresis. A typical strain—field-response curve is often
referred to as the “butterfly loop.” As the electric field is
applied, the converse piezoelectric effect dictates that a strain
results. As the field is increased, the strain is no longer linear
with the field as domain walls nucleate and begin to coalesce.
The characteristics have a direct influence on the behavior of
the magnetoelectric coupling in the heterostructure.

IV. RESULTS AND DISCUSSION

A. Static magnetic properties

Figure 5 presents magnetic hysteresis loops for Co,MnSb
films when an external H field is applied along different
directions in the (001) plane. Note that the measurement

15
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FIG. 5. (Color online) Magnetic hysteresis loops of Co,MnSb
film magnetized along different crystal axes. The diamagnetic slope
in each curve originates from the GaAs substrates (see text).
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FIG. 6. (Color online) FMR spectra collected along different
crystallographic directions for a 180-A-thick Co,MnSb film.

indicates magnetic easy axes existing along [110] and [110],
while [100] represents the hard axis. The film shows coercivity
and remanant magnetization values of H, = 90 Oe, 47 M, =
10.57 kG ([110]); 67 Oe, 10.12 kG ([110]); and 50 Oe,
8.015 kG ([100]). A saturation magnetization (4w M) of
10.8 kG was measured, consistent with phase purity and
accurate film composition. The magnetization values along
the [110] and [110] directions illustrate a slight difference,
which is in contrast to the substantial differences previously
reported.’” This observation is attributed to the unique compo-
sition and thickness of the films of the present study compared
with those of Refs. 28 and 29. Note that all of the magnetic
hysteresis loops contain a diamagnetic contribution arising
from the GaAs substrates. The magnetostrictive measurement
indicates that the Co,MnSb film has a saturation magnetostric-
tive coefficient A; of 11 ppm, which is comparable to values
previously reported for Heusler alloys.*®

B. Ferromagnetic resonance properties

Some recent experiments>® indicate that the spin relaxation
in Heusler compounds, i.e., the Gilbert damping constant, is
comparable to or lower than that in other magnetic metals, such
as Permalloy.*” Because of this, Heusler alloys possess unique
potential for use in high-frequency devices. In the present
work, FMR measurements were carried out for the magnetic
film along the four major crystallographic axes. These results
are presented in Fig. 6. For 6=0y =90° and ¢p=45°, M
and H parallel to [110], i.e., parallel to the film plane, the
resonance field and linewidth are H, 110 = 0.610 kOe zlnd
130 Oe, respectively. The measurement along the [110]
direction shows similar results to those of the [110] direction,
ie., H,.,[1T0]=0.616 kOe and AH=150 Oe. For =0 5 =90°
and ¢ y=0°, M and H parallel to [100], i.e., parallel to the film
plane, H, [jo0) = 1.268 kOe and AH = 110 Oe. For =0y
=0°, M and H parallel to [100], i.e., perpendicular to the film
plane, H, 001 is 14.40 kOe with a corresponding linewidth
of 380 Oe. It is known that the broadening of linewidth for
some Heusler films may originate from two-magnon scattering
caused by crystallographic defects.?”*° This may allow result
in a perpendicular FMR linewidth lower than those of the
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TABLE 1. Magnetization and FMR parameters
for a 180-A-thick film of Co,MnSb grown on GaAs
(001).

dr M, = 10.8 £ 0.2 kG
g =2.08 +0.01
Ki/M = —0.1747 kOe
K, /M = 0.0142 kOe
K, = —150 x 103 erg/cm’
K, =12.18 x 10° erg/cm’
FMR linewidth AH (f = 9.55 GHz):
AH =130 Oe, [110]
AH =150 Oe, [110]
AH = 110 Oe, [100]
AH = 380 Oe, [001]

in-plane linewidths, close to the intrinsic value. However, in
the present film, the out-of-plane FMR linewidth is larger
than that of the in-plane orientation. We assume that the large
out-of-plane linewidth is related to the strain state of the film.
Introducing the measured values above to Eqs. (4)—(6),
we obtain the parameters K| = 12.18 x 10° erg/cm?, K| =
—150 x 10° erg/cm?, y* = 2.912 4+ 0.005, and g = 2.08 =+
0.01, which are comparable to those reported for the Co,MnSi
and Co,MnGe film systems.?> Note that these parameters were
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FIG. 7. (Color online) (a) FMR absorption derivatives as a
function of magnetic field at different electric fields. (b) Tuning of
the FMR field by an electric field across the PZN-PT crystal, while
an applied magnetic field is aligned along the [110] direction of the
film and the d3, direction of the PZN-PT crystal.
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FIG. 8. (Color online) (a) Variation of FMR absorption derivative
with magnetic field for different electric-field strengths. (b) FMR field
as a function of electric-field strength applied across the PZN-PT
crystal, while an applied magnetic field is aligned along the [110]
direction of the film and the d5; direction of the PZN-PT crystal.

extracted assuming the in-plane uniaxial anisotropy K, to be
negligible due to the slight difference in magnetization values
measured between the [110] and [110] directions. Parameters
derived from FMR and VSM measurements are listed in
Table I.

C. Microwave magnetoelectric coupling

From the standpoint of both fundamental physics and
MIC applications, an emphasis is placed on the microwave
tunability of this MF heterostructure. Figure 7(a) shows the
tuning of the FMR spectra under the application of an electric
field. Figure 7(b) shows that the ferromagnetic resonance
field (H,) shifts clearly toward lower fields, which reflects
an effective stress-induced magnetic field (§Hg) along the
direction of the external magnetic field. It is understood that
the orientation of the induced magnetic field is determined
by the minimization of the magnetoelastic energy. The mag-
netoelastic energy can be expressed as —%Aa cos® ¢, where
@ is the angle between the stress (o) and magnetization
(M) vectors. When A and o are of the same sign, i.e., (Ao)
> 0, M aligns along ¢ (=0) to minimize energy. That is,
an equivalent stress-induced magnetic field is aligned with
o. This is the case for the d;, (>0) direction while the
magnetostrictive coefficient was measured to be positive. The
electric field facilitates a decrease in the resonance field, which
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yields a maximum shift of 85-90 Oe with a sweep from E=
+8 kV/cm—2 kV/cm. The decrease in the external magnetic
field is compensated with an increase in the stress-induced
internal magnetic field. Additionally, the H, vs E curve
displays the familiar butterfly shape [Fig. 7(b)], which is
attributed to the correlation between strain and electric field.
It is widely accepted that the appearance of a peak in the
resonance field is related to the electronic coercivity of the
PZN-PT crystal. Alternatively, the irreversible strain arising
with electric field results from the ferroelectric hysteresis
phenomenon, which is also presented for the PZN-PT crystal
in Fig. 4. Therefore, it is reasonable that the two peaks in the
external magnetic field appear near the coercive electric fields
E. ~4 kV/cm. This can be understood by examining the
conversion of the electric field to magnetic field as a two-step
process: First, an electric field generates the mechanical
deformation of the PZN-PT crystal, and second, the PZN-PT
strain is then communicated to the magnetostrictive film,
inducing an internal magnetic field.

Similarly, when an applied magnetic field is aligned parallel
to d3; (<0), the induced magnetic field remains aligned along
ds since (Ao)<0, as shown in Fig. 8(a). In this case, the
FMR field increases with the applied electric field strength,
as shown in Fig. 7(b). This behavior arises from an additional
torque on spins since the induced magnetic field is transverse
to the external magnetic field.*!

As presented above in Figs. 7 and 8, the E-field dependence
of the FMR field shift is complicated, depending upon the
history of electric polarization, while an external magnetic
field is aligned parallel to the direction of either d3; or d3;. This
reveals a near-linear correlation between E field and resonance-
field shift over a wide range of electric-field strengths —2 and
+8 kV cm™!. A maximum §HE of 88 Oe results from a
tuning of 10 kV cm™!, indicating a magnetoelectric coupling
coefficient A of 8.8 Oe cm kV~!. Since this layered structure
has a small magnetic filling factor we assume the strain to
be transferred uniformly throughout the Heusler film. The
strain-induced internal magnetic field can then be expressed

as42

35
SHE = 7“ — AE, (13)

where A is the converse magnetoelectric constant and A
and o are the magnetostriction constant and stress of the
Co,MnSb film, respectively. The stress inside the Heusler layer
is expressed as 0 = E (d3;Cy1 + d3,C12), where the elastic
moduli of the magnetic film are C;; = 1.52 x 10'? dyn/cm?
and Ci, = 1.43 x 10'2 dyn/cm?.** Thus, the stress-induced
magnetic field is estimated to be SHE ~ 100 Oe, where A=
11 ppm, d3 =—-2700 pC/N, diz =1100 pC/N, E=
10kV/cm, and M=860 G. This estimated value is comparable
to the measured value of ~88 Oe. The slight discrepancy may
be attributed to the effective coupling between the PZN-PT
crystal and the Co,MnSb film due to the bending of the
GaAss substrate in response to stress and/or the relatively small
Young’s modulus of the employed epoxy.**

Note that we can rewrite the stress-induced anisotropy
constant in Eq. (9) by using the applied electric field (E) such
that

KF =3)0 = 31E(d3;Cy1 + dChy). (14)
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FIG. 9. (Color online) Variation of FMR frequency with applied
electric-field strength for the Co,MnSb/GaAs/PZN-PT heterostruc-
ture. Solid and hollow symbols denote the measured values, whereas
the solid lines represent the theoretical prediction.

An equivalent stress-induced anisotropy constant K Fis
estimated to be 378 erg/cm?, corresponding to E=10kV /cm’.
Additionally, based on the theoretical model presented in
Sec. II, the electric-field-tuned resonance shift can be cal-
culated from Eqgs. (11) and (12). Since the present film does
not give rise to significant in-plane uniaxial anisotropy, K,
is reasonably ignored to simplify the calculation. Thus, when
a magnetic field is aligned along d3, of the PZN-PT crystal,
and M and H align along the [110] direction of the Co,MnSb
film, i.e., H//[110], ¢=m /4 the resonance condition can be
expressed as

(f>2 ( 2KE 2K1>
- = Hr+ _
y! M M
TR A Y S C
X ¥ aM—-—+—,

M M

while for H//[110], p=—m/4, we obtain

(£~ (-
y’ M M

H, +drm— 25t K 16
y ( amm - Ity M) . e
By taking K; = 12.18 x 10% erg/cm® and K| = —150 x
103 erg/cm?, the E-field dependence of the FMR frequency
shift is illustrated in Fig. 9, indicating frequency shifts as
large as 380 MHz along [110] and 440 MHz along [110]
under the application of E=10 kV/cm. Correspondingly, this
represents a microwave tunablity of 38 MHz cm/kV along
the ds;, direction and 44 MHz cm/kV along the d3; direction.
The electric-field dependence of the resonance frequency shift
shows a linear relationship over a range of the electric field
—2 to +5 kV/cm, which is of particular significance for
practical device applications. It is noteworthy that these results
are comparable to those reported in other bilayer structures*
(e.g., 3-15 MHz cm kV ! for YIG/PMN-PT), and trilayer
structures [e.g., 15 MHz cm kV~! for YIG/IGGG/PMN-PT
(Ref. 46) and 0.3-1 MHz cm kV~! for YIG/BSTO/GGG
(Ref. 47), where YIG, GGG and BSTO stand for yttrium
iron garnet, gadolinnium gallium garnet and barium strontium
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titanate, respectively]. However, the experimental data deviate
somewhat from the theoretical predictions, plotted as the solid
line in Fig. 9. Nonlinearity of either strain vs E field or
the piezomagnetic effect may be contributing factors for this
discrepancy.

Additionally, we notice that in Fig. 4 an abrupt change
of the electric polarization at the coercive field results in an
abrupt strain of the piezoelectric crystal. As a rule, an abrupt
change in strain always accompanies the electric coercive field,
although there are different shapes of P-E curves for various
piezoelectric crystals. We point out that the strain may give rise
to an abrupt change in magnitude or even a change in sign near
the coercive field.*® Importantly, the ME effect or FMR shift is
acutely sensitive to the increase or decrease in strain at E=0, as
is the case when the electric field is swept through the coercive
field. It leads to the result that the shift in the resonance field
changes sign (i.e., relative to the H, value at E=0) in the range
of electric fields between —2 and +2 kV /cm, as presented in
Figs 7(b) and 8(b). Note that at the coercive field there are
usually pronounced peaks of strain in response to the electric
field. In brief, the tuning behavior of the magnetic anisotropy
field or the FMR shift is completely consistent with the field
dependence of strain in a piezoelectric or magnetostrictive
material. Ideally, the magnetostrictive material should have
the same strain behavior as the piezoelectric crystal under the

PHYSICAL REVIEW B 83, 104406 (2011)

application of an electric field. The efficiency of ME coupling
has been recently discussed theoretically.*’ It is expected to
result in highly efficient and low-consumption magnetoelectric
devices.

V. CONCLUSIONS

In summary, we report a large linear electric-field tuning
of the microwave ferromagnetic resonance frequency in a
Co,MnSb/GaAs/PZN-PT multiferroic heterostructure, indi-
cating a microwave tunability of ~44 MHz cm kV~! and
a converse magnetoelectric coupling coefficient A of 8 Oe
cm kV~!. A theoretical model was derived and used to explain
and predict the ferromagnetic resonance behavior under the
application of an electric field for this class of heterostructures.
The demonstration of microwave tuning of a MF heterostruc-
ture based on a GaAs substrate provides a valuable pathway
to realizing future applications in multifunctional microwave
integrated circuits.
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