JOURNAL OF APPLIED PHYSICS 105, 07A510 (2009)

Microwave tunability in a GaAs-based multiferroic heterostructure:

Co,MnAl/GaAs/PMN-PT

Y. Chen,"® J. Gao," J. Lou," M. Liu; S. D. Yoon,! A. L. Geiler," M. Nedoroscik,'
D. Heiman,? N. X. Sun,' C. Vittoria,' and V. G. Harris'

lDepartmem of Electrical and Computer Engineering and Center for Microwave Magnetic Materials and
Integrated Circuits, Northeastern University, Boston, Massachusetts 02115, USA
2Department of Physics, Northeastern University, Boston, Massachusetts 02115, USA

(Presented 12 November 2008; received 17 September 2008; accepted 7 November 2008;
published online 17 February 2009)

A strong magnetoelectric (ME) interaction is presented in a magnetostrictive-
semiconductor-piezoelectric heterostructure that consists of the Huesler alloy, Co,MnAl, GaAs, and
lead magnesium niobate-lead titanate (PMN-PT). The laminated Co,MnAl/GaAs/PMN-PT
structure, having a thickness of 19 nm/180 um/500 wum, demonstrates a ferromagnetic resonance
(FMR) field shift of 28 Oe with an external electric field of 200 V across the PMN-PT substrate.
This corresponds to a resonance frequency shift of ~125 MHz at X-band. It yields a large ME
coupling (7 Oe cm/kV) and microwave tunability (~32 MHz/kV cm™!), compared to other trilayer
multiferroic composite structures. In addition, static magnetization measurement indicates a
reduction in the remanence magnetization while applying the electric field, which corroborates the
ME interactions mediated by the translation of magnetoelastic forces in this structure. This work
explores the potential of multiferroic heterostrucuture transducers for use in FMR microwave
devices tuned by electric fields. © 2009 American Institute of Physics. [DOL: 10.1063/1.3068543]

I. INTRODUCTION

Magnetoelectric (ME) materials have recently received
much attention for both their fundamental physical properties
and potential to enable a new generation of electric-field tun-
able electronic devices."> An increasing interest is devoted to
a class of materials referred to as multiferroics, which feature
the simultaneous occurrence of ferromagnetism and ferro-
electricity in a single or multiphase material or heterostruc-
ture. Although most known single phase multiferroic materi-
als do not exhibit strong ME coupling at room temperature,
the artificially structured materials, typically constructed of
layers or granular composites, bring unique opportunities in
realizing many devices, such as electric field controlled mag-
netic memory elements, ferromagnetic resonance devices,
microwave gyrators, transformers, and transducers with mag-
netically modulated piezoelectricity.S_9 Mechanical coupling
with piezoelectric layers provides electrical control of mag-
netic properties of the magnetostrictive layers, which elimi-
nates the need for applied magnetic fields to control the per-
formance of the ferromagnetic component. Therefore,
multilayer heterostructures, consisting of piezoelectric and
magnetostrictive layers, function as “true” single-phase mul-
tiferroic materials. A logical next step is the integration of the
multiferroic element with semiconductor substrates, which
would enable on-chip integration and the development of
advanced multifunctional electronic devices and systems.IO
In particular, GaAs-based platforms, featuring very low di-
electric losses in the rf and microwave bands, are especially
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attractive for the incorporation of multiferroic elements in a
new class of multifunctional monolithic microwave inte-
grated circuits (MMMICs)."!

The present work reports on the ME properties of a lay-
ered multiferroic structure consisting of a ferromagnet grown
on GaAs substrate and ferroelectric lead magnesium niobate-
lead titanate (PMN-PT). Many Heusler alloys, such as
Co,MnAl and ConnSi,lz’13 are expected to be ideal half-
metals with the majority of electrons in one spin state. This
makes them useful for spintronic applications, e.g., spin in-
jectors. Furthermore, this class of Heusler alloy films has
shown ferromagnetic resonance linewidths of 100-200 Oe at
X-band frequencies.14 They provide new opportunities in
highly spin polarized microwave device applications. There-
fore, the present research aims to investigate the ME inter-
actions between the Co,MnAl thin film and ferroelectric
crystals at X-band (i.e., f~ 10 GHz) microwave frequencies
in this GaAs-based heterostructure. This paper addresses
some important results in the study of multiferroic systems,
which will enrich research in multiferroic materials and de-
vices.

Il. EXPERIMENT

An epitaxial film of Co,MnAl was grown on a (100)-
oriented GaAs substrate by molecular-beam epitaxy using
solid source elements. Details of the growth procedure were
described in Ref. 12. The Co,MnAl film, having a thickness
of 19 nm, exhibits a cubic structure at room temperature
while displaying a phase transition temperature between 760
and 810 K. The heterostructure system employed a PMN-PT
with both ferroelectric and piezoelectric properties. The
[011]-poled PMN-PT single crystal, with 28%-32% PT, fea-
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FIG. 1. (Color online) Schematic diagram for a Co,MnAl/GaAs/PMN-PT
multiferroic heterostructure.

tures anisotropic transverse piezoelectric coefficients, d3; and
dsy, i.e., d3;=—1800 pC/N and d3,=900 pC/N."” In com-
parison, the more widely used lead zirconate titanate ceram-
ics have an isotropic piezoelectric coefficient, ds;, far smaller
at ~—400 pC/N.?

The multiferroic composite explored here was designed
to operate in the L-T ME coupling mode (i.e., longitudinal
magnetized/transverse polarized) and is a laminated structure
consisting of Co,MnAl film and PMN-PT single crystal
poled along with [011]. Figure 1 is a sketch of the composite
structure. Note, that the PMN-PT crystal has a thickness of
0.5 mm and was bonded to a 180 wm thick GaAs substrate
with a quick curing ethyl cyanoacrylate glue. Unlike previ-
ously reported multiferroic heterostructures,'® the bonding of
the Co,MnAl magnetic film to the PMN-PT crystal is medi-
ated by the GaAs substrate. This structure has a ratio of
(film+GaAs) to PMN-PT thickness of 180/500 or 36%. This
is an important parameter in the structural design of the MF
element since it is difficult to realize strong ME coupling if
this ratio is too large.

Ferromagnetic resonance (FMR) measurements were
carried out using a microwave cavity excited in a TE;(,
mode at X-band (f=9.55 GHz), where both the external field

H and microwave magnetic field I were applied in the plane
of the sample structure. Here, H) is along with the d5; direc-
tion of the PMN-PT crystal for ME coupling measurements.
The magnetostriction constant of the Co,MnAl film was
measured by using a high precision optical technique over a
magnetic field range of 0-250 Oe."”

lll. RESULTS AND DISCUSSION

Since FMR measurements were carried out with an ap-
plied magnetic field aligned along the in-plane [110] direc-
tion for the Co,MnAl film at X-band, without application of
an electric field, the resonance condition can be simply ex-
pressed as follows:'®

F=y NH-H)(H+1H,+4mM,), (1)

where H, Hy, and 4mM  denote the external field for in-plane
measurement, magnetocrystalline anisotropy field, and the
saturation magnetization, respectively. The measurement in-
dicates a FMR linewidth AH=210 Oe, which roughly cor-
responds to a half-width of frequency, Af=920 MHz at the
resonance frequency f=9.55 GHz.
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FIG. 2. (Color online) (a) FMR absorption derivative varies with a magnetic
field at different electric fields, and (b) an induced internal magnetic field is
tuned by an electric field across PMN-PT crystal.

Figure 2 presents the results of in-plane microwave mea-
surements under an applied electric field aligned along the
ds, direction of the PMN-PT crystal, i.e., [110] direction. In
general, the direction of the field shift is determined not only
by the configuration of magnetic and electric fields but also
by the magnetoelastic nature of the magnetic film and
ferroelectric/piezoelectric crystal used in the MF element.
For example, while an electric field is applied along the ds3
direction, the d5; direction experiences compressive strain if
d3;<0. In the case when an external magnetic field is ap-
plied parallel to the d5; direction of PMN-PT crystal and the
magnetostriction constant of the magnetic film is positive, an
internal stress-induced magnetic field aligns perpendicular to
the external magnetic field in the film plane. This scenario is
illustrated in Fig. 1. Since this strain-induced anisotropy field
is obviously uniaxial, the magnetic resonance field corre-
sponding to zero electric field is therefore minimum as illus-
trated in Fig. 2(a). While carefully considering the FMR
measurement results in Fig. 2(a), we note a complex corre-
lation between resonance field shift and applied electric field.
Figure 2(b) clearly indicates that a 200 V electric filed results
in a maximum induced magnetic field of 24-28 Oe. Larger
electric fields do not result in larger field shifts or ME cou-
pling.

Although the underlying physical principles of the het-
erostructure ME response are relatively straightforward, an
accurate calculation of the ME interaction remains
challenging.]9 Here, an estimate of the strain-induced field is
derived as below,”
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FIG. 3. (Color online) Recoil magnetization curves at an application of
electric field of 300 V and at zero field for a Co,MnAl/GaAs/PMN-PT
multiferroic heterostructure.

3\o
5HE=7=AE, (2)

where A is the ME constant; N and o are magnetostriction
constant and the stress in the Co,MnAl film, respectively. An
estimated induced field, 6Hy is 20-40 Oe in terms of the
parameters: A=12+4 ppm, C,;=1.52X10'> dyn/cm?, C,,
=1.43% 10" dyn/cm2* and M=630 G for the Co,MnAl
film, as well as d3;=—1750 pC/N, d3,=900 pC/N, and E
=4 kV/cm for the PMN-PT crystal. Therefore, this experi-
ment demonstrates a good agreement between the theoretic
prediction and the measured values. Furthermore, a ME cou-
pling constant, A=7 Oe cm/kV, is much larger than previ-
ously reported values for other trilayered structures, such as
YIG/GGG/PMN-PT (Ref. 21) and FeGaB/Si/PMN-PT.*

In addition, we also calculated the electric field tunable
FMR frequency shift §f=125 MHz, while applying an elec-
tric field of 200 V across the PMN-PT slab. This result sub-
stantiates the microwave tunability, 31.3 MHz/kV cm™!, of
this heterostructure, which is twice the value of the YIG/
GGG/PMN-PT structure, where YIG and GGG represent
yttrium iron garnet and gadolinium gallium garnet,
respectivc:zly.21 We are also able to obtain a ratio of frequency
shift to half-width frequency 8f/Af of 13.6%: a parameter
that is of interest in the design of microwave devices as well
as a means of evaluating and comparing the microwave tun-
ability of MF heterostructures.

Finally, we also observed a dc ME coupling effect for
this structure by the measurement of the static recoil magne-
tization curves under an electric field during vibrating
sample magnetometry. Figure 3 clearly shows a change in
remanence magnetization, i.e., the remanence reduces from
0.7 to 0.55 under the application of a 300 V electric field.
This represents a 20% reduction in magnetization due to the
ME coupling. This static tunability arises from ME interac-
tions mediated by the translation of magnetoelastic forces
through the heterostructure.
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IV. CONCLUSION

We have successfully fabricated a layered multiferroic
heterostructure that consists of a Co,MnAl film grown on
(100) GaAs substrate bonded to a PMN-PT. The trilayer
structure exhibits a significant FMR field shift of 28 Oe and
a frequency shift of 125 MHz under a relatively low electric
field of 200 V. It in turn leads to a large ME coupling con-
stant of 7 Oe cm/kV and microwave tunability of
32 MHz/kV cm™!. These results mark the first report of a
MF heterostructure based on a GaAs substrate and may en-
able the integration of multiferroic elements in a new class of
MMMICs.
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