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Voltage control magnetism has been widely studied due to its potential applications in the next generation of informa-
tion technology. PMN-PT, as a single crystal ferroelectric substrate, has been widely used in the study of voltage control
magnetism because of its excellent piezoelectric properties. However, most of the research based on PMN-PT only studies
the influence of a single tensile (or compressive) stress on the magnetic properties due to the asymmetry of strain. In this
work, we show the effect of different strains on the magnetic anisotropy of an Fe9Nig;/(011) PMN-PT heterojunction.
More importantly, the (011) cut PMN-PT generates non-volatile strain, which provides an advantage when investigating
the voltage manipulation of RF/microwave magnetic devices. As a result, a ferromagnetic resonance field tunability of
70 Oe is induced in our sample by the non-volatile strain. Our results provide new possibilities for novel voltage adjustable

RF/microwave magnetic devices and spintronic devices.

Keywords: voltage control magnetism, magnetoelectric coupling, magnetic anisotropy, ferromagnetic reso-

nance
PACS: 75.85.+t, 75.30.Gw, 75.70.—

1. Introduction

The study of voltage control magnetism has become one
of the most popular research areas due to its potential appli-
cations in information storage, sensors and some of the new
logical spintronic devices.!!! Various magnetic parameters,
including magnetic anisotropy, coercivity, saturated magnetic
moment and Curie temperature, have been regulated in dif-
ferent systems by different mechanisms, such as charge dop-
ing, strain effect and exchange coupling.[*! Among them, the
multiferroic composite heterojunction composed of ferromag-
netic (FM) materials and ferroelectric (FE) materials, which
combines a piezoelectric effect and piezomagnetic effect and
realizes a magnetoelectric coupling (ME) effect through a
strain mechanism, is widely regarded as one of the most likely
systems to be applied in practice.!!”! In recent years, the ferro-
electric single crystal Pb(Mg;, /3Nb2 /3)0,7Tio.303 (PMN-PT),
formed by relaxor ferroelectric Pb(Mg;3Nb,/3)O3 (PMN)
and ordinary ferroelectric PbTiO3 (PT), has been widely used
as the piezoelectric substrate in the study of voltage con-
trol magnetism based on the strain mechanism due to its

[11-16] For example, Li et al.

large piezoelectric coefficients.
demonstrated a reversible magnetization rotation and ma-
nipulated the tunneling magnetoresistance at room temper-
ature in CoFeB/AlO,/CoFeB/PMN-PT.!8! Liu er al. showed
nonvolatile resonance frequency tuning in an FeCoB/PMN-
PT heterojunction.!'”) In addition, our research group re-

ported the related work of electric-field control magnetism
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based on a PMN-PT piezoelectric substrate, such as Co/PMN-
PT,[!8] FePt/PMN-PT, ") and NiCoMnIn/PMN-PT, > which
achieved some meaningful results. However, due to the strain
asymmetry of the piezoelectric substrate itself, most studies
based on PMN-PT can only study the influence of a single ten-
sile (or compressive) strain on the magnetic properties. There
are very few studies which can simultaneously explore the dif-
ferent effects of tensile and compressive stresses on the mag-
netic properties in a multiferroic FM/FE composite hetero-
junction.

Ferromagnetic resonance (FMR), which is known as the
collective spin excitation in ferromagnetic materials, has at-
tracted increasing attention due to its wide potential appli-
cations in novel voltage tunable RF/microwave magnetic de-
vices, such as filters, resonators, inductors and phase shifters,
as well as possible future spintronic devices.!”!??! Besides
the study of magnetization change manipulated by voltage,
the voltage regulation of FMR became an important field in
the research of voltage control magnetism. According to the
LLG equation,?3] the saturation magnetization (Ms), mag-
netic anisotropy field (Hy) and spin wave damping coefficient
(o) are the most important parameters used to describe the
dynamics of FMR. Permalloy (Py) which possesses high per-
meability, a high Ms, low coercivity, low magnetic anisotropy
and low «, is a good soft magnetic alloy film suitable for mi-
crowave devices.[7:2425] Therefore, in this work, we prepare

the Py/PMN-PT ferromagnetic/ferroelectric composite hetero-

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

077502-1


http://dx.doi.org/10.1088/1674-1056/ac43ab
mailto:wangdh@hdu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 31, 077502 (2022)

junctions by magnetron sputtering technology using a permal-
loy target with the composition ratio of Fej9Nig; and a (011)
cut PMN-PT single crystal substrate. Since the substrate has
both large tensile and compressive strains, the effects of dif-
ferent strains on the magnetic anisotropy are investigated. In
addition, the (011) cut PMN-PT has the characteristics of non-
volatile strain with an applied asymmetric voltage, which pro-
vides the possibility of studying the voltage control of FMR.
Thus, we demonstrate the effect of non-volatile strain on the
ferromagnetic resonance excursion. Our results provide new
possibilities for voltage adjustable RF/microwave magnetic
devices and spintronic devices.

2. Experiment

A (011) cut PMN-PT single crystal (10 mm x 5 mm X
0.5 mm in size) was used as the substrate, and an Fe 9Nig; film
with a thickness of 25 nm was deposited on it by sputtering us-
ing an alloy target with the composition ratio of FejgNig;. The
background vacuum of the chamber was less than 1 x 107> Pa.
During the deposition, the substrate was kept at room temper-
ature and the argon pressure was 0.3 Pa. The DC sputtering
power was 16 W. To apply a voltage to the PMN-PT, a layer
of Au was deposited on the back of the substrate as the bottom
electrode and the Fej9Nig; film was directly used as the top
electrode.

The surface morphology and film thickness of the sam-
ples were measured using a scanning probe microscope
(AFM). The magnetic properties of the samples were mea-
sured using a vibrating sample magnetometer (VSM), and the
strain curves of the PMN-PT substrate were measured by the
resistance strain gauge on an electrical measuring platform.
During the magnetic measurements, a Keithley 2410 voltage
source meter was used to apply a voltage to the PMN-PT sub-
strate. FMR spectra measurements were performed using a
coplanar waveguide and electromagnet. The electromagnet
provides an in-plane magnetic field H, which is perpendicu-
lar to the microwave field /.

3. Result and discussion

Figure 1(a) shows a schematic diagram of the
Fe9Nig /PMN-PT/Au sample, in which the electric field is
applied along the thickness [011] direction of the PMN-PT.
The AFM surface morphology of FejgNig; film is shown in
Fig. 1(b). It is observed that the surface of the film sample
is very smooth, in which the average roughness is less than
0.1 nm and the root mean square roughness is less than 0.3 nm.
The good surface quality of the film provides a good base for
us to investigate the magnetoelectric (ME) coupling effect.

Figure 2 shows a typical schematic diagram of the strain
measurement of the PMN-PT substrate. An electric field along
the thickness of the substrate is applied and the strain gauge is
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Fig. 1. (a) A schematic diagram of a typical Fe|9Nig;/PMN-PT/Au sample.
(b) An AFM image of the sample with an area of 2 pm x 2 pum.
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Fig. 2. (a) The in-plane strain curve along the [100] direction with symmetric
bipolar voltages. The inset shows a schematic diagram of the stress measure-
ment for PMN-PT. (b) Nonvolatile strain curves with different asymmetric
bipolar voltages.

attached to the surface of an electrode to detect the strain. Fig-
ures 2(a) and 2(b) show the relationship between the measured
strain and the applied symmetric bipolar and asymmetric bipo-
lar voltages in the direction of [100], respectively. It is clear
that the strain—voltage (S—V) curve shows a typical butterfly
shape for bipolar strain along the [100] direction in Fig. 2(a),

[26] Two considerable

which is consistent with earlier reports.
nonlinear tensile strains are observed along the [100] direc-
tions near =70 V, which correspond to the coercive field of
the PMN-PT substrate. It is noted that the tensile strain around
the coercive field is up to +3000 ppm. When we continue to
apply the voltage beyond the coercive field, the strain grad-

ually decreases and then increases in the opposite direction.
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Two compressive strains reaching up to —2000 ppm are ob-
served around the voltage of £250 V. After slowly removing
the electric field, the strains gradually decrease and recover
to zero, showing volatile behavior (shown as the A state in
Fig. 2(b)). When an asymmetric bipolar voltage is applied (i.e.
the applied positive voltage is larger than the coercive field and
the negative voltage is smaller than the coercive field), in con-
trast to the situation of the bipolar symmetrical electric field,
the substrate strain does not return to the initial zero state and
shows a nonvolatile residual strain when the voltage is reduced
to zero. More importantly, by applying different negative volt-
ages, different residual strain states can be obtained. As shown
in Fig. 2(b), three different residual strain states of B, C, and D
reaching up to +3000 ppm, 42000 ppm, and +1200 ppm are
observed in the S—V curves, corresponding to the asymmetric
negative voltages of —70 V, —60 V, and —40 V, respectively.
Therefore, by precisely regulating the magnitude of the asym-
metric negative voltage, stable and different residual strains
can be obtained in the PMN-PT substrate.

Since both compressive and tensile strains can be simul-
taneously obtained with the PMN-PT substrate, two distinct
deformations can be induced in the sample. Figure 3(a) il-
lustrates the deformation of the sample at different voltages.
When a voltage of —70 V is applied to the sample, according
to the S—V curve, the sample is equivalent to being stretched in
the direction of [100] and compressed in the direction of [01-
1], as shown by the dotted line in Fig. 3(a). When a voltage
of +100 V is applied, in contrast to the situation at —70 V, the
sample is equivalent to being compressed in the direction of
[100] and elongated in the direction of [01-1]. Figure 2 shows
the S—V curves for both symmetric and asymmetric bipolar
voltages of the PMN-PT substrate in the direction of [100].
These two different residual strain states are due to different
ferroelectric polarization in the PMN-PT substrate. Electric-
field-induced ferroelectric polarization switching between the
in-plane direction and the out-of-plane directions is clearly
demonstrated in Figs. 3(b) and 3(c). There are eight equiva-
lent directions of spontaneous polarization in the rhombohe-
dral PMN-PT single crystal. For the [011] tangential PMN-PT
substrate, there are four spontaneous polarization directions
pointing out of the plane, and the remaining four spontaneous
polarization directions in the plane. When a symmetric bipolar
voltage is applied, the out-of-plane ferroelectric polarization
may experience a polarization reversal of 109° and 180°. The
direction of the ferroelectric polarization still points out of the
plane (such as state A shown in Fig. 2(b)), which fails to create
residual strain in the plane. As the applied voltage continues to
increase, the substrate will produce large in-plane anisotropic
biaxial strain. This is caused by the linear piezoelectric ef-
fect of the PMN-PT substrate.!”’! When an asymmetric volt-
age is applied to the substrate, the ferroelectric polarization

undergoes reversals of 71° and 109° , resulting in the dynamic
reversal of the ferroelectric polarization from out-of-plane to
in-plane.[17J Thus, a residual strain is obtained in the plane,
which corresponds to state B in Fig. 2(b).

Fig. 3. (a) A schematic diagram of deformation of samples at different volt-
ages. Schematics of domain structures about the (011) PMN-PT under var-
ious applied voltages: (b) the residual strain state A with a positive poling
state of polarization pointing out of the plane, and (c) the residual strain state
B (after applying a negative voltage of —60 V and then switching it off).

To explore the effect of different compressive and tensile
strains on the magnetic properties of the sample, the room-
temperature magnetic hysteresis loops for the Fej9oNig; film
under different voltages were measured. Figure 4 shows the
in-plane magnetic hysteresis loops (M—H) of the sample under
different voltages along the [01-1] direction. It is obvious that
the Mg of the FeNi film is about 840 emu/cm?, which is com-
parable to the value in the literature.!?®! The coercivity of the
sample is less than 5 Oe and the initial magnetic susceptibility
is very high, indicating typical soft magnetic behavior of the
Fe19Nig; film. When a voltage of 4100 V is applied to the sub-
strate, not only does the remanent magnetization (M;) of the
sample increase but the magnetic anisotropy also changes con-
siderably, indicating that the magnetization process becomes
easier for the [01-1] direction. In contrast, when a voltage of
—70 V is applied, the remanence decreases markedly and the
magnetization curve becomes a slant loop. The inset of Fig. 4
is an enlarged view of the remanence curve, which allows us
to see the variation of the M, under different voltages more
clearly. The M; of the sample increases to 825 emu/cm? un-
der the voltage of +100 V, which is almost the same as the
Ms. In contrast, the M, of the sample decreases sharply to
450 emu/cm® when a voltage of —70 V is applied. The rela-
tive change in M; (M;(+100 V) — M(—=70 V))/M (=70 V))
reaches 83%. It is worth noting that the saturated magneti-
zation of the sample remains unchanged, despite application
of the positive and negative voltages, suggesting that different
tensile and compressive strains of the substrate have no effect
on the intrinsic magnetic interaction of the permalloy. In the
study of voltage control of an FM/FE composite heterojunc-
tion, it is generally believed that there are two main mech-
anisms: the strain mechanism, and the polarization charge
mechanism. As we know, the electrostatic shielding length of
the metal is within 1 nm, while the thickness of the Fe9Nig;
film in this work is about 25 nm. Therefore, the influence of
the polarization charge at the interface can be ignored for the
film. Here, we believe that the voltage regulation effect of our
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Fe9Nig;/PMN-PT heterojunction is mainly attributed to the
strain caused by the piezoelectric effect of the PMN-PT sub-
strate. Figure 3(a) illustrates the deformation of the sample at
different voltages. Due to the influence of strain anisotropy,
the sample becomes more easily magnetized in the direction
of tensile strain while, in the direction of compression strain,
the magnetization of the sample becomes difficult. This is in
good agreement with our experimental results. Therefore, the
variation of M; is mainly attributed to the change in magnetic
anisotropy caused by the strain anisotropy.

1000
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500 600
500
250 I~ 400

as follows:

f = vV (H; + Heg) (Hy + Hegy -+ 47Ms), (D

where f is the FMR frequency, v is the gyromagnetic ratio (the
value is about 2.8 MHz/Oe), H, is the FMR field and Mj is the
saturation magnetization. Here, Hes is the effective field in-
duced by the voltage, which could be positive or negative and
can be described as:

Her = 34,08 /M. 2

Here, A is the magnetostriction constant of FeNi, and o is
the voltage-induced biaxial stress (compressive along [01-1]
and tensile along [100] with the applied voltage of —70 V).
According to Eq. (1) and the resonance field data measured
at different frequencies, the fitting results are shown in Fig. 6,
in which the experimental data and theoretical calculation fit
well in the frequency range of 6 GHz—10 GHz.
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Fig. 4. In-plane magnetic hysteresis loops for Fej9Nig;/PMN-PT under dif-
ferent voltages along the [01-1] direction at room-temperature. The inset
shows an enlarged view of the M; curve.

It is known that the magnetic anisotropy of the sample
has a great influence on the microwave performance. There-
fore, it is meaningful to study the voltage control FMR of
the Fe19Nig;/PMN-PT device. If we want to use the voltage-
induced volatile strain to manipulate FMR, the voltage needs
to be applied to the device all the time, which is disadvan-
tageous to the FMR measurement. Due to the non-volatile
properties of the PMN-PT substrate, the non-volatile behavior
of voltage control FMR in the Fej9Nig; film can be investi-
gated in this work. During the measurement, the sample is
placed face down on a coplanar waveguide and the measured
microwave frequencies are in the range of 6 GHz—-10 GHz. An
electromagnet provides an in-plane magnetic field H, which is
perpendicular to the microwave field ~. The FMR measure-
ment is performed in field-sweeping mode, in which the exter-
nal bias magnetic field is parallel to the sample surface along
the [01-1] direction. Figure 5 shows the normalized FMR ab-
sorption spectra of samples in the initial state and non-volatile
strain states at different frequencies. It is obvious that, with the
increasing voltage, the resonance field shifts to the direction of
the high fields and the maximum shift of the FMR field (from
1000 Oe to 1070 Oe) is observed with the applied voltage of
—70V at the frequency of 10 GHz.

According to Kittel’s formula, 2939 the resonance fre-
quency of in-plane ferromagnetic resonance can be described

(a) A B 7 GHz
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Fig. 5. The normalized FMR absorption spectra of samples in the initial
state and non-volatile strain states at different frequencies when the magnetic
field is parallel to the [01-1] direction: (a) f =7 GHz, (b) f =8 GHz, (c)
f=9GHz, and (d) f = 10 GHz.
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Fig. 6. The resonance frequency as a function of the field for Fe 9Nig;/PMN-
PT. The points are experimental data and the solid lines are fitted to Kittel’s
formula.

In the Fe9Nig;/PMN-PT heterojunction, after treatment

at —40 V and —70 V, nonvolatile compressive strains are then
generated along [01-1]. As shown in the M—H curves of the
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Fe9Nig; sample with different strain states, the anisotropy
field will be enhanced under the strain. According to Eq. (2),
the compressive strain along [01-1] will induce a negative He.
As aresult, the FMR field shows adjustability and shifts to the
higher fields, which can be understood using Eq. (1). Further-
more, it is worth noting that the Fe|9Nig; film retains strong
absorption over a small linewidth of approximatively 40 Oe,
even at the high frequency of 10 GHz, indicating a small mag-
netic loss of the film. This excellent figure of merit is con-
ducive to the practical application of low-loss magnetic tun-
able microwave devices, such as filters.

4. Conclusion

The study of voltage
Fe9Nig/PMN-PT composite heterojunctions is demonstrated

control magnetism in
in this article. By applying a voltage, the PMN-PT substrate
can generate volatile or nonvolatile strains which can transfer
to the Fe9Nig; film. The magnetic behavior of the Fe9Nig;
film is manipulated through the reverse magnetoelectric cou-
pling effect dominated by the strain mechanism. When a
positive voltage is applied to the PMN-PT substrate, the mag-
netization process becomes easier along the [01-1] direction
and the M, increases. When a small negative voltage not ex-
ceeding the coercivity is applied, the rectangular degree of the
hysteresis loop along the direction of [01-1] becomes lower,
and the M; decreases significantly. This is attributed to the dif-
ferent in-plane anisotropic biaxial strains caused by different
voltages. Moreover, we successfully achieve the regulation
of the FMR field of Fe9Nig; films by the nonvolatile strain
effect of [011] cut PMN-PT substrate and the resonance field
shifts to the direction of the high field with the treatment of
the voltage. These research results have potential applications
in the development of novel voltage tunable RF/microwave
magnetic devices.
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