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We report the results of micro-Brillouin-Mandelstam light scattering spectroscopy of thermal magnons in the
two-phase synthetic multiferroic structure consisting of a piezoelectric [Pb(Mg;,3Nb2,3)03] —x—[PbTiO3]x
(PMN-PT) substrate and a Ni thin film. The experimental data reveal the first two modes of the perpendicular

Spin waves standing spin waves (PSSW) spatially confined across the Ni thin film. A theoretical analysis of the frequency
xilit;flerrom dependence of the PSSW peaks on the external magnetic field reveals the asymmetric boundary condition, i.e.

pinning, for variable magnetization at different surfaces of the Ni thin film. The strain field induced by applying
DC voltage to PMN-PT substrate leads to a downshift of PSSW mode frequency owing to the magneto-elastic
effect in Ni, and corresponding changes in the spin-wave resonance conditions. The observed non-monotonic
dependence of the PSSW frequency on DC voltage is related to an abrupt change of the pinning parameter at
certain values of the voltage. The obtained results are important for understanding the thermal magnon spec-
trum in ferromagnetic films and the development of the low-power spin-wave devices and quantum sensors.

Spintronic devices
Quantum sensors

1. Introduction

Recently, synthetic multiferroic heterostructures, materials with
simultaneous magnetic and ferroelectric ordering, have attracted sig-
nificant interest owing to a possibility of engineering their electric and
magnetic properties by varying the thickness ratios of the constituent
materials [1-5]. Similar to single-phase multiferroics [6,7], synthetic
multiferroics exhibit strong electro-magnetic coupling. For example, up
to 150 degree easy axis rotation was observed in CoPd/PZT structures
[3]. It has been demonstrated experimentally that the frequency of the
microwave planar resonator, consisting of yttrium iron garnet (YIG)
and ferroelectric barium strontium titanate (BST) thin films, can be
tuned both electrically and magnetically [8]. Recent reports have also
shown the spin-wave frequency modulation in a permalloy film by in-
troducing strain in gadolinium molybdate [9] and PMN-PT [10] sub-
strates via applications of DC voltage. Spin-wave excitation and de-
tection by synthetic multiferroics comprised of PMN-PT/Ni/Py has also
been demonstrated [2]. In many of the studied multiferroic

heterostructures, a thin layer of magnetostrictive material e.g. nickel is
deposited on a piezoelectric material, which makes it possible to control
the thermal and coherent magnons via the stress-mediated coupling,
induced by application of an electric field to the substrate [11]. For this
reason, the interaction of the piezoelectric substrate with the thin fer-
romagnetic layer and their magneto-elastic coupling are of utmost im-
portance.

While magnon spectrum of a large, i.e. bulk, magnetically ordered
medium depends only on its material parameters and an applied mag-
netic field, it can be strongly modified in magnetic thin films by the
boundary conditions at the interface of the film with a substrate
[12-14]. The properties of thermal and coherently excited magnons, i.e.
spin waves, in ferro-, ferri-, and antiferro-magnetic films and multilayer
structures have been described in numerous reports [15-23]. Brillouin-
Mandelstam spectroscopy (BMS), also referred to as Brillouin light
scattering (BLS), has been recognized as an important tool for in-
vestigating the spin-wave excitations in magnetic micro- and nano-
structures [24]. This technique offers unique advantages over the all-
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electrical approaches, i.e. inductive voltage measurements [25,26], by
allowing the detection of extremely weak signals, including those from
thermal magnons [18]. In this regard, there is a growing demand for
BMS utilization in the study and development of magnonic spintronic
devices [27-30]. Similar to thermal phonons, the incoherent thermal
magnons are always present in magnetic materials. The latter affects
the magnetization stability of the magnetic materials and structures
[31]. The thermal magnons determine the equilibrium magnetization
and affect thermodynamic characteristics of materials [32]. In addition,
thermal magnons contribute to relaxation of the coherent magnons
[33]. The perpendicular standing spin waves (PSSW) are of special in-
terest since they also strongly influence the performance of magnonic
devices [34]. These types of waves have been studied in micrometer
and nanometer thick iron, nickel, and cobalt films on glass or silicon
substrates [16,18,35]. In this work, we use micro-BMS (u-BMS) to in-
vestigate PSSW in nanometer-scale thin films of nickel deposited on a
piezoelectric [Pb(Mg;,3Nbs,3)03]1(1 —x~[PbTiO3]y (PMN-PT) substrate.
Our p-BMS data clearly demonstrates the one-dimensional (1-D) spatial
confinement induced modification of the thermal magnon spectra in the
synthetic multiferroic structures. The ability to control the thermal
magnons by applying an electric field in synthetic multiferroic struc-
tures with restricted geometry opens a new route to development and
optimization of the magnonic spintronic devices. The confinement in-
duced changes in thermal magnon spectrum in nanometer thickness
structures can also have important effects on the coherent magnon
damping. Better understanding of damping of the coherent magnons is
essential for the use of magnon transport in the low-noise quantum
sensors, which utilize both the amplitude and phase of the spin waves
[36-38].

2. Experimental setup

The schematic of the test structure used in this study is shown in
Fig. 1. The sample was fabricated on a 10 mm X 10 mm X 0.5 mm
single crystal (0 1 1) PMN-PT substrate (TRS Technologies). From the
bottom to the top, it consists of the following layers: 30 nm Au, 5 nm Ti,
0.5 mm PMN-PT (0 1 1) single crystal cut, 5 nm Ti, 30 nm Pt, and 64 nm
Ni. Prior to all metal depositions, the sample is cleaned with acetone,
methanol, IPA, followed by a 500 W O, plasma clean. Ti is chosen as an
adhesion layer for the Au and Pt electrodes. The electrodes are de-
posited in such a way that the sample can be poled prior to deposition
of the magnetic layers. A custom brass holder and a voltage amplifier
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Fig. 2. . Easy-plane hysteresis curve for the perpendicularly magnetized Ni thin
film as a function of an external magnetic field.

are used to apply an electric field to the sample for poling. The applied
electric field is linearly ramped from 0 MV/m to 0.8 MV/m over a one-
minute period and is then held constant for the same amount of time.
Following this procedure, the field is removed at the same rate as it was
applied. The latter is important because poling the sample after de-
position of the magnetic layers can lead to residual stresses that cannot
be overcome with the voltage-induced piezoelectric stresses. Pt is used
because of its high electrical conductivity and superior resistance to
oxidation.

The magnetic properties of the Ni film were characterized with the
magneto-optic Kerr effect (MOKE) [39,40]. A typical easy-plane hys-
teresis curve obtained for the perpendicular magnetized film is shown
in Fig. 2. The magnetization saturation of the Ni film has been de-
termined to be 47M, = 2640 Oe, which is lower than the reported bulk
values 6000 Oe [20]. Thin films of Ni are known to have lower sa-
turation magnetization than bulk samples [41]. The lower magnetiza-
tion of the thin films can be attributed to partial surface oxidation or
fabrication processes [41].

Fig. 1. Schematic of the device structure
showing the thin layer of polycrystalline Ni
deposited on a PMN-PT substrate. The circle
shows the magnified section of the Ni layer.
The green arrows show the incident and
scattered light in p-BMS experiments in the
backscattering configuration. The polariza-
tion of the incoming and scattered light is
along the y and z directions, respectively.
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the web version of this article.)
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3. Results and discussion

We used p-BMS to monitor thermal magnons in the backscattering
configuration. The light source was a single frequency solid-state diode
laser operating at A = 532 nm. The laser light was focused normal to the
sample by using a 50 X objective lens with a large numerical aperture,
NA = 0.60. The laser spot size with diameter of ~1-2 pm was located
at the center of the sample in order to avoid any edge effects. In ad-
dition, the average laser power at the sample’s surface was kept less
than 2 mW during the experiment in order to avoid overheating the Ni
film. The scattered light was collected with the same objective lens for
15 min and directed to the high resolution six-pass (3 + 3) tandem
Fabry-Perot interferometer (JRS Instruments). The incident light was
linearly p-polarized along the y-direction (Fig. 1). Since in the ferro-
magnetic materials, spin waves rotate the polarization of the incident
photons by 90 degrees [10] a polarizer in the scattered light path has
been used to allow for transmission of only the s-polarized along the z-
direction light into the interferometer. The polarization of the incident
and scattered light was determined based on the scattering plane which
contains the incident and scattered light with the normal to the plane
along the z-direction. Details of our BMS and p-BMS experimental setup
and measurement procedures have been reported elsewhere in the
context of different material systems [42-44]. In the present study, the
bias magnetic field H, was applied in-plane with the Ni film surface and
perpendicular to the light scattering plane. Taking into account a re-
latively small penetration length of light in metals, which is much
smaller than the wavelength of the excitation laser light (~12 nm at
A = 532 nmfor Ni [45]), and the uncertainty principle, the conservation
of the normal component of the k-vector of light was not satisfied in the
considered scattering processes. The latter means that thermal magnons
with different frequencies and wave vectors can participate in the
scattering processes and contribute to the accumulated BMS spectra
[18,46]. More detailed explanation is provided below.

A representative BMS spectrum of Ni thin film on PMN-PT substrate
is shown in Fig. 3. The data are collected at the external magnetic field
of Hy = 440 Oe. As can be seen, there are two pairs of distinct peaks
at = 4.3 GHz and * 7.4 GHz frequencies. The peaks with the positive
and negative frequency shifts correspond to the anti-Stokes and Stokes

—— Experiment

—— PSSW (n=1) 4.3 GHz
—— PSSW (n=2)

—— Cumulative Fitting 7.4 GHz

Intensity (Arb. Units)

-15 -10 -5 0 5 10 15
Frequency (GHz)

Fig. 3. . BMS spectrum of Ni thin film measured at an external magnetic field of
440 Oe. The peaks at 4.3 GHz and 7.4 GHz are attributed to the first (n = 1)
and second (n = 2) PSSW modes spatially confined across the film thickness.
The violet and green curves are individual Lorentzian fittings of each peak
whereas the red curve shows the cumulative fitting to the experimental data.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Journal of Magnetism and Magnetic Materials 501 (2020) 166440

processes, respectively. The peaks were accurately fitted with in-
dividual Lorentzian functions (violet and green curves) to define the
spectrum position of each maximum. The red curve is a cumulative
fitting of all individual peaks, which matches perfectly with the ex-
perimental BMS data. As it was mentioned above, owing to the small
penetration length of the light into the metal, only the in-plane com-
ponent of the light wave vector is conserved during the light scattering
process [18,46]. In our case of the tangentially magnetized thin film, in
addition to the PSSW modes, one also expects surface magnon modes,
which are propagating perpendicular to the bias magnetic field H, and
in the in-plane surface of the ferromagnetic film. These modes are re-
ferred to as Damon-Eshbach (D-E) modes [46,47]. Since in our ex-
periment the incident light is normal to the sample’s surface, one would
expect to observe a peak, corresponding to the D-E mode with g, = 0,
where g is the in-plane component of the incident light wave vector.
However, in the ferromagnetic thin films, the D-E mode with g, = 0is
the ferromagnetic resonance (FMR) mode with a uniform distribution of
the variable magnetization, m, through the thickness and in-plane di-
rection of the film. This case corresponds to unpinning boundary con-
ditions on both surfaces of thin films [48,49]. One should note that
because of the limited numerical aperture of the focusing lens, all D-E
modes with larger in-plane wave-vectors contribute to the light scat-
tering, which result in a continuous background spectrum (see Fig. 3).
Due to the uncertainty principle, in the direction perpendicular to the
surface of the film, all PSSW modes with the wave vectors g satisfying
k — 6k < q<k+ 6k also contribute to the light scattering. Here
k = 2mky = 4nnmy /A (ko = 27/2 is the wavevector magnitude of light) is
the normal-to-surface component of the wave vector of the excited
quasiparticle (phonon, magnon) inside the medium as a result of in-
teraction with the light in the backscattering configuration. The un-
certainty in the wave vector is defined as k/k ~ 2n,/n; where n; and n,
are the real and imaginary parts of the refractive index, respectively
[18,46]. For Ni, n; = 1.8775 and n, = 3.4946 at A = 532 nm [45] and
therefore, all PSSW modes with 0 < g S 0.2094 nm~! should be present
in the BMS spectrum. Based on this, we assign the observed peaks in
Fig. 3 as the first (n = 1) and second (n = 2) PSSW modes. Similar
thermal magnon peaks were observed previously in 60 nm thick Py film
deposited on glass substrate [50]. Below we provide additional argu-
ments supporting our peak assignment.

In order to further elucidate the nature of the observed peaks, we
carried out a number of BMS measurements at different bias magnetic
field Hy. In Fig. 4, we present a summary of the sequential BMS mea-
surements, showing the position of the peaks as a function of the ex-
ternal magnetic field H, changing from 100 Oe to 960 Oe. The data
reveal almost synchronous shift to higher frequencies for both modes.
The frequency difference between the two distinctive peaks is
~3.4 GHz at 300 Oe and ~3.2 GHz at 900 Oe. In order to explain the
observed phenomena, we start with the general dispersion relation for
spin waves as described in Ref. [48]:

f3 = v*«(Hey + Dg*)+(He + Dg* + 4Mp). o)

In this equation, f is the frequency of the spin waves,
y = 3 MHz/Oe is the gyromagnetic ratio [20], D = 3.1 X 10~ Oe. cm?
is the exchange constant, H,y is the effective magnetic field, which is
the sum of the external magnetic field Hy and the anisotropy magnetic
field Hy, q is the wave-vector of PSSW mode, and 47M, = 2640 G is the
saturation magnetization of the film, respectively. The wave vectors of
the spatially confined PSSW modes, gq,, are defined from the Land-
au-Lifshitz—Gilbert equation for the precession motion of the magne-
tization m with the following boundary conditions [48,49]:

Em + dm/dx)e—o = 0
&m + dm/dx)—q =0 (2

Here m is the variable magnetization, while & and ¢, are the pinning
parameters at the corresponding boundary surfaces of x =0 (Ni-
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Fig. 4. Frequency of the first and second PSSW modes as a function of the
applied external magnetic field. The blue squares and red circles represent the
frequencies of the PSSW modes associated with the two distinct peaks observed
in BMS experiments. The blue and red dashed lines are theoretical fittings
obtained assuming the partially pinning boundary condition at Ni-substrate and
unpinned boundary condition at Ni-air interfaces, respectively. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

substrate interface) and x = d (Ni-air interface) of the Ni film of the
thickness d, respectively. The pining parameters can differ significantly
owing to the difference in the Ni-air and Ni-substrate interfaces. In
order to fit the experimental data, we used the asymmetric boundary
conditions & > 0 and &, = 0, respectively. The specific values of g, for
different PSSW modes can be found from the following equation and
then substituted in the dispersion relation of Eq. (1) in order to define
the frequency of the corresponding PSSW mode [48,49]:

cot(g,d) = q,d/2¢ 3

As a result of the iterative calculations, at & = 0.918, the red and
blue dashed fitting lines were obtained along with the values q,d = 1.05
and g,d = 3.61 (see Fig. 4). The calculated curves are in excellent
agreement with the experimental data. To understand the pinning effect
better, we also examined two extremes cases of the totally symmetric
and asymmetric boundary conditions at two interfaces. In case of
symmetrical boundary conditions where; = £, = & [Refs. [48,49]], the
wave vectors of PSSW modes are governed by the condition
qg,=@n -1, ne€N=1,2, -, which does not depend on the pin-
ning parameteré. In this case, for the first two PSSW modes, one would
obtaing,d = mrandq,d = 37, respectively. Substitution these values to
Eq. (1), we obtain the frequencies for the first two PSSW modes, which
differ significantly from the experimentally measured values. On the
other hand, considering the asymmetrical case where the pinning
parameteré, — oo (total pinning at Ni-substrate interface) and &, =0
(no pinning at Ni-air interface), one would obtain the conditions
q,d = /2 and q,d = 37/2 [48,49], which again results in frequencies
considerably different from the experimental values. Assuming dif-
ferent values for pinning parameter at dissimilar interfaces of Ni-air and
Ni-substrate means that most probably we have a case of asymmetrical
pinning with unpinned spins at the free surface of Ni film and partial
pinning spins at Ni-substrate interface. Given this, one should expect
that the pinning parameter & at the Ni-substrate interface should
change when the Ni-substrate interface is modulated as a result of in-
duced stress by applying electrical voltage to the PMN-PT substrate.

The data presented in Figs. 3 and 4 were obtained at zero voltage
applied across the PMN-PT substrate. The next set of experiments was
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Fig. 5. Frequency of the first (red circles) and second (blue squares) PSSW
modes as a function of applied bias at a constant external magnetic field
Hey = 440 Oe. The blue squares and red circles show the experimental data
from BMS experiments. Nota that the frequency of both modes decreases non-
monotonically with the increasing electric field bias. The dashed lines are the
guides for the eye. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

aimed to demonstrate the effect of the stress-mediated coupling be-
tween the piezoelectric and magnetostrictive layers on the spectral
position of the confined modes. An electric field applied across the
PMN-PT layer produces stress, which, in turn, affects the magnetic
properties of the magnetostrictive Ni layer. Fig. 5 shows the spectral
position of each individual peak, observed in Fig. 3, as a function of the
applied electrical bias, at a constant external magnetic field
Hy = 440 Oe. The results indicate that the frequencies of the PSSW
modes generally decrease with increasing electric field, although the
decrease is non-monotonic. More importantly, the rates are different for
the first and the second modes: 0.25 GHz / 0.4 MV/m for the first and
0.5 GHz / 0.4 MV/m for the second confined modes. Overall, the effect
of applying the electric field is opposite to the one produced by the
applied magnetic field.

Application of DC voltage bias produces a mechanical strain in
PMN-PT due to its piezoelectric properties. This strain is transferred to
the magneto-elastic Ni film and, in turn, changes its magnetic aniso-
tropy [51], and corresponding conditions for the PSSW resonance
modes. In particular, these changes reveal themselves in the appearance
of an additional anisotropy field H,(V). This field, in turn, leads to a
change in the frequency of the PSSW modes. It should be noted that
although the frequency of both modes shifts down with the increasing
electrical bias, the rate of the decrease is significantly larger for the
second mode. This cannot be explained only by changes in the aniso-
tropy field because based on Eq. (1), the sensitivity of the frequency to
H, is approximately the same for both modes, and even a little smaller
for second mode. On the other hand, the sensitivity of the frequency to
changes in the wave vector values is much larger for the second mode.
Since the wave vector is completely defined by Eq. (3), its changes can
take place in the case when the thickness of the film d or/and pinning
parameter ¢ change. For these reasons, we attribute the observed fre-
quency shifting of PSSW to the applied DC voltage on the PMN-PT
substrate not only to the changes in the magnetic properties of the thin
film, but also to the thickness variations of the Ni film and the condi-
tions for the pinning of the spin waves at Ni/PMN-PT interface. we
theoretically estimated the sensitivity of frequency change with respect
to variation of different parameters. Based on Eq. (1), there are three
parameters, which determine frequency of PSSW modes: H,, 47M,, and
q. Let us introduce and calculate parameter & as a ratio of frequency
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changes Af, of the first PSSW mode to frequency changes Af, of the
second mode due to changes of a specific parameter p, where p is H,, or
47M,, or q:

8, = (Af,/Af,) = (df,/dp)/(df,/dp) O))
Using Eq. (1), the following equations can be derived:

Samnty = {(Heyr + D)/ (Her + DD} /1) ©)

i, = {(Hoy + Dg + 27My)/(Hyy + Dq? + 27Mo)}(f /1) 6)

6q = {(Hcff + Dq12 + ZHMO)/(HBﬂ' + Dq22 + ZﬂMO)}(fz/fi)(‘h/qz)(A‘h/qu)
@)
Using Egs. (5) and (6) at He = 500 Oe, g,d = 1.05, q,d = 3.61,
47M, = 2640 G, f; = 425 GHz, and f, = 7.4 GHz one would obtain
daxmy = 0.682 and SH, = 1.18, respectively. Experimental value of
(Af,/Af,)is about 0.4. Thus, changes in the anisotropy field cannot serve
as an explanation of the observed frequency shift of PSSW modes.
Calculated value of 4., = 0.682 is closer to measured values in ex-
periment but strain introduces changes in anisotropy field, and it does
not change saturation magnetization. In order to calculate §; we need to
know changes of PSSW’s wave vectors Ag, andAg,. Based on Eq. (3)
these changes can occur as a result of changes of Ni film thickness d (Eq.
(8)) or pinning parameterf (Eq. (9)) as follow:

—(q,,d)/d*Ad (8)

Aqy,

Aq,, = [(q,d/2E%)/d/(1/sin(q, ,d) — 1/2€)]AE 9)

Using formulas (8) together with (7) results in &; = 0.1. This case is
associated with the situation where the change in the wave vector is a
result of the change in the film thickness. Obviously, this value is too
small comparably with experimental observation. Moreover, the
change in thickness results in variation of the second mode frequency
almost ten times more than that of the first mode. On the other hand,
substitution of (9) in (7) gives & = 0.552. This case corresponds to the
induced changes in mode wave vectors as a change in pinning para-
meter. This value is very close to the experimental data. Based on these
calculations, one can assume that most probably the strain from PMN-
PT substrate, which appears at applied voltage, leads somehow to
changes in pinning parameter at interface between Ni and PMN-PT
interface. Obviously, other parameters, e.g. field of anisotropy and film
thickness also undergo changes and affect frequency of PSSW but pin-
ning parameter is responsible for the change as well. It is also possible
to calculate absolute values of frequency shifts due to changes in var-
ious parameters; However, in this case one needs to measure or cal-
culate the changes of thickness Ad (V) and pinning parameters A& (V) as
a function of applied bias which will require further theoretical study
and is out of scope of this study.

4. Conclusions

In summary, we used p-BMS to investigate the spatially confined
thermal magnons in the two-phase synthetic multiferroic structures
consisting of a piezoelectric [Pb(Mg;,3Nb2,3)03] —x)~[PbTiO3]y sub-
strate and a Ni thin film. BMS spectra revealed two dominant peaks,
which were attributed to the first and second PSSW modes, and de-
scribed within the framework of the PSSW resonance with the asym-
metrical boundary conditions at different interfaces of Ni film. Our data
demonstrate the control of thermal magnons using the stress-mediated
coupling in synthetic multiferroic structures with spatial confinement.
An application of 0.4 MV/m electric field results in about 0.25 GHz and
0.5 GHz shifts for the first and the second confined magnon modes,
respectively. The obtained results are important for understanding the
thermal magnon spectrum in ferromagnetic films and development of
the low-power spin-wave devices.
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