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Exchange spin waves in thin films with gradient composition
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We report on an investigation of magnetic resonance phenomenon in ferromagnetic thin films with controlled
nonuniform composition. An epitaxial Pd-Fe thin film with linear distribution of Fe content across the thickness
is used as the model material. Anomalous perpendicular standing spin waves are observed and quantified using
the collective dynamic equation. Numerical analysis yields the exchange stiffness constant for the diluted Pd-Fe
alloy D = 2A/poM; = 15 T - nm? and the ratio of the effective magnetization to the saturation magnetization
M. /M = 1.16. It is demonstrated that, overall, the engineering of thin films with nonuniform composition
across the thickness can be used for high-frequency or low-field magnonic operations using exchange spin waves.

DOLI: 10.1103/PhysRevMaterials.6.064406

I. INTRODUCTION

Magnonics is an expanding field of research that offers
approaches for the transmission and processing of microwave
signals via spin waves (i.e., magnons) [1-8]. Practical ad-
vantages of the magnonics include tunability of the magnon
frequencies via the external field, material choice, or the
geometry of the magnon media, charge-current-free nature
and low power consumption of the spin-wave transfer, and
micro- and sub-micro-scales of spin waves at microwave fre-
quencies, which allows to target the creation of microdevices
for the processing of microwave information. Currently, the
applied magnonics is progressed towards the development of
magnon logic devices [7], i.e., waveguides [9], magnon tran-
sistors [10], directional couplers [11], majority gates [12,13],
non-Boolean devices [5], and neuromorphic circuits [14,15].
Also, magnonics finds its application in spintronic sys-
tems [4,16-19]. Precessing magnetization is used as the
source of the spin current in a conductor that is induced by the
spin pumping at the interface of the ferromagnet/conductor
bilayer. The charge current is subsequently converted from
the spin current via the inverse spin-Hall effect in the adja-
cent conductor. As an alternative direction of research, cavity
magnonics [20-26] aims at the single quantum operations
and considers hybridization of magnons with photons. Cavity
magnonics offers various promising technologies, including
hybrid quantum platforms [27,28], magnon memory [29], and
microwave-to-optical quantum transducers [30].

Arguably, one of the most desired characteristics, regard-
less of the particular application, is high magnon frequency
at zero or low magnetic fields. Quite a number of approaches
were proposed in recent years that allowed to achieve high
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frequencies at low fields. For instance, the enhanced eigenfre-
quencies of a thin-film magnonic media can be accessed by
engineering the magnetic anisotropy at interfaces of thin-film
heterostructures [31-34] by considering antiferromagnetic
exchange interactions [19,35-37], or using mechanisms of
hybridization with superconducting structures [38—40].

Technically, high eigenfrequencies in the magnonic me-
dia at low magnetic fields can be reached much more easily
by exploiting exchange spin waves. Indeed, for perpendicu-
lar standing spin waves in ferromagnetic films [41-43] the
effective exchange field H. scales with the thickness d as
Hy = (2A/ woM)k?, where A is the exchange stiffness con-
stant, M, is the saturation magnetization, k = 2rrn/d is the
wave vector, and 7 is the mode number. An appropriate choice
of ferromagnetic material or of just the film thickness allows
to achieve eigenfrequencies in the range from GHz up to
sub-THz. However, conventionally, coupling of perpendicu-
lar exchange spin waves in thin films with microwave fields
requires fixed spin boundary conditions at least at one of the
film surfaces. Otherwise, the dynamics susceptibility of the
perpendicular spin waves is zero.

Often spin-wave boundary conditions in ferromagnetic
films are free and the operation with the exchange spin waves
requires more sophisticated approaches. For instance, as
demonstrated recently, the excitation of exchange spin waves
can be achieved using the dipole or the interface exchange
interactions in magnon-magnon hybrid structures [44-48] or
by employing spin transfer torque nanooscillators [49-51].
More exotic approaches for the excitation of exchange spin
waves include the employment of moving superconducting
vortex lattice [52] or resonating skyrmions [53]. As a draw-
back, these approaches are hardly flexible in terms of selection
of materials and conditions for spin-wave excitation.

In this work, we propose and explore a more traditional
approach for the excitation of exchange spin waves and tuning
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of the effective exchange energy. We study exchange spin
waves in thin films with nonuniform composition across the
thickness. As was reported earlier [54-59], the spectrum of
perpendicular exchange spin waves in thin films with nonuni-
form composition across the thickness acquires a dependence
on the particular distribution of magnetic parameters across
the thickness of the film, making the spectrum anomalous; the
spin-wave eigenvalue problem is reduced to the Schrodinger
equation. In addition, nonuniform composition ensures the
nonzero dynamic susceptibility of perpendicular spin waves
regardless of boundary conditions. With the modern devel-
opment of thin-film deposition techniques, opportunities for
the fabrication of thin films with predefined distribution of
ferromagnetic parameters across the thickness are vast.

We perform our proof-of-principle measurements on an
epitaxially grown Pd-Fe alloy thin film as the model material.
The dilute Pd-Fe alloys belong to a class of ferromagnets
composed of palladium or platinum doped with transition
metals (i.e., Fe, Co, and Ni). A low concentration of transi-
tion metals induces spontaneous magnetization of alloys with
several K Curie temperature and with a “giant” effective mag-
netic moment per magnetic atom [60]. Such diluted alloys are
of particular interest in superconducting spintronics [61-68].
For higher concentrations, the magnetization and the Curie
temperature increase approximately linearly with increasing
Fe concentration up to 400 K for 20 at.% of Fe [66,69].
At last, strong ferromagnetic superstructured Fe-Pd, Fe-Pt,
Co-Pt films with equiatomic composition are characterized
by large magnetocrystalline anisotropies [70,71] and find its
application in hard-drives [72], micro-devices [73,74], and
high-frequency ferromagnetic resonance applications [75,76].
The spin-wave dynamics studied in this work contributes to
the understanding of magnetic phenomena in the Pd-Fe sys-
tem, as well as enriches the range of potential applications of
Pd-Fe alloys.

II. EXPERIMENTAL DETAILS

The epitaxial Pd-Fe film samples with gradient composi-
tion across their thickness were fabricated by molecular-beam
epitaxy (MBE) in ultrahigh vacuum conditions of 5 X
107! mbar (SPECS Surface Nano Analysis GmbH). Epi-
ready (R, < 0.5 nm) (100)-MgO single-crystal substrates
were used with dimensions of 5 x 10 x 0.5 mm? provided by
Crystal GmbH. Iron and palladium were evaporated simul-
taneously from CreaTec Fischer effusion cells with precise
temperature control of £0.1° C. During the deposition pro-
cess, the temperature of the palladium was constant, while
the temperature of the iron was varied over time to obtain a
desired profile of Fe content across the thickness of synthe-
sized films. The film growth was carried out in two stages, in
analogy with Ref. [77]. Details of the procedure can be found
in [78]. The structural perfection of the film was monitored in
situ at each stage by low-energy electron diffraction (LEED)
and has shown single-crystallinity of the growing Pd-Fe film.

Next, the synthesized samples were cut into several pieces
for further studies. One piece of the each sample was addi-
tionally annealed in an ultrahigh vacuum (9 x 10~ mbar) at
a temperature of 600° C for 2 hours to confirm the stability of
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FIG. 1. Iron content across the thickness of the studied Pd-Fe
film. Red line shows the linear fit.

the samples: the structural and magnetic properties of samples
did not change noticeably after the annealing.

The crystal structure was studied using the Bruker D8 Ad-
vance x-ray diffractometer. X-ray diffraction (XRD) studies
confirmed the epitaxial growth of a Pd-Fe film on the MgO
single-crystal substrate in the “cube-on-cube” mode. More
details on the structure and technology of the studied films
are provided in [78].

In this work, as the representative example, we focus
on the Pd-Fe sample with thickness d = 116 nm, in which
the concentration of Fe is varied linearly from 3.3 at.%
at the interface with the substrate to 10.8 at.% at the free
surface (see Fig. 1). The distribution of Fe atomic content
across the thickness was verified with x-ray photoelectron
spectroscopy (XPS by SPECS) in combination with sequential
Ar-ion etching of the sample surface. In [78] we also provided
data for an evidence Pd-Fe film with 7 at.% of Fe, uniform
distribution of Fe, and thickness 80 nm.

Magnetization measurements were performed using the
vibrating-sample magnetometer (VSM) of the QUANTUM DE-
SIGN PPMS-9 setup. The external magnetic field was applied
both parallel to the film plane (in-plane) along [100] and [110]
crystallographic directions of the cubic MgO single-crystal,
and perpendicular (out-of-plane) to the film plane, along the
[001] direction. Magnetization measurements reveal an onset
of a spontaneous magnetization at about 7 = 250 K for the
selected Pd-Fe sample.

Ferromagnetic resonance spectroscopy (refereed to as
FMR) was performed using the VNA-FMR flip-chip ap-
proach [79,80]. The Pd-Fe sample was glued on top of the
transmission line of the 50-Ohm-impedance coplanar waveg-
uide equipped with SMP rf connectors and was placed in
a homemade superconducting solenoid inside a closed-cycle
cryostat (Oxford Instruments Triton, base temperature 1.2 K).
The magnetic field was applied out-of-plane, perpendicular to
the surface of the waveguide and of the studied Pd-Fe sample
(i.e., along the [001] direction). The response of the samples
was studied by analyzing the transmitted microwave signal
S21(f, H) with the VNA Rohde & Schwarz ZVB20.
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FIG. 2. The dependence of magnetization of the studued Pd-Fe
sample on the magnetic field in both the in-plane (red curves, upper
x-scale) and the out-of-plane (black curve, lower x-scale) measure-
ment geometries at 7 = 5 K.

Cavity magnetic resonance (CMR) spectroscopy was
performed using a commercial X-band Bruker ESP300 elec-
tron spin resonance spectrometer equipped with the Oxford
Instruments ESR-9 helium flow cryostat. The standard
ER4102ST rectangular TE102-mode cavity was used in the
measurements. See [81] for more details on the measurement
setup and its application for studies of Pd-Fe films.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Magnetic properties of Pd-Fe epitaxial films
with gradient composition

Figure 2 shows the dependence of magnetization of the Pd-
Fe sample on magnetic field at 7 = 5 K for both the in-plane
(red curve) and the out-of-plane (black curve) orientations of
the magnetic field. All curves indicate a minor hysteresis with
the coercive field of several mT, and the volume-averaged
saturation magnetization of the Pd-Fe sample about oM, =
0.3 T. The difference in saturation fields for the in-plane
magnetization curves indicates the [110] crystal axis as the
easy magnetization direction. The saturation field for the out-
of-plane geometry H; corresponds to some overall effective
magnetization poH; = woM s &~ 0.47 T, which incorporates
the saturation magnetization as well as the averaged uniaxial
and cubic anisotropies [33,43].

Figure 3 shows the differentiated FMR spectrum dS,,/dH
of the same Pd-Fe sample measured at out-of-plane mag-
netic field and temperature 7 = 5 K. The spectrum reveals
three absorption lines indicated with numbers n = 1, 2, 3. The
line n = 1 shows the highest absorption amplitude, though,
low FMR signal amplitudes do not allow to estimate rela-
tive intensities of spectral lines. The dependence of the FMR
frequency on the magnetic field shows linear dependence at
woH 2 0.5 T following the typical FMR relation for saturated
thin films at out-of-plane magnetic fields. At uoH < 0.5 T the
magnetization of the Pd-Fe film starts to relax and the FMR
lines deviate from the linear behavior.
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FIG. 3. Differentiated FMR absorption
dSy (f,H)/dH of the Pd-Fe sample at 7 = 5 K.

spectrum

Relative intensities of resonance lines are obtained by
measuring the cavity resonance spectrum. Figure 4 shows
the CMR spectrum of the same Pd-Fe sample at the out-
of-plane magnetic field at temperature 7 = 5 K and cavity
frequency 9.44 GHz. The spectrum reveals five resonance
fields indicated with the numbers n =1, ..., 5. Intensities
of the resonances gradually reduce with increasing the mode
number.

Figure 5 summarizes ferromagnetic resonance measure-
ments. The symbols in Fig. 5 show experimental FMR and
CMR f,(H) dependencies. In general, the FMR in thin films
at the out-of-plane magnetic field above the saturation field
obey the modified Kittel formula [41-43]

27Tfr//-'LOV = H + Hex — Mgy, (D

where y is the gyromagnetic ratio of Pd-Fe and Hy is the ef-
fective exchange field. Fitting the FMR lines at uoH > 0.5 T
yields the gyromagnetic ratio y/2m = 30.4 GHz/T and the
effective field term wo(Megr — Hex) = 0.43 T for n = 1, while
CMR n = 1 resonance field yields po(Mer — Hex) = 0.46 T.
The gyromagnetic ratio of the Pd-Fe sample is close to the
ratio for free electrons 28 GHz/T. Its slightly higher value can
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FIG. 4. CMR spectrum of the Pd-Fe sample at 7 = 5 K.
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FIG. 5. Experimental f.(H) dependencies acquired from the
FMR spectrum (Fig. 3) are shown with black circles. Black solid
lines show the fit of FMR f,(H) lines with Eq. (1). Resonance fields
obtained by the CMR measurements at f, = 9.44 GHz (Fig. 4) are
shown with red crosses. Red dashed lines show extrapolation of
CMR using Eq. (1) and the gyromagnetic ratio obtained from the
FMR lines.

be explained within the two sublattice model [82,83] by larger
g-factor for Pd than for Fe.

The obvious shift between CMR and FMR resonances
in Fig. 5 by uoH =0.03 T indicates the presence of an
additional exchange field in the case of FMR measurements.
We state that this exchange field appears due to the ferromag-
netic skin effect [84—86]. At certain conditions, in the case
of asymmetric excitation of magnetization dynamics, as done
by the coplanar waveguide in FMR measurements, microwave
currents induced in conducting ferromagnetic films partially
screen external microwave fields. This localized screening en-
ables the excitation of magnetization dynamics with nonzero
wave vector, which contributes to the process by an ad-
ditional exchange field and shifts the resonance frequency
as compared to the Kittel mode. In the case of the CMR
measurements the excitation microwave fields are applied
symmetrically at both surfaces of the film and the localized
screening process does not enable an additional exchange
field. Below we focus on CMR data for simplicity.

B. Exchange spin waves in Pd-Fe epitaxial films
with gradient composition

Resonance modes n=1,...,5 in Figs. 3-5 are re-
ferred to as the perpendicular standing spin wave (PSSW)
resonances [41-43] where the nonzero spin wave vector in-
duces an effective exchange field. Figure 6(a) shows the
dependence of the CMR resonance field on the mode num-
ber H,(n), Figure 6(b) shows the dependence of the relative
CMR amplitude on the mode number /(n). For the conven-
tional exchange PSSW the dependence H,(n) is parabolic
due to the k* factor of the H. in Eq. (1). In contrast, the
dependence H,(n) in Fig. 6(a) is approximately linear, which
indicates that the spin wave resonances can be character-
ized as anomalous [54-56]. Anomalous spin wave resonances
appear when any magnetic property, i.e., the saturation mag-
netization, magnetic anisotropies, or the exchange stiffness,
is nonuniform across the thickness of the ferromagnetic film.
In our case, all three parameters are nonuniform due to the
gradient composition of the Pd-Fe film.

PSSW in ferromagnetic films can be treated comprehen-
sively by means of the collective dynamic equation [54-59].
It can be shown that, by starting from the Landau-Lifshitz
equation for an individual layer inside the film coupled to
neighboring layers via the exchange interaction, the dynamic
equation is derived in the form of the Schrodinger equation

92 27 f;
[—D(Z)a—22 + V(z)}m(z) = Tm(z), ()

where m(z) is the dependence of the locally normal-
ized amplitude of the magnetization precession across the
thickness of the film, D(z) = 2A(z)/uoM;(z) is the nor-
malized exchange stiffness coefficient, and V(z) = H —
M.s7(2) + D(2)/My(2) 2 M,(z) is the potential well. The gen-
eral boundary conditions of the eigenvalue problem in Eq. (2)
are [57,87-89]

dm/dz + agm = 0, 3

where o, = K /A; is the surface coefficient, K is the surface
anisotropy, and A; is the exchange stiffness constant at the
surface. In the case of oy = 0 the spin boundary conditions
are free. In the case of 1/a; = 0 the spin boundary conditions
are fixed or pinned.
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FIG. 6. (a) Dependencies of resonance fields on the mode number poH,(n) at f = 9.44 GHz. (b) Normalized dependencies of resonance
intensities on the mode numbers /(n)/I(1). (c) Dependencies of amplitudes of magnetization precession across the thickness of the film for

different modes n.
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The intensity of the resonance can be derived with the
following expression:

I /h,f(z)m(z)Ms(z)dz, “)

where h,(z) is the distribution of the rf magnetic field inside
the film. It should be noted that the proper derivation of 4, ¢(z)
would require to account for the so-called ferromagnetic skin
effect via the self-consistent analysis of the spin-dynamic
Eq. (2) in combination with the Maxwell equations, as was
done in [84-86]. Such an analysis is challenging as it would
require the dependence of resistivity p on Fe content; it is
beyond the scope of this work. In this work we treat the
ferromagnetic skin effect by defining the distribution of the
rf magnetic field as A, o< cosh[(z —d/2)/of], where of =
oo(AH/M)'*[H,/(H, + M{)]'/* ~ 0.10¢ is the ferromag-
netic skin depth [84-86], oy = +/p/7 Lo f> is the conventional
electromagnetic skin depth, AH is the resonance linewidth,
and H, is the resonance field (see Fig. 4).

CMR resonances are analyzed using Eqs. (2) and (3) as
follows. We consider the linear dependence of the concen-
tration of Fe Cg. across the thickness Cg. = 10.8 — 7.5z/d
at.%. The local saturation magnetization M,(z) is found as
Cre X My/7.1. This value of the specific magnetization per
at.% of Fe is consistent with the magnetization of the evi-
dence sample [78]. Next, it is assumed that the local effective
magnetization is proportional to the local saturation magneti-
zation M.(z) = BxM,(z), where Bx < 1 corresponds to the
easy out-of-plane anisotropy and vice versa. At last, it can be
noted that, due to the linear dependence of both the saturation
magnetization and the Curie temperature on Fe composi-
tion [66,69], the exchange coefficient D can be considered as
independent of the composition and, thus, constant across the
thickness of the film.

In numerical calculations we optimize the resonance fields
of spin waves [see Fig. 6(a)]. The optimum fit is obtained with
D =15 T-nm?, B¢ = 1.16, and free boundary conditions.
The exchange coefficient D is well consistent with typical
values for ferromagnetic metals. For instance, in permalloy
with A =1.2 x 107" J/m and poM; =1 T the exchange
coefficient is D = 30 T - nm?. The obtained Bx = 1.16 > 1
indicates that the hard axis is aligned out-of-plane, which
is well consistent with previous studies of epitaxial Pd-Fe
films [66] and with the magnetization measurements of the
evidence sample [78]. The obtained free boundary conditions
are in agreement with our FMR studies of Pd-Fe films with
uniform composition [66,78]: for such films we do not ob-
serve PSSW resonances. Figure 6(b) shows the dependence of
resonance amplitudes on the mode number calculated using
Eq. (4) and the optimized ferromagnetic skin depth oy =
70 nm. Both the experimental and numerical /(n) decrease
progressively with the mode number and show comparable
values. The reasonable match between the experimental and
theoretical /(n) reflects the action of the ferromagnetic skin
effect [84-86]. The ferromagnetic skin depth oy = 70 nm cor-
responds to the conventional skin depth op = 0.7 um and to
the resistivity p = 2 ©SQcm, which is consistent with the val-
ues of resistivity in Pd and Pd-Fe alloys [90-92]. Figure 6(c)
shows dependencies of the locally normalized amplitude of
the magnetization precession on position m(z) for the first five
modes.

For demonstration purposes we consider sine and cosine
distributions of Fe across the thickness of a 100-nm film:
Cre = 10 + 8sin(27rz/d) at.%, and Cg. = 10 + 8 cos(2nz/d)
at.%, with the same parameters D and Bk as in Fig. 6. For
considered compositions the maximum, the minimum, and the
average Fe content are identical. Yet the resonance conditions
for PSSW in these films are different. For simplicity the rf
field Ay in Eq. (4) is taken as constant.

Figure 7 shows resonance fields, intensities, and distri-
butions of amplitudes of magnetization precession for the
considered compositions. It is instructive and interesting to
interpret magnetization dynamics in such films in terms of
magnons, their localization, and mutual interaction. The sine
distribution corresponds to the formation of a potential well
for magnons at z/d = 1/4, a local barrier at z/d = 3/4, and,
thus, another local well at z/d = 1, in accordance with Eq. (2)
[see the upper panel in Fig. 7(c)]. The first three magnon
modes are localized within the well at z/d = 1/4 [see the
lower panel in Fig. 7(c)]. The forth mode corresponds to a
magnon, which is localized in vicinity to z/d = 1 [the red
dashed curve in the lower panel in Fig. 7(c)]. Magnon modes
n =135 and n = 6 involve magnetization dynamics across the
entire film and can be thought of as global. The sine profile
results in the monotonous decrease of the resonance field with
the mode number [Fig. 7(a)]; the strongest magnon modes
are n =1 and n =4 [Fig. 7(b)] that are two local modes
at z/d =1/4 and z/d =1, respectively, with the lowest
momentum.

The case of cosine distribution is even more curious. In
accordance with Eq. (2) the cosine distribution of Fe leads to
the formation of two symmetrical identical wells at z/d = 0
and z/d = 1 [see the upper panel in Fig. 7(d)]. Magnetization
dynamics in such a system can be thought of as a result of
the magnon-magnon hybridization [44—48] between identical
magnons localized at z/d = 0 (left) and z/d = 1 (right) that
form acoustic (symmetric) and optic (antisymmetric) modes.
The n =1 mode corresponds to the acoustic hybridization
between the lowest-momentum left and right magnons [black
solid curve on the lower panel in Fig. 7(d)], while the n =
2 mode corresponds to the optic hybridization between the
same lowest-momentum left and right magnons [black dashed
curve on the lower panel in Fig. 7(d)]. These two modes are
characterized by the same resonance field [Fig. 7(a)] due to
the absence of coupling strength between magnons. This is
manifested by zero amplitude for both modes at z/d = 1/2.
The symmetry in amplitudes of magnetization precession
across the thickness leads to the maximum in the intensity
for the mode n = 1, while for n = 2 the intensity is zero
I =0 [Fig. 7(b)]. The antisymmetric distribution of ampli-
tudes and zero intensity would require an asymmetric rf field
hyt to detect such a mode. The next pair of modes n = 3 and
n = 4 [the red solid and dashed curves on the lower panel in
Fig. 7(d) }corresponds to the acoustic and optic hybridization
between the second-lowest-momentum of the left and right
magnons. A small difference in amplitudes of magnetization
precession Am = 0.14 arb. at z/d = 1/2 for these two modes
indicates that the coupling strength between these magnons
in not zero. The presence of the coupling strength results in
a small difference between resonance fields of these modes
ApoH, = 0.7mT [Fig. 7(a)]. The symmetry of the amplitudes
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FIG. 7. (a) Dependencies of resonance fields on the mode number poH,(n) at f = 9.44 GHz. (b) Normalized dependencies of resonance
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panel: Dependencies of amplitudes of magnetization precession across the thickness of the film with sine distribution of Fe for different modes
n. (d) Upper panel: Potential V(z) — H [see Eq. (2)] in the case of cosine distribution of Fe. Lower panel: Dependencies of amplitudes of
magnetization precession across the thickness of the film with cosine distribution of Fe for different modes n.

of magnetization precession across the thickness leads to the
dynamic susceptibility of the acoustic n = 3 mode I =~ 0.3,
while for the optic n = 4 mode the intensity / = 0 [Fig. 7(b)].
The last pair of presented modes n = 5 and n = 6 [the blue
solid and dashed curves in the lower panel in Fig. 7(d)] cor-
responds to the acoustic and optic hybridization between the
higher-momentum left and right magnons. A significant dif-
ference in the amplitudes of magnetization precession Am =
1.09 arb. at z/d = 1/2 for these two modes indicates sizable
coupling strength between these magnons and results in a
larger difference between resonance fields AuoH, = 28.5 mT
of these modes [Fig. 7(a)]. The resonance intensity of the
acoustic n =5 mode is I ~ 0.1, while for the optic mode
n = 6 the intensity I = 0 [Fig. 7(b)].

Overall, these differences in resonance behavior of films
with identical maximum, minimum, and average Fe con-
tent highlight the potential of ferromagnetic thin films with
nonuniform composition for engineering a desired spin-wave
spectrum, which can be useful in high-frequency or low-field
magnonic operations. In addition, these calculations suggest
that ferromagnetic films with nonuniform composition may

become a playground for studying systems with intrinsic
magnon-magnon hybridization.

IV. CONCLUSION

Summarizing, we studied magnetic resonance phe-
nomenon in ferromagnetic thin films with engineered
nonuniform composition. The Pd-Fe thin film with linear
distribution of Fe content across the thickness was used as
the model material. Anomalous perpendicular standing spin
waves were observed using cavity magnetic resonance spec-
troscopy and VNA-FMR spectroscopy. Numerical analysis of
the resonance conditions using the collective dynamic equa-
tion yielded the exchange stiffness constant for the diluted
Pd-Fe alloy D =2A/uoM; =15 T -nm? and the ratio of
the effective magnetization to the saturation magnetization
Megs/M; = 1.16. As a demonstration, perpendicular standing
spin waves were considered numerically in Pd-Fe films with
sine and cosine distributions of Fe content. This work sug-
gests that, in comparison to other methods of exploitation of
spin waves, the engineering of thin films with a nonuniform

064406-6



EXCHANGE SPIN WAVES IN THIN FILMS WITH ...

PHYSICAL REVIEW MATERIALS 6, 064406 (2022)

composition across the thickness can become a versatile tool
for designing a magnonic media with a desired spectrum,
which can be used for high-frequency or low-field magnonic
operations. Also, such structures may become a playground
for studying intrinsic magnon-magnon hybridization.
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