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Large Anomalous Frequency Shift in Perpendicular Standing Spin Wave Modes in
BiYIG Films Induced by Thin Metallic Overlayers
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Interface-driven effects on magnon dynamics are studied in magnetic insulator-metal bilayers using
Brillouin light scattering. It is found that the Damon-Eshbach modes exhibit a significant frequency shift
due to interfacial anisotropy generated by thin metallic overlayers. In addition, an unexpectedly large shift
in the perpendicular standing spin wave mode frequencies is also observed, which cannot be explained by
anisotropy-induced mode stiffening or surface pinning. Rather, it is suggested that additional confinement
may result from spin pumping at the insulator-metal interface, which results in a locally overdamped
interface region. These results uncover previously unidentified interface-driven changes in magnetization
dynamics that may be exploited to locally control and modulate magnonic properties in thin-film

heterostructures.
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Magnetic insulators (MI) such as Y;FesO;, (YIG) have
been widely studied for spintronic and magnonic applica-
tions due to their low damping and longer magnon
diffusion length [1,2]. Although much past work involved
bulk crystals or thick films [3], attention has recently turned
to nanometer-scale films [4,5]. In such films, substrate
strain can be engineered to induce perpendicular magnetic
anisotropy (PMA) [6,7], and heavy metal (HM) overlayers
can induce interfacial phenomena including spin-orbit
torques (SOTs) [8,9] and the Dzyaloshinskii-Moriya inter-
action (DMI) [10-12]. Recently, epitaxial Bi-substituted
YIG (BiYIG) was found to exhibit ultralow damping and
strain-induced PMA [13], and to facilitate ultrafast SOT-
driven domain wall motion to its relativistic limits [14]. The
combination of novel properties, electrically controlled
magnetization dynamics, and tunable interfacial inter-
actions make HM/MI bilayer structures attractive for
nonvolatile magnetic memories and logic devices
[7,8,15-17], as well as magnonic [18,19] and hybrid
systems [20-23] that exploit low-dissipation dynamics.
Understanding interfacial effects on dynamics in metal-MI
structures is crucial to engineering such devices.

It was recently found that metallic layers in contact with
thin magnetic garnet films can generate an easy-plane
interfacial anisotropy through Rashba spin-orbit coupling
(SOC) [24]. Here, we show that this interface-induced
anisotropy leads to the expected frequency shift of the
magnetostatic (Damon Eshbach, DE) spin wave modes, but
those metallic overlayers also generate an anomalous
frequency shift of the perpendicular standing wave
(PSSW) modes that cannot be accounted for by known
mechanisms. The effect remains prominent in BiYIG films
with thicknesses up to 70 nm, in contrast to other interfacial
phenomena that are usually only important in films with a
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thickness of order 1 nm. We posit that the metallic interface
generates a localized increase in interfacial damping via
spin pumping that substantially damps oscillations proxi-
mate to the adjacent metal overlayer, [25] restricting the
PSSW mode to an effective thickness that is less than the
nominal film thickness and, hence enhancing its frequency.
This work identifies new interfacial phenomena that can be
used to control spin wave dynamics and gives new insights
into the effects of metal-insulator interfaces on magneti-
zation dynamics.

A series of perpendicularly magnetized BiYIG films
with thicknesses (g;yig) spanning 2.4 to 70 nm was grown
using pulsed laser deposition as described elsewhere
[14,26]. Films were grown on Gd;Sc,Gaz;O;, (111) sub-
strates except where noted. Film thicknesses were
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FIG. 1. (a) Schematic of Brillouin light scattering measurement
in backscattering geometry. Schematic of n = 1 PSSW mode
without interfacial pinning in magnetic film and with interfacial
pinning with metal overlayer. (b) Exemplary BLS spectra for DE
modes and PSSW modes in a 25 and 70 nm thick BiYIG film with
several applied fields. PSSW modes up to n = 2 are experimen-
tally measured for 70 nm film. A nonmagnetic phonon mode is
excluded from the plotted region at the horizontal axis break.
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confirmed by using x-ray reflectometry and high-resolution
x-ray diffraction. Fully strained epitaxial growth was
confirmed by high-resolution x-ray diffraction as well as
reciprocal space mapping for the 70 nm film [Fig. S1(a)
[27]]. Vibrating sample magnetometry and the polar
magneto-optical Kerr effect measurements confirmed that
the films exhibited perpendicular magnetic anisotropy with
near-bulk saturation magnetization M, ~ 140 kA/m. (See
Supplemental Material [27], Sec. S1 for details.) On each
film, an array of ~1 mm? metallic overlayers (Pt, Cu, Au,
Ta, and Ti) was deposited using shadow masking and dc
magnetron sputtering. Cu, Ta, and Ti layers were capped

with 2 nm Pt or Au layers to prevent oxidation.
To quantify the effects on magnetic properties, and to
study the influence on magnetization dynamics, we used
|

Brillouin light scattering (BLS) in the Damon-Eshbach
(DE) geometry [Fig. 1(a)]. An in-plane external field H,
was applied along the x axis and incident laser illumination
(wavelength 4 = 532 nm) was inclined by an angle 6 from
the surface normal in a plane perpendicular to the field axis.
The in-plane component of the magnon wave vector lies
along the y axis with the wave vector transfer given by
q = (4r/2)sin @ [28].

In this geometry, both the DE and the perpendi-
cular standing spin wave modes can be detected, as seen
in Fig. 1(b) for fgjyic =25 and 70 nm. The res-
pective mode frequencies fpg and fpggw are given
by [29,30]

and
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Here, pq is the vacuum permeability, y.; is the effective
gyromagnetic ratio that accounts for the coupled dynamics
of the individual ferrimagnetic sublattices, [14,17,31] and A
is the exchange constant. H, . is the effective perpendi-
cular anisotropy field, given by H; . = H,, — M, where
H, is the uniaxial out-of-plane anisotropy field defined as
H, = (2K, /uyM;) for a uniaxial anisotropy constant K,,.
The term «,, is the out-of-plane wave vector component,
which is quantized for PSSW modes [32,33]. In the
absence of surface spin pinning, [34] k,, = nx/tgiyig With
integer n. Finally, DMI shifts the mode frequencies by
+(yerr/mM ) Dq, where the + (—) sign corresponds to the
Stokes (anti-Stokes) peak [35]. In the Supplemental
Material [27], we confirmed that there is no experimentally
measurable DMI for BiYIG films with or without Pt,
consistent with the conclusions reported in Ref. [10]. We
therefore assume that the primary role of metal layers on
the DE mode dynamics is through a contribution to the
interface anisotropy.

We first focus on the DE modes, for which the exchange
contribution is small. To quantify the overlayer-induced
anisotropy change, we measured fpg versus H, at g =0
[Fig. 2(a)], from which H; .y and y.; can be independently
extracted [see Eq. (1)]. For each film thickness, the metal
overlayers were deposited in discrete regions of the same
sample, so that the metal-induced frequency shifts can be
determined unambiguously. This measurement probes the
uniform (Kittel) mode, which corresponds to the FMR
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mode measured in Refs. [24,25]. We measure y.q/27 ~
26.2 GHz/T for all films studied here, independent of
tgivic and of the presence of metal overlayers. However,

a) 20 — b ————————
@ s ® EMesam ( )105 r 1
N of Y
16| Y 4
=l + ]
M 1 2wl $ ]
12| 1=
< %45
I

s s s L L 1 s s L 1
03 04 05 06 07 08 089 0 1 2 3 4 5 6
HoHy (T)
T T

_40 C 1 1 1 1 1 1 1
0.0 0.1 0.2 03 04 05 Pt Cu Au Ta Ti
1/ tgy (")

FIG. 2. (a) Frequency of DE modes measured at g =0 as a
function of the applied magnetic field, uoH . Solid lines are fits to
Eq. (1) in the text. (b) Metal-induced change in effective
anisotropy, AH ) ¢, as a function of Pt overlayer thickness, on
a 4.3 nm BiYIG film. (c) AH, ¢ plotted against inverse BiYIG
film thickness, 1/gjyig, for each metal overlayer. Solid lines are
linear fits. (d) Extracted surface anisotropy K, for each non-
magnetic metal overlayer studied.

126703-2



PHYSICAL REVIEW LETTERS 130, 126703 (2023)

metal overlayers change H; . significantly, as seen in
Fig. 2(a) for Pt and Au on BiYIG (4.3 nm). The dependence
of AH i ott = Hy et | metal — Hreft [pare ON Pt metal layer thick-
ness (t,,) is plotted in Fig. 2(b). A nominal thickness of just
1 nm is sufficient to change the anisotropy measurably, and
the PMA decreases with increasing ¢,, up to t,, &% 4 nm, at
which point AH . saturates. Since AH . ¢ < 0, we infer
that the Pt generates an easy-plane anisotropy. The thick-
ness dependence is attributed to an island growth mecha-
nism as is typical for noble metal growth on an oxide,
which would lead to incomplete film coverage at low 7,,.

Similar measurements were performed for a wide range
of tpiyig, for several metallic overlayer species, all with
t, =4 nm to ensure saturation of the metal-induced
anisotropy change. The extracted AH .4 are plotted versus
1/tgivic in Fig. 2(c), where the linear correlation implies a
surface-driven anisotropy change, AH i = (2K, /puoM )X
(1/tgiyig), with K the surface (interface) anisotropy
energy density. The extracted K for each metal are plotted
in Fig. 2(d). We find that | K (P?)| > |K,(Cu)| > |K (Au)|,
whereas for Ta and Ti, K is smaller than the experimental
uncertainty. We note that the BLS signal for Ta and Ti-
covered films is significantly reduced for low fg;vig to an
extent that precludes measurements on film thicknesses that
are omitted in Fig. 2(c). The value of K for Pt/BiYIG is ~2
orders of magnitude smaller than in metallic systems such
as Pt/Co, and its sign is different, pointing to a qualitatively
different mechanistic origin. Compared to the results
reported in Ref. [24] using TmlIG, the K value that we
find for Pt/BiYIG is about half as large as reported for
Pt/TmIG, and moreover, the ordering of metals by their
|K | was reported to be Ti > Ta > Au > Cu > Pt, which is
opposite to what we find here. The reason for the difference
is not understood, but it may point to the influence of the
rare earth element in the garnet studied in Ref. [24], which
is not present in BiYIG. We note that differences in surface
anisotropy between the top and bottom surface has also
been shown to give rise to nonreciprocity of DE mode [36],
but the effect is too small in the present samples to be
experimentally resolved. (See Sec. S5 of the Supplemental
Material [27] for details.)

We now turn to the PSSW modes, which are distin-
guished from the DE modes by a strong thickness depend-
ence of the mode frequencies due to the exchange term in
Eq. (2) that arises due to standing waves confined along the
film thickness. PSSW modes are visible in the BLS spectra
for tg;yig = 25, 40, and 70 nm, the latter of which exhibits
two experimentally accessible modes [see Fig. 1(b)]. For
thinner films, the PSSW frequencies occur outside of the
instrumental range of our BLS system. We confirmed the
mode assignments by fitting the mode frequencies to
Egs. (1) and (2), as shown in Fig. S3(a). The PSSW mode
frequencies for all three thicknesses can be well fitted with
a single exchange constant A =4.0+0.3 pJ/m (see
Sec. S3 of the Supplemental Material [27]), which agrees
well with the accepted bulk value [37].
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FIG. 3. (a) Exemplary BLS spectra of bare 25 nm BiYIG and

BiYIG covered with Pt and Ta. Inset is enlarged PSSW modes,
magnified 2 and 3 times its intensity for Pt and Ta overlayers,
respectively. (b) The frequency of measured PSSW modes as a
function of uoH, with g =0. The expected frequency with
measured A and K, with Pt overlayer is plotted with a dotted
red line.

Similar to the DE modes, we find a significant frequency
shift for the PSSW modes upon the addition of metallic
overlayers, as seen in Fig. 3(a). Frequency shifts are evident
even for the thickest films (¢g;yig = 70 nm) and for metal
layers (Ta and Ti) whose influence on the DE modes was
not resolvable. Although the K, contribution to H .
should increase the mode frequency, we find that the
magnitude of the observed frequency shift is much larger
than what can be accounted for by the metal-induced
change in H . in Eq. (2). Figure 3(b) shows the measured
PSSW mode frequency versus H, for fg;vig = 25 nm with
several metal overlayers, as well as the computed f versus
H , using Eq. (2) with the measured A and K for Pt. We see
that AH, . should yield only a very small PSSW fre-
quency shift in the case of Pt, contrary to our observations.

Since the PSSW modes are standing modes confined
along the film thickness, one could anticipate that surface-
driven phenomena may play a significant role in modifying
the PSSW behavior. Surface anisotropy can not only
change H, . but also influences the PSSW boundary
conditions through a phenomenon termed surface spin
pinning [Fig. 1(a)]. In this case, the transverse wave number
satisfies [34,38]

Ky (50 + ét)

&t ®)

tan(k,t) =

where &, and &, are pinning parameters at the bottom and
top interface, respectively. When &, =&, =0, Eq. (3)
reduces to tan(k,f) = 0, which yields «, = nz/t, where
n=1,2,3,... [39]. However, for finite surface spin pin-
ning, solutions to Eq. (3) take the form «,, = (n + én)x/t
with nonzero én, which leads to an enhancement of the
exchange contribution to the mode frequency. In the
Supplemental Material [27], we show that the thickness-
dependent spectra in the uncovered BiYIG films are
consistent with a value on = 0, indicating that surface spin
pinning is small or absent for the bare films. We therefore
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FIG. 4. (a) The extracted on/n for different metal overlayers is
plotted versus fgiyig. Solid lines are fits to én/n = At/t. The
dotted red line is a plot of computed 6n/n for Pt with measured A
and K. (b) The ay, given by the difference of a.y with and
without metal overlayers of Pt, Cu, and Au, is plotted as a
function of tg;y;g. The inset shows the A fpggw for n = 1 mode
with Pt, Cu, and Au overlayer plotted as a function of the ay, for
BiYIG film thicknesses 25, 40, and 70 nm. Lines in the inset are
visual guides.

take £, = 0 in Eq. (3) and assume ¢, is nonzero when the
metal-induced K, are present. With this assumption,
tan(x,t) = (&,/x,), where &, is related to K| in the surface
spin pinning model by &, = —A/K, when the magnetiza-
tion is oriented perpendicular to the film normal as is the
case for the range of H, used here [39,40].

In Fig. 4(a) we plot the expected on computed using the
measured A and K for Pt. We compare the computed value
to on extracted by fitting the PSSW peak frequencies to
Eq. (2) with A and K| fixed and with , = (n + én)rn/t
being the sole fitting parameter. The results show two
striking features. First, the surface spin pinning model
predicts that on increases with increasing film thickness
tgivig» Whereas we find that én varies approximately as
1/tgivic experimentally. Second, the magnitude of én
predicted by the spin pinning theory is an order of
magnitude smaller than the measured quantities. We there-
fore conclude that surface spin pinning cannot account for
the large PSSW frequency shifts observed experimentally.

We can explain the data phenomenologically by instead
writing «, = nz/(r — At), which is equivalent to «, =
(n+ 6n)r/t with én/n = At/t in the limit Az < z. This
corresponds physically to an interfacial region in which the
standing wave is excluded, reducing the effective confining
distance by At. The solid lines in Fig. 4(a) show fits to this
phenomenological expression, which yield Az = 5.2 £ 0.4,
3.6+£0.5,28+0.1, 0.8£0.2, and 1.0 & 0.4 nm for Pt,
Cu, Au, Ta, and Ti, respectively. This expression is
consistent with the observed PSSW frequency shift. We
note that metal deposition results in the formation of at
most ~0.6 nm of a magnetically dead layer at the interface,
and so this effect alone cannot explain our observations.
(see Sec. S1 of the Supplemental Material [27] for details).

To motivate a possible physical origin for such behavior,
we consider interfacial spin pumping associated with the
dynamics. The angular momentum transfer creates a torque
that is mathematically equivalent to Gilbert damping torque,

with a magnitude a;, = (hy.s/M,tpiyic)Re{gs, }, where
gy} is the interfacial spin mixing conductance. We extracted
the effective damping a.g from the slope of the DE mode
BLS linewidth versus field [41-43] (see Supplemental
Material [27] Sec. S4), and determined a;, as the difference
of a.g with and without a metal overlayer. In Fig. 4(b), we
plotay,, versus fg;yg for BiYIG capped with Pt, Cu, and Au,
as well as fits that confirm the 1/t;y;g dependence. We
extract values for g4 of 4.6+12 2.1+0.5, 3.5+
1.0 nm~2 for Pt, Cu, and Au, respectively, similar to values
reported elsewhere [25,44,45]. We see that the trend of g4 |
with varying metal overlayer follows that of Az, suggesting
that increased spin pumping tends to increase the quenched
thickness of the dynamically quenched region. This corre-
lation is also seen in the inset of Fig. 4(b), where the metal-
induced frequency shift is plotted versus ay, for varying
tgivig and varying metal overlayer. For a given metal layer,
we see an approximately quadratic increase in A fpggw With
a,p, since ay, scales as 1 /teivic and Afpgsw scales
approximately as (1/tgiyig)?> [since the exchange term
dominates in Eq. (2)]. For a given film thickness A fpggw
increases with increasing a),, corresponding to metals with
larger g4 . This observation suggests that interfacial spin
pumping plays an important role in the observed PSSW
frequency shifts.

Magnetization dynamics in thin films is usually
described by assuming a uniform effective damping o
that includes intrinsic (@) and spin-pumping contributions.
However, the torque responsible for a;, is localized at the
insulator-metal interface where the SOC plays an essential
role, and the local effective damping should be much larger
in this region [46]. For dynamics that are uniform through
the film thickness, such as uniform precession or domain
wall motion, it is reasonable to describe the dynamics using
a single, effective dissipation factor accounting for the total
dissipation through the film thickness. However, PSSW
modes are by definition nonuniform through the film
thickness and should therefore be sensitive to spatial
variations in the dissipation. In the present case, ay, ~
0.014 for Pt/BiYIG (4.3 nm), implying that the effective
damping torque is very strong in the interfacial region. By
contrast, for tg;yig = 70 nm without Pt, we find a damping
ap~ 8 x 107*. For a thick BiYIG, one would therefore
expect the damping far from the interface to be ~20 times
smaller than near the metal interface. We suggest that this
interface-enhanced damping quenches the PSSW dynamics
in a thin interfacial region, giving rise to the phenomeno-
logical decrease At in the effective confining thickness. In
contrast, the quenching negligibly affects the resonance
frequency of DE modes, since those modes propagate along
the film surface and are relatively thickness independent
within the regime studied here. When the boundary
condition is modified by the local spin pumping effect,
the averaged frequency of the uniform mode (g = 0) is

126703-4



PHYSICAL REVIEW LETTERS 130, 126703 (2023)

unchanged from the case with unpinned spins [Eq. (1)],
while a frequency nonreciprocity is introduced for the
propagating DE modes, as studied in systems with asym-
metric surface anisotropy [36] or DMI [47].

In conclusion, we have studied the effects of metallic
overlayers on the DE and PSSW modes in BiYIG films
with low intrinsic damping. We find frequency shifts of the
DE modes that can be well understood by a surface
anisotropy contribution at the metal-insulator interface,
which reduces the net PMA and hence alters the mode
frequency. We also find metal-induced frequency shifts in
the PSSW modes but conclude that the metal-induced
surface anisotropy cannot account for its magnitude either
through the change in H; . or the effects of K on the
surface boundary conditions. We propose a phenomeno-
logical model that can describe the observed shifts in terms
of an interfacial region that is excluded from the through-
thickness PSSW excitation, confining the PSSW modes
within an effective thickness that is smaller than the
characterized film thickness. In the presence of the SOC
at the HM/MI interface, the transfer of spin momentum and
polarization and the resulting spin pumping are governed
by the strength of the SOC. We suggest that the spin-
pumping torque that plays a role akin to damping quenches
the through-thickness magnetic excitation near the interface
where the effective damping is large, which would quali-
tatively explain the anomalously-large metal-induced fre-
quency shifts. Therefore, in the study of spin-pumping
associated with the PSSW mode, one should always
consider adopting the effective thickness model developed
in this work. Although the exact mechanism remains to be
understood, our work identifies for the first time a signifi-
cant new interface-driven impact on magnetization dynam-
ics which could be exploited to locally control the magnon
mode resonances in spintronic devices such as magnonic
crystals.
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