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ABSTRACT

Spin wave propagation in perovskite La0.33 Sr0.67 MnO3 films epitaxially grown on a SrTiO3 substrate of (001) orientation was investigated
using an all electrical spin wave spectroscopy technique. The spin wave nonreciprocity in amplitude, resonance frequency, and group
velocity of the transmission spectra were observed. The origin of the spin-wave nonreciprocity is attributed to the out-of-plane surface
anisotropy, with a value of 1.3 mJ/m2 at the interface with the substrate, as extracted from the theoretical model. The magnetic field depen-
dence of the frequency shift is attributed to the perpendicular surface anisotropy. The important role of the surface anisotropy in the spin
wave nonreciprocity was further confirmed by the angle dependent measurements of the spin wave transmission spectra.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0032552

Perovskite La0.33 Sr0.67 MnO3 (LSMO) has been studied for its
colossal magnetoresistance (CMR) effect since the 1990s.1,2 Recently,
perovskite LSMO is attracting more and more interest in the field of
spintronics due to recent observations of the electric field tunability of
the magnetoresistance, spin Seebeck effect, and critical temperature of
magnetic phase transitions.3–10 Moreover, epitaxial LSMO on a
SrTiO3 (STO) substrate is also attractive for the study of spin wave
transmission11–14 due to its low Gilbert damping15 of a � 10�4 and
low lattice mismatch with the substrate, which make it a promising
candidate for a spin wave transmission study.16 Spin waves possess
interesting characteristics such as high-speed information processing
due to their high frequency up to THz and their fairly low energy
consumption due to the absence of charge current.17–24 In view of the
above useful properties of LSMO, it is fascinating to explore the possi-
bility of spin wave based information processing in LSMO.25–37

Thanks to the development of the spin wave measurement tech-
nologies,36 all electrical spin wave spectroscopy measurements can be
conducted with high frequency resolution employing a vector network
analyzer (VNA). Spin wave nonreciprocity, which is important for

logic device applications,38 is often used to characterize the magnetic
asymmetry in ferromagnetic thin films, in particular the interfacial
Dzyaloshinskii–Moriya interaction (DMI), via the frequency and
group velocity nonreciprocities.39,40 When the magnetic films become
thick, the DMI induced non-reciprocity will no longer dominate. In
this work, we investigate the magnetic field strength and angle depen-
dence of the spin wave spectra on a 139nm-thick LSMO film grown
by pulsed laser deposition on the STO (001) substrate. We observed
nonreciprocity in the amplitude, frequency, and group velocity from
the spin wave transmission spectra.

The STO substrate was TiO2-terminated and annealed using an
established protocol.6 After termination, the thin film of LSMO was
grown using pulsed laser deposition.41,42 Our system uses a KrF
(248nm) laser. Before the film deposition, the substrate was heated to
750 �C, with a background pressure of 0.35 mbar of pure oxygen. The
laser fluence was set to 2 J/cm2 and the repetition rate to 1Hz. The
film growth was monitored by in situ Reflection High-Energy Electron
Diffraction (RHEED) where the intensity oscillations were traced to a
film thickness of 139nm. The growth curve is shown in Fig. S1 in the
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supplementary material. After growth, the film was cooled down in
100 mbar oxygen at a rate of 10 �C/min to room temperature.

The sample was patterned into mesas of 90lm in width and
400lm in length using photolithography and ion beam etching. The
long edge of the mesas is parallel to the edge of the STO substrate. The
coplanar waveguide (CPW) antennas that we used for spin wave excita-
tion and detection were fabricated by electron beam lithography (EBL)
followed by e-beam evaporation of Cr (5nm)/Au (120nm) and subse-
quent liftoff with acetone. The CPWs were perpendicular to the long
edge of themesas. Themeasurement configuration and the device details
obtained by scanning electron microscopy (SEM) are illustrated in Figs.
1(a) and 1(b), respectively. The spin wave measurement was conducted
by a VNA based all electrical spin wave measurement setup. During the
measurement, an in-plane external magnetic field was applied to saturate
the magnetic moment, and thereafter, the RF current generated by the
VNA was injected into the CPWs via microwave probes. Thus, an alter-
nating magnetic field was generated to excite spin waves in the LSMO
film. The external in-plane magnetic field was applied along the y axis
with the wave vector k along the x direction; hence, the experiment was
conducted in the Damon–Eshbach (DE) configuration. The size of the
CPW shown in Fig. 1(b) is 0.4lm for the width of the signal line and the
ground lines, and the gap in between is 1.1lm. The wavevector distribu-
tion is shown in Fig. S2 in the supplementary material. The center-to-
center distance of two identical CPWs is 5lm. Before we pattern the
sample, the magnetic hysteresis loop was measured at room temperature
using a vibrating sample magnetometer (VSM) to characterize the basic
magnetic properties. As shown in Fig. 1(c), the contrast between the in-
plane and out-of-plane hysteresis loops shows an expected in-plane
anisotropy. The equilibrium axis of in-plane anisotropy is along the
[100] crystal orientation of LSMO/STO.43 From the VSMmeasurement
and the RHEED analysis, we calculated the saturation magnetizationMS

to be 360.9 kA/m. The imaginary parts of the transmission spectra S12
and S21 displayed in Figs. 1(d) and 1(e) are obtained in the DE configu-
ration with the magnetic field sweeping from �150mT to 150mT with
steps of 2mT. The zoomed in transmission spectra are shown in Fig. S3
in the supplementary material. Both spectra show bright and dark oscil-
lations, which represent the phase information of the propagating spin
waves. In order to quantitatively investigate the nonreciprocity between
S12 and S21, we extracted the single transmission spectrum at 50mT in
Fig. 1(f) as the white dashed line shown in Figs. 1(d) and 1(e). From the
single spectrum, both the amplitude and frequency of the spin wave res-
onance modes are found to display strong nonreciprocity. As denoted in
Fig. 1(f), we take the frequency of the oscillation peak as the resonance
frequency, and the amplitude is defined as the difference between the
peak and its neighboring valley. The group velocity is obtained using the
following formula:

vg ¼ Df � s; (1)

where Df is defined as the frequency difference of two neighboring
valleys in the oscillation, as illustrated in Fig. 1(f), where s is the
center-to-center distance of the two CPWs; here, it is 5lm.

For a quantitative investigation into the spin wave nonreciproc-
ity, the frequency and group velocity of the spin wave were extracted
from the transmission spectrum as shown in Fig. 2. The resonance
frequency of S12 and S21 vs the magnetic field follows the dispersion
relation,

f ¼ cl0

2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðHext þ 4pMSPkÞðHext �HA þ 4pMSð1� PkÞÞ

p
þ fani;

(2)

where c is the gyromagnetic ratio, Hext is the external magnetic field,
MS is the saturation magnetization, Pk is the dynamic dipole field

FIG. 1. (a) Sketch of the measurement configuration. Two identical CPWs are used for excitation and detection of spin waves. (b) SEM image of the CPW antennas and the
corresponding magnetic field direction. (c) In-plane and out-of-plane magnetic hysteresis loops of the LSMO film. (d) and (e) The transmission spectra S12 and S21 in the DE
configuration, and the magnetic field was swept from negative to positive. (f) The single transmission spectra S12 and S21 at 50 mT, where a strong nonreciprocity in both ampli-
tude and frequency is observed.
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factor defined as Pk¼1–(1�exp(�jktj))/jktj,40 t is the thickness of the
ferromagnetic LSMO film, k is the wave vector, and HA is the anisot-
ropy field. The anisotropy induced frequency fani and the definition of
the parameters can be expressed as44

fani ¼ dQ
X1

z � X0
z

X2
1 � X2

0

cpl0MS

2p
; (3)

X0
x ¼ 1� P00 � eþ hþ K2k2;

X0
z ¼ P00 þ hþ K2k2;

X1
x ¼ 1� P11 � 2eþ hþ K2k2 þ K2p2

t2
;

X1
z ¼ P11 þ hþ K2k2 þ K2p2

t2
;

(4)

X2
0;1 ¼

X2
00 þ X2

11

2
� Q2

7
1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðX2

11 � X2
00Þ

2 � 4Q2 ðP00 � P11Þ2 þ
K4p4

t4

� �s
; (5)

where P00 ¼ 1� 1�e�jkjt
jkjt ; P11 ¼ ðktÞ2

p2þðktÞ2 1� 2ðktÞ2

p2þðktÞ2
1þe�jkjt
jkjt

� �
; e¼ 2

tl0M
2
S

ðKbot
s þK top

s Þ; d¼ 2
ffiffi
2
p

tl0M
2
S
ðKbot

s �K top
s Þ; Kbot

s and K top
s are the uniaxial

out-of-plane surface anisotropy at the bottom (Kbot
s ) and top (K top

s )

surfaces of the LSMO film. Q¼
ffiffi
2
p

kt
p2þðktÞ2 ð1þ e�jkjtÞ; X00 ¼

ffiffiffiffiffiffiffiffiffiffiffi
X0

xX
0
z

q
;

X11 ¼
ffiffiffiffiffiffiffiffiffiffiffi
X1

xX
1
z

q
; h¼H=MS is the dimensionless applied field, K

¼ ð2A=l0M
2
SÞ

1=2 is the exchange length, and A is the exchange stiff-
ness constant.

We could account for the data using this model with c=2p
¼ 29.2GHz/T, MS¼0.45 T, k¼ 1.3 rad/lm, t¼ 139 nm, Kbot

s
¼ 1:3mJ=m2, which is close to the calculated anisotropy reported pre-
viously45 (1.2 mJ/m2), K top

s ¼ 0mJ=m2 for no capping layer on the
top, and A ¼ 1:5� 10�11 J/m in Eq. (2). Good agreement with the
experimental results in both the frequency and frequency shift was
obtained [Figs. 2(a) and 2(b)]. In Fig. 2(b), the magnetic field depen-
dence of the frequency shift df and the prediction of the model are
plotted. Thus, we find that the shift can be attributed to the surface
anisotropy of the magnetic LSMO layer. The anisotropy arises from
the lattice mismatch between La0.33 Sr0.67 MnO3 (a¼ 3.87 Å)46 and
SrTiO3 (a¼ 3.905 Å),47 where the tensile strain from the substrate
gradually relaxes with the film thickness. The strain difference between
the top and bottom surfaces of the LSMO film induces different sur-
face anisotropy values, resulting in the frequency shift between S12 and
S21 of the DE mode spin waves. The static magnetorestriction gives
rise to an in-plane anisotropy. However, the dynamic magnetorestric-
tion is not taken into account in the calculation, considering that
rather small oscillating magnetic fields48 are generated by the CPW
and the magnon-phonon coupling49 is weak due to dispersion rela-
tions of magnons and phonons in the LSMO being far apart. The
group velocity of spin waves is plotted in Fig. 2(c). Both S12 and S21
show a sharp peak at �9 km/s near 0mT and then drop sharply with
the increasing external field. There is also a difference in the group
velocity between S12 and S21. The group velocity difference dvg is nega-
tive in the positive magnetic field direction and vice versa as shown in
Fig. 2(d), and the absolute difference shows a slightly decreasing slope
with the increasing magnetic field. For the thick film studied in this
work, the surface anisotropy is mainly located at the film bottom.50,51

The anisotropy difference between the top and bottom surfaces may
result in spin-wave nonreciprocity44 for magnetostatic surface waves,
i.e., Damon-Eshbach spin waves.

The nonreciprocity in spin-wave group velocity is shown in Figs.
2(c) and 2(d), which can also be interpreted as a result of the surface
anisotropy, according to Eq. (1). When the external magnetic field
increases, the resonance frequency also increases. However, the intrin-
sic anisotropy field is constant, and with the increasing external field,
the ratio of the anisotropy-induced field to the total effective field
becomes small; thus, the anisotropy induced df and dvg also become
smaller. The magnetic field dependence of the spin wave amplitude is
plotted in Fig. 2(e), and the amplitude is seen to increase with the mag-
netic field and achieves a maximum at around 618mT, which is con-
sistent with the in-plane saturation field of the sample as shown in the
inset of Fig. 1(c). In the DE mode configuration, the main contribution
in the amplitude nonreciprocity is attributed to the surface spin wave
mode52 and the surface anisotropy. The field dependence of the ampli-
tude non-reciprocity between S12 and S21 is shown in Fig. 2(f), where

FIG. 2. (a) The extracted spin wave frequency f (dots) and the theoretical model
(solid lines) of S12 (red) and S21 (blue). (b) The frequency shift df ¼ f12 � f21
experimental data (dots) and the contribution of anisotropy (solid lines). (c)
Extracted group velocity vg of the spin wave transmission spectrum at different
magnetic fields and (d) group velocity difference dvg between S12 and S21. (e) The
linearized amplitude of the spin wave transmission spectrum. The S12 and S21
spectra show a maximum at 618 mT. (f) The amplitude nonreciprocity between
S12 and S21 derived from (e).
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the sign changes at zero field due to the reverse of the external mag-
netic field.

After the investigation of the magnetic field strength dependence
in the DE configuration, we also conducted measurements of the
transmission spectrum with the angular dependence of the magnetic
field as shown in Fig. 3. Here, h is defined as the angle between the
wave vector k and the external magnetic field H; h ¼690� (k?H),
which corresponds to the DE configuration where the spin wave prop-
agates along the bottom and top surfaces of the magnetic film, and h
¼ 6 180� or 0� (k k H), which corresponds to the backward volume
(BV) mode configuration where the spin wave propagates in the
volume of the magnetic film.53 The measurement was conducted
under a fixed magnetic strength of 50mT with the magnetic field
direction rotating from�180� to 180�, and for each angle, a spin wave
transmission spectrum was obtained. From the spectrum, we observe
a strong angle dependence of the spin wave signals. The oscillation in
the transmission spectrum mainly appears at around 690� when
k?H, that is, when the DE mode spin waves are excited. In the angle
dependence measurements, the magnetization in LSMO rotates with
the external field. When the field angle h deviates from, 690� or
0�; 180�, the magnetization in LSMO will have projections in both
orthogonal directions, parallel and perpendicular to the wavevector k.
In such a configuration, spin waves of both the DE mode and BV
mode can be excited. When the magnetization rotates from h ¼ 90�

to h ¼ 0�, the spin wave mode changes from the DE spin waves
(surface mode) to BV spin waves (volume mode) progressively.24,54,55

As a result, the surface anisotropy-induced spin wave nonreciprocity
maximizes at h ¼ 90� (DE mode) and gradually reduces toward
h ¼ 0� (BV mode) as observed in the angle-dependent measurement
shown in Figs. 3(c) and 3(d). This further confirms the important role
of the surface anisotropy on the amplitude and frequency nonreci-
procity. More detailed angle dependence measurement data can be
found in Fig. S4 of the supplementary material, where the field

dependence of spin wave transmission spectra was taken at different
angles and major changes in the spin wave spectra were observed.

In summary, we studied the magnetic field dependence, in both
strength and direction, of the propagation of spin wave spectra and
observed transmission oscillation in the DE configuration.
Furthermore, by fitting the experimental data with a theoretical model,
a strong surface anisotropy constant of 1.3 mJ/m2 was deduced. The
anisotropy plays a dominant role in the spin wave frequency nonreci-
procity, group velocity, and amplitude. This is further confirmed by
the magnetic field angle dependent measurement, which is relevant for
the application of spin wave based devices using LSMO. It will be
interesting to study the thickness dependence of the spin wave spectra
since for thinner LSMO films, the interaction with the substrate will
modify the magnetic anisotropy, leading to differences in the spin
wave spectrum.

See the supplementary material for detailed information about
the film growth, fabricated device, and spin wave measurements in dif-
ferent magnetic field directions.
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