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Spin waves can probe the Dzyaloshinskii-Moriya interaction (DMI), which gives rise to topological spin
textures, such as skyrmions. However, the DMI has not yet been reported in yttrium iron garnet (YIG) with
arguably the lowest damping for spin waves. In this work, we experimentally evidence the interfacial DMI
in a 7-nm-thick YIG film by measuring the nonreciprocal spin-wave propagation in terms of frequency,
amplitude, and most importantly group velocities using all electrical spin-wave spectroscopy. The
velocities of propagating spin waves show chirality among three vectors, i.e., the film normal direction,
applied field, and spin-wave wave vector. By measuring the asymmetric group velocities, we extract a DMI
constant of 16 uJ/m?, which we independently confirm by Brillouin light scattering. Thickness-dependent
measurements reveal that the DMI originates from the oxide interface between the YIG and garnet
substrate. The interfacial DMI discovered in the ultrathin YIG films is of key importance for functional
chiral magnonics as ultralow spin-wave damping can be achieved.
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Spin waves (or magnons) [1-3] are collective magnetic
excitations that can propagate in metals [4] and also in
insulators [5]. Intensive research efforts have been made to
investigate spin waves in yttrium iron garnet Y;FesOq,
(YIG) [6,7], which exhibits the lowest damping that is
promising for low-power consumption magnonic devices
[8-10]. Most previous works were conducted on bulk or
thick YIG films where the Damon-Eshbach (DE) spin-
wave chirality [11-13] is well known for magnetostatic
surface spin waves as illustrated in Fig. 1(a). However, the
DE spin-wave chirality was negligible [14] in the thin YIG
films, which were recently achieved with high quality for
on-chip magnonic devices [15,16]. We report a different
type of spin-wave chirality scaled up in ultrathin YIG films,
which we attribute to the interfacial Dzyaloshinskii-Moriya
interaction (DMI) [17,18]. Very recently, domain wall
motion in TmyFesO;, (TmIG) on gadolinium gallium
garnet (GGG) suggested interfacial DMI consistent with
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the Rashba effect at oxide-oxide interfaces [19-21].
However, independent evidence for the DMI was not
provided. Spin waves provide a prevailing methodology
[22-28] for probing the DMI in metallic multilayers. DMI
is the fundamental mechanism to form chiral spin textures,
such as skyrmions [29-31]. Most previous studies on the
interfacial DMI focus on measuring frequency shifts of
between counterpropagating spin waves (with wave vectors
+k and —k) using Brillouin light scattering (BLS) [25,27]
or all-electrical spin-wave spectroscopy (AESWS) [26,28].
It has been theoretically predicted that the interfacial DMI
can generate not only a frequency shift, but also asym-
metric spin-wave group velocities [24]. So far, there has
been no experimental observation of nonreciprocal spin-
wave characteristics and group velocities induced by
interfacial DMI in bare ultrathin YIG films on GGG.

In this Letter, we report chiral propagation of spin waves
in a 7-nm-thick YIG film on a (111) GGG substrate [32].
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FIG. 1. (a) Damon-Eshbach spin-wave chirality in thick YIG
films. (b) An illustrative diagram of the chiral propagation of spin
waves in an ultrathin YIG film. The group velocities of spin
waves propagating in +k and —k directions are different. The
inset shows a right-handed chirality among three vectors, i.e., the
film normal direction n, applied field H, and DMI-induced drift
group velocity v5™". (c) A high-angle annular dark-field image is
taken at the YIG/GGG interface of the 7 nm-thick YIG sample.
The scale bar is 5 nm.

The spin waves propagating in the chirally favored direc-
tion are found to be substantially faster than in its counter-
direction as illustrated in Fig. 1(b). The asymmetry in group
velocities v, is characterized by AESWS [4,16,26,33] to
be approximately 80 m/s. The chiral spin-wave velocities
in YIG films can be accounted for by an interfacial DMI
and a DMI constant of 16 uJ/m? estimated from the
experiments. By integrating different antennas, we vary
the spin-wave wave vectors and obtain an asymmetric spin-
wave dispersion that can be fitted well using the DMI
constant extracted from the chiral spin-wave velocities.
Five thin-film YIG samples with thicknesses of 7, 10, 20,
40, and 80 nm are investigated. The DMI-induced §f
[23,24] and 6v,, increase when the film thickness decreases,
which demonstrates that the DMI in YIG is of interfacial
type. We evidence the DMI in the ultrathin YIG films
independently by BLS revealing nonreciprocal spin-wave
dispersion relations. The DMI constants extracted from the
BLS and the AESWS measurements performed on the 10-
nm-thick YIG sample agree well. Our discovery makes
chiral magnonics [34-36] a realistic vision as bare YIG
offers ultralow spin-wave damping and thereby enables the
plethora of suggested devices that functionalize for instance
unidirectional power flow, magnon Hall effect, and non-
trivial refraction of spin waves.

The YIG films were grown on GGG substrates by
magnetron sputtering [32]. The damping parameter for
the 7-nm-thick YIG film is extracted from the ferromag-
netic resonance measurements to be @ = 6.4 + 2.1 x 10~
[37]. The DE spin-wave chirality [11-13] [Fig. 1(a)] is
negligible when the thickness is 7 nm [14]. However, a new
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FIG.2. Spin-wave transmission spectra S, (a) and S,; (c) mea-
sured as a function of the field angle 0. The field is fixed at 44 mT.
0 is defined as the angle between H and k. Single spectra at 90°
[dashed lines in (a) and (¢)] are shown for S}, (b) and S,; (d). The
peak-to-peak frequencies Af, ~0.15 GHz and Af_=
0.11 GHz are extracted for the estimation of spin-wave group
velocities v, and v, . The 260-nm-wide strip lines are used in the
experiments [37].

type of spin-wave chirality might arise in the presence of
DMI where spin waves propagating in opposite directions
not only show amplitude nonreciprocity and frequency
shifts, but also chiral spin-wave velocities. They are
attributed to a DMI-induced drift group velocity whose
direction follows a right-handed rule [inset of Fig. 1(b)].
Figure 1(c) shows a high-angle annular dark-field image
near the YIG or GGG interface. To measure the spin-wave
group velocities, two nano-stripelines (NSLs) are inte-
grated on the 7-nm-thick YIG film to excite and detect
spin waves [37,39]. The spin-wave propagation distance
s =2 pm. The spin-wave transmission spectra Si, (S,)
suggest that spin waves are excited by NSL2 (NSL1) and
detected by NSL1 (NSL2), which is defined as +k (—k)
spin-wave propagating directions [37]. The measured
spectra with an external field swept from —50 to 50 mT
are shown in Supplemental Material Fig. S3 [37]. Chiral
propagation of spin waves is clearly observed with respect
to the wave vector k and applied field H. This chirality is
manifested in the angle-dependent measurement shown in
Fig. 2. Figure 2(a) shows angle-dependent spectra for
S1, (+k), where clear asymmetry is observed. The trans-
mission spectra show contrast oscillations that indicate the
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phase variation of propagating spin waves [4,16,33]. In
Fig. 2(b), we show a single spectrum at 90°, where a peak-
to-peak frequency span Af, is marked indicating a phase
change of 2z. According to

+(-) _do _ 2mAf ()

Vg _%_T/s:Af’L(‘)S’ (1)

the group velocity v, for 4k spin waves is estimated as
vy ~312 m/s, and v, for —k spin waves is estimated as
v, %236 m/s. Interestingly, for —90° ie., a reversed
applied field H, the situation is nearly mirrored (Fig. 2).
This demonstrates that spin waves propagating in two
opposite directions (+k and —k) exhibit different group
velocities, which can be reversed by changing the sign of
the applied field, and thereby chiral spin-wave velocities
are observed.

Figure 3 shows 6v, = v — v, extracted from the field-
dependent measurements [37] based on Eq. (1) as a
function of the field applied in 90°. Near zero field, the
group velocities are reciprocal. However, at positive fields
S1, is faster than S, and at negative fields S,; is faster than
S12; 1.e., chiral spin-wave velocities are observed [37]. The
ov, shows a distinctive steplike field dependence.
Theoretical studies [24] have predicted that interfacial
DMI can introduce a drift group velocity vp™. We indeed
observe voM! experimentally and extract v0M' = 40.8 m/s
by fitting the experimental results in Fig. 3 with an
empirical equation,

H
v, = 200M tanh (—) (2)

< < H

0
where H is a fitting field value above which the velocity
difference saturates. The sign of v,™! is determined by a
chiral relation among three unit vectors, i.e., the film
normal vector f, applied field H, and spin-wave wave
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FIG. 3. The asymmetric group velocity év, = v — v, as a
function of the applied field. The field is swept from —50 to
50 mT. Black circles are data points calculated using the values of
U; and v, extracted from experiments [37]. The red line is a fit
using Eq. (2). The green dashed line is the micromagnetic

simulation results [37].

vector k [inset of Fig. 1(b)]. According to previous
theoretical studies [24,36], one can write

M= [ ) K] LD, 3)

where D the DMI constant, Mg saturation magnetization.
At a positive field, for example, the drift group velocity is
towards the 4k direction and therefore the spin-wave group
velocity in the —+k direction is faster than in the —k
direction. Consequently, 6v, shows a positive sign and is
twice the v)™!. Based on Eq. (3) and considering an Mg =
141 kA/m [32], we can deduce a DMI constant
D =16 uJ/m?. The origin of a finite H, is however
unclear. It is not observed in the micromagnetic simulations
[40] (green dashed line in Fig. 3) showing a sharp steplike
field dependence [37]. Considering that the magnetization
loop measured by the vibrating sample magnetometer [37]
is not fully closed at low field, we speculate H, to be a
finite field required to completely eliminate small domain
structures induced by surface roughness.

To study the k dependence, we integrated coplanar
waveguides (CPWs) on the 7-nm-thick YIG film [37].
Two distinct modes are observed and attributed to the k; =
3.1 rad/um and k, = 9.1 rad/um, identified by Fourier
transformation [4,16,26,33,37]. We summarize data from
NSL and CPW samples in Fig. 4(a) and observe
clear asymmetry. The spin-wave dispersion relation f(k)
[Fig. 4(a)] is calculated based on

2A 2A
f—@[(H+—k2><H+MS+ k2>
2z HoM s HoM s

+MT§<1—e-Zkf>F+[<ﬁxﬁ>-m—k, 4)

where 7 is the gyromagnetic ratio, A = 0.37 x 107! J/m
the exchange stiffness constant [41], and t = 7 nm the film
thickness. The first term is the nonchiral contribution from
the dipole-exchange spin waves [42] in a DE configuration
[11,41,43]. The second term originates from the interfacial
DMI. The chirality is determined by the vector relation
(h x H)-k and its amplitude is decided by the DMI
strength D. By taking the DMI constant D = 16 uJ/m?
extracted from &6v,, the calculated dispersion relations
agree reasonably well with the experimental data points
[Fig. 4(a)]. We rotate H in the film plane with respect to k
and measure 6v, as a function of & [Fig. 4(b)]. The
sinusoidal angular dependence is observed consistent
with the vector relation (i x H)-k. In addition to the
7-nm-thick YIG film, we also measured spin-wave propa-
gation in YIG films with other thicknesses [37]. The
thickness dependence of ov, is shown in Fig. 4(c), where
the asymmetry in group velocities enlarges with decreasing
thickness. The observed thickness dependence is opposite
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FIG. 4. (a) The asymmetric spin-wave dispersion in the

presence of an interfacial DMI. The red dots (black squares)
are experimental data extracted with an applied field of +20 mT
(=20 mT). The red line (black line) is the calculated dispersion
using a DMI constant of 16 xJ/m? for 420 mT (=20 mT).
(b) Angle-dependent asymmetric group velocities dv,. 0 is
defined in Fig. 2(a). The field is set at 44 mT. Black open circles
are data points extracted from the experiments and the red line is a
sinusoidal fitting. (c) v, for samples with different thicknesses of
7 nm, 10 nm, 20 nm, 40 nm and 80 nm with an applied field of
20 mT. The red line is a linear fit to the experimental data.
(d) Spin-wave amplitude nonreciprocity # measured as a function
of € on the 10 nm-thick sample. The field is fixed at 10 mT. The
730 nm-wide strip lines are used in the experiments [37].

to that of the surface anisotropy-induced nonreciprocity
[37,44,45]. This observation indicates that the observed
DMI is an interfacial effect. The DMI constant D can then
be expressed as D = (4D, /t) [26], where D; the interfacial
DMI parameter and A the characteristic length of the
interface, which depends on the details of the interface,
such as roughness. With a rough estimation of 4 being the
lattice constant of YIG a = 12.4 A [46] and a linear fitting
of Fig. 4(c), we derive an interfacial DMI parameter
D; =90 pJ/m?. The DMlI-induced frequency shifts 5f
[25-27] are also observed [37].

The transmission spectra shown in Fig. 2 exhibit a clear
amplitude nonreciprocity. The nonreciprocity parameter
B =(S12—821/S1»+ Sy1) [47] is extracted as a function
of 0 [Fig. 4(d)]. At @ =90°, S increases when films go
thicker [37] due to the DE nonreciprocity [14]. The
remaining sizable amplitude nonreciprocity for 7-nm-thick
YIG film may also result from the asymmetric decay of
propagating spin waves [48], but most likely due to the
excitation characteristics given by the antenna [12,49].
Interestingly, an unexpected increase of nonrecirpocity
occurs around 30° [Fig. 4(d)] [37], which may result from
the interfacial DMI. The spin-wave dispersions at 30°
become rather flat and therefore only a small group velocity
vg remains [37,42,43,50]. If the DMI-induced drift group
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FIG. 5. Frequency shift §f (black squares) measured on the 10-
nm-thick YIG sample in an applied field of 80 mT with BLS in
reflection geometry at four different incident angles probing spin
waves with wave vectors k = 4.6, 9.1, 13.3, and 17.1 rad/um
[37]. The red line is a linear fit to the experimental data.

velocity vPM! ~ 1, the nonreciprocity is enhanced due to

the interfacial DMI [37,51].

We confirmed the interfacial DMI in ultrathin YIG films
independently by BLS. The BLS spectra measured on the
10-nm-thick YIG showed clear frequency shifts 0f between
the Stokes and anti-Stokes peaks [37], indicating an
asymmetric dispersion f(k) induced by the DMIL We
extract f from the BLS data and plot them as a function
of the spin-wave wave vector k in Fig. 5, where &f
increases with an increasing k. This is consistent with
the linear relationship given by &f = (2y/aMg)Dk
[23-27]. Fitting the k-dependent frequency shifts we
extract a DMI constant of 10.3 £ 0.8 pJ/m? for the
10-nm-thick sample. This value is in good agreement with
9.9 & 1.9 uJ/m? extracted from the chiral spin-wave veloc-
ities measured by the AESWS [Fig. 4(c)]. The BLS spectra
taken on a 7-nm-thick YIG film exhibit a small signal-to-
noise ratio [37]. Still we observe a clear frequency shift of
up to about 0.15 GHz at k = 13.3 rad/um that yields a
DMI constant of 14.2 4= 4.2 uJ/m?.

We now discuss the origin of the interfacial DMI in
ultrathin YIG films. In general, the interfacial DMI stems
from the inversion symmetry breaking in the film normal
direction fi and the spin-orbit coupling. In these samples,
the upper surface is either exposed to air or covered by
antennas. The observed effect does not change with differ-
ent adhesion layers [37], which indicates that the DMI does
not originate from the top but from the bottom surface of
YIG consistent with TmIG/GGG samples reported recently
[19-21]. The DMI may be enhanced by a heavy metal layer
[52,53] on YIG, but consequently the damping is severely
affected [54]. The energy dispersive x-ray spectroscopy and
geometric phase analysis [37] are conducted and no
significant Gd diffusion [55] is found in the 7-nm-thick
YIG film grown by sputtering. Oxide interfaces are
demonstrated experimentally to exhibit Rashba splitting,
for example, in LaAlO5/SrTiO; [56]. The Rashba-induced
DMI is predicted at oxide-oxide interfaces [57] and is
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further demonstrated by simulations to form chiral mag-
netic textures, such as skyrmions [58]. It has been man-
ifested by first-principles calculations that Rashba-induced
DMI exists in graphene-ferromagnet interface [59], even
without strong spin-orbit coupling. For semiconductor
heterostructures consisting of materials with different band
gaps it is reported that the band offsets in conductance (and
valence bands) are relevant for the Rashba effect [60]. The
insulators YIG and GGG exhibit different band gaps [61]
and corresponding band offsets are likely. To fully under-
stand the origin of the interfacial DMI at the YIG/GGG
interface, more studies such as first-principles calculations
[59,62] and x-ray magnetic dichroism [63,64] are required,
which are beyond the scope of this work. It would also be
instructive to study the substrate dependence of the spin-
wave nonreciprocity. However, it proves to be highly
challenging to fabricate low-damping YIG on conventional
substrates, such as Si [65] and GaAs [66]. The non-
reciprocity effect induced by the dipolar interaction
between top and bottom layers should be negligible since
the parallel magnetic configuration can be established with
a small field [37,67].

To summarize, we have observed chiral spin-wave
velocities in ultrathin YIG films induced by DMI attributed
to the YIG/GGG interface. The drift group velocity is about
40 m/s, yielding a DMI constant of 16 pJ/m?. The
chirality is ruled by the vector relation (i x H) - k, verified
by angle-dependent measurements. The DMI-induced chi-
ral propagation of spin waves in the magnetic insulator YIG
offers great prospects for chiral and spin-texture-based
magnonics [68-71].

The authors thank R. Duine, M. Kuepferling, and
A. Slavin for their helpful discussions, and H.-Z. Wang
for her help on the illustration. Financial support by NSF
China under Grants No. 11674020 and No. U1801661,
111 talent program B16001, the National Key Research
and Development Program of China  Grants
No. 2016YFA0300802 and No. 2017YFA0206200,
Grant No. ANR-12-ASTR-0023 Trinidad, and by SNF
via Grant No. 163016 and sinergia Grant No. 171003
Nanoskyrmionics is gratefully acknowledged. T. L. and M.
W. were supported by the U.S. National Science
Foundation (Grant No. EFMA-1641989) and the U.S.
Department of Energy, Office of Science, Basic Energy
Sciences (Award No. DE-SC0018994). Y. L. and P. G. were
supported by National Natural Science Foundation of
China (Grants No. 51672007 and 11974023), and The
Key R&D Program of Guangdong Province (Grants
No. 2018B030327001 and No. 2018B010109009).

“These authors contributed equally to this work.
"haiming.yu@buaa.edu.cn

[1] V. V. Kruglyak, S.O. Demokritov, and D. Grundler,
Magnonics, J. Phys. D 43, 264001 (2010).

[2] A.V. Chumak, V.I. Vasyuchka, A.A. Serga, and B.
Hillebrands, Magnon spintronics, Nat. Phys. 11, 453
(2015).

[3] V.E. Demidov, S. Urazhdin, G. de Loubens, O. Klein, V.
Cros, A. Anane, and S.O. Demokritov, Magnetization
oscillations and waves driven by pure spin currents, Phys.
Rep. 673, 1 (2017).

[4] V. Vlaminck and M. Bailleul, Current-induced spin-wave
Doppler shift, Science 322, 410 (2008).

[5] Y. Kajiwara, K. Harii, S. Takahashi, J. Ohe, K. Uchida, M.
Mizuguchi, H. Umezawa, H. Kawai, K. Ando, K. Takana-
shi, S. Maekawa, and E. Saitoh, Transmission of electrical
signals by spin-wave interconversion in a magnetic insu-
lator, J. Phys. D 464, 262 (2010).

[6] A.A. Serga, A.V. Chumak, and B. Hillebrands, YIG
magnonics, J. Phys. D 43, 264002 (2010).

[7] L.J. Cornelissen, J. Liu, R. A. Duine, J. B. Youssef, and
B.J. van Wees, Long-distance transport of magnon spin
information in a magnetic insulator at room temperature.
Nat. Phys. 11, 1022 (2015).

[8] A. Khitun, M. Bao, and K.L. Wang, Magnonic logic
circuits, J. Phys. D 43, 264005 (2010).

[9] T. Schneider, A. A. Serga, B. Leven, B. Hillebrands, R. L.
Stamps, and M. P. Kostylev, Realization of spin-wave logic
gates., Appl. Phys. Lett. 92, 022505 (2008).

[10] G. Csaba, A. Papp, and W. Porod, Perspectives of using spin
waves for computing and signal processing, Phys. Lett. A
381, 1471 (2017).

[11] R. W. Damon and J. R. Eshbach, Magnetostatic modes of a
ferromagnet slab. J. Phys. Chem. Solids 19, 308 (1961).

[12] V.E. Demidov, M. P. Kostylev, K. Rott, P. Krzysteczko, G.
Reiss, and S. O. Demokritov, Excitation of microwaveguide
modes by a stripe antenna, Appl. Phys. Lett. 95, 112509
(2009).

[13] K. Yamamoto, G.C. Thiang, P. Pirro, K.-W. Kim, K.
Everschor-Sitte, and E. Saitoh, Topological Characterization
of Classical Waves: The Topological Origin of Magneto-
static Surface Spin Waves, Phys. Rev. Lett. 122, 217201
(2019).

[14] K.L. Wong, L. Bi, M. Bao, Q. Wen, J. P. Chatelon, Y.-T.
Lin, C. A. Ross, H. Zhang, and K. L. Wang, Unidirectional
propagation of magnetostatic surface spin waves at a
magnetic film surface, Appl. Phys. Lett. 105, 232403
(2014).

[15] H. Chang, P. Li, W. Zhang, T. Liu, A. Hoffmann, L. Deng,
and M. Wu, Nanometer-thick yttrium iron garnet films with
extremely low damping, I[EEE Magn. Lett. 5, 6700104
(2014).

[16] H. Yu, O. Allivy Kelly, V. Cros, R. Bernard, P. Bortolotti, A.
Anane, F. Brandl, R. Huber, I. Stasinopoulos, and D.
Grundler, Magnetic thin-film insulator with ultralow spin
wave damping for coherent nanomagnonics. Sci. Rep. 4,
6848 (2015).

[17] I. A. Dzyaloshinsky, A thermodynamic theory of weak
ferromagnetism of antiferromagnetics., J. Phys. Chem.
Solids 4, 241 (1958).

[18] T. Moriya, New Mechanism of Anisotropic Superexchange
Interaction, Phys. Rev. Lett. 4, 228 (1960).

027203-5


https://doi.org/10.1088/0022-3727/43/26/264001
https://doi.org/10.1038/nphys3347
https://doi.org/10.1038/nphys3347
https://doi.org/10.1016/j.physrep.2017.01.001
https://doi.org/10.1016/j.physrep.2017.01.001
https://doi.org/10.1126/science.1162843
https://doi.org/10.1038/nature08876
https://doi.org/10.1088/0022-3727/43/26/264002
https://doi.org/10.1038/nphys3465
https://doi.org/10.1088/0022-3727/43/26/264005
https://doi.org/10.1063/1.2834714
https://doi.org/10.1016/j.physleta.2017.02.042
https://doi.org/10.1016/j.physleta.2017.02.042
https://doi.org/10.1016/0022-3697(61)90041-5
https://doi.org/10.1063/1.3231875
https://doi.org/10.1063/1.3231875
https://doi.org/10.1103/PhysRevLett.122.217201
https://doi.org/10.1103/PhysRevLett.122.217201
https://doi.org/10.1063/1.4903742
https://doi.org/10.1063/1.4903742
https://doi.org/10.1109/LMAG.2014.2350958
https://doi.org/10.1109/LMAG.2014.2350958
https://doi.org/10.1038/srep06848
https://doi.org/10.1038/srep06848
https://doi.org/10.1016/0022-3697(58)90076-3
https://doi.org/10.1016/0022-3697(58)90076-3
https://doi.org/10.1103/PhysRevLett.4.228

PHYSICAL REVIEW LETTERS 124, 027203 (2020)

[19] C. O. Avci, E. Rosenberg, L. Caretta, F. Biittner, M. Mann,
C. Marcus, D. Bono, C.A. Ross, and G.S.D. Beach,
Interface-driven chiral magnetism and current-driven do-
main walls in insulating magnetic garnets, Nat. Nano-
technol. 14, 561 (2019).

[20] S. Ding, A. Ross, R. Lebrun, S. Becker, K. Lee, I. Boventer,
S. Das, Y. Kurokawa, S. Gupta, J. Yang, G. Jakob, and M.
Kléui, Interfacial Dzyaloshinskii-Moriya interaction and
chiral magnetic textures in a ferrimagnetic insulator, Phys.
Rev. B 100, 100406(R) (2019).

[21] S. Vélez, J. Schaab, M. S. Wornle, M. Miiller, E. Gradaus-
kaite, P. Welter, C. Gutgsell, C. Nistor, C.L. Degen, M.
Trassin, M. Fiebig, and P. Gambardella, High-speed domain
wall racetracks in a magnetic insulator, Nat. Commun. 10,
4750 (2019).

[22] Kh. Zakeri, Y. Zhang, J. Prokop, T.-H. Chuang, N. Sakr, W.
X. Tang, and J. Kirschner, Asymmetric Spin-Wave
Dispersion on Fe(110): Direct Evidence of the Dzyalosh-
inskii-Moriya Interaction, Phys. Rev. Lett. 104, 137203
(2010).

[23] D. Cortés-Ortuiio and P. Landeros, Influence of the Dzya-
loshinskiiMoriya interaction on the spin-wave spectra of
thin films, J. Phys. Condens. Matter 25, 156001 (2013).

[24] J.-H. Moon, S.-M. Seo, K.-J. Lee, K.-W. Kim, J. Ryu, H.-W.
Lee, R. D. McMichael, and M. D. Stiles, Spin-wave propa-
gation in the presence of interfacial Dzyaloshinskii-Moriya
interaction, Phys. Rev. B 88, 184404 (2013).

[25] H.T. Nembach, J. M. Shaw, M. Weiler, E. Jué, and T.J.
Silva, Linear relation between Heisenberg exchange and
interfacial DzyaloshinskiiMoriya interaction in metal films,
Nat. Phys. 11, 825 (2015).

[26] J.M. Lee, C. Jang, B.-C. Min, S.-W. Lee, K.-J. Lee, and J.
Chang, All-electrical measurement of interfacial Dzyalosh-
inskii-Moriya interaction using collective spin-wave dy-
namics, Nano Lett. 16, 62 (2016).

[27] X. Ma, G. Yu, S. A. Razavi, S.S. Sasaki, X. Li, K. Hao,
S.H. Tolbert, K.L. Wang, and X. Li, Dzyaloshinskii-
Moriya Interaction Across an Antiferromagnet-Ferromagnet
Interface., Phys. Rev. Lett. 119, 027202 (2017).

[28] J. Lucassen, C.F. Schippers, M. A. Verheijen, P. Fritsch,
E.J. Geluk, B. Barcones, R. A. Duine, S. Wurmehl, H. J. M.
Swagten, B. Koopmans, and R. Lavrijsen, Extraction of
Dzyaloshinksii-Moriya interaction from propagating spin
waves validated, arXiv:1909.02467.

[29] S. Miihlbauer, B. Binz, F. Jonietz, C. Pfleiderer, A. Rosch,
A. Neubauer, R. Georgii, and A.K. Schmid, Skyrmion
lattice in a chiral magnet, Science 323, 915 (2009).

[30] X.Z. Yu, Y. Onose, N. Kanazawa, J. H. Park, J. H. Han, Y.
Matsui, N. Nagaosa, and Y. Tokura, Real-space observation
of a two-dimensional skyrmion crystal, Nature (London)
465, 901 (2010).

[31] J. Sampaio, V. Cros, S. Rohart, A. Thiaville, and A. Fert,
Nucleation, stability and current-induced motion of isolated
magnetic skyrmions in nanostructures, Nat. Nanotechnol. 8,
839 (2013).

[32] T. Liu, H. Chang, V. Vlaminck, Y. Sun, M. Kabatek, A.
Hoffmann, L. Deng, and M. Wu, Ferromagnetic resonance
of sputtered yttrium iron garnet nanometer films, J. Appl.
Phys. 115, 87 (2014).

[33] S. Neusser, G. Durr, H. G. Bauer, S. Tacchi, M. Madami, G.
Woltersdorf, G. Gubbiotti, C. H. Back, and D. Grundler,
Anisotropic Propagation and Damping of Spin Waves in a
Nanopatterned Antidot Lattice, Phys. Rev. Lett. 105,
067208 (2010).

[34] A. Hrabec, M. Belmeguenai, A. Stashkevich, S. M. Chérif,
S. Rohart, Y. Roussigné, and A. Thiaville, Making the
Dzyaloshinskii-Moriya interaction visible, Appl. Phys. Lett.
110, 242402 (2017).

[35] J. Mulkers, B. Van Waeyenberge, and M. V. MiloSevi¢,
Tunable Snell‘s law for spin waves in heterochiral magnetic
films, Phys. Rev. B 97, 104422 (2018).

[36] J.-V. Kim, R.L. Stamps, and R.E. Camley, Spin Wave
Power Flow and Caustics in Ultrathin Ferromagnets with the
Dzyaloshinskii-Moriya Interaction, Phys. Rev. Lett. 117,
197204 (2016).

[37] See  Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.124.027203 for the
characterization of the 7-nm-thick YIG film, an SEM image
on the sample with NSLs, the field-dependent measurement,
the magnetization characterization by the VSM, the micro-
magnetic simulations, the measurement at the BV configu-
ration, measurements on samples with different thicknesses,
the DMI-induced frequency shift versus thickness, meas-
urement with 730 nm-wide NSLs, angle-dependent non-
reciprocity measurements, calculated spin-wave dispersion,
the control measurement replacing Cr by Ti. EDX and GPA
characterization at the YIG/GGG interface and the BLS
spectra measured on 10 nm and 7 nm samples, contribution
from the surface anisotropy effect, which includes Ref. [38].

[38] M. J. Hytch, E. Snoeck, and R. Kilaas, Quantitative meas-
urement of displacement and strain fields from HREM
micrographs, Ultramicroscopy 74, 131 (1998).

[39] E. Ciubotaru, T. Devolder, M. Manfrini, C. Adelmann, and
1. P. Radu, All electrical propagating spin wave spectros-
copy with broadband wave vector capability, Appl. Phys.
Lett. 109, 012403 (2016).

[40] M. Donahue and D. Porter, OOMMEF Users Guide, Version
1.0, National Institute of Standards and Technology, Gai-
thersburg, MD, interagency report nistir 6376 Edition
(1999), http://math.nist.gov/oommf.

[41] D.D. Stancil and A. Prabhakar, Spin Waves: Theory and
Applications. Appendix C (Springer, New York, 2009).

[42] B. A. Kalinikos and A.N. Slavin, Theory of dipole-
exchange spin wave spectrum for ferromagnetic films with
mixed exchange boundary conditions, J. Phys. C 19, 7013
(1986).

[43] C. Bayer, J. Jorzick, B. Hillebrands, S. O. Demokritov, R.
Kouba, R. Bozinoski, A. N. Slavin, K. Y. Guslienko, D. V.
Berkov, N. L. Gorn, and M. P. Kostylev, Spin-wave excita-
tions in finite rectangular elements of Ni§OFe20, Phys. Rev.
B 72, 064427 (2005).

[44] O. Gladii, M. Haidar, Y. Henry, M. Kostylev, and M.
Bailleul, Frequency nonreciprocity of surface spin wave
in permalloy thin films, Phys. Rev. B 93, 054430 (2016).

[45] A.B. Oliveira, C. Chesman, R. L. Rodriguez-Sudrez, R. B.
da Costa, U.C. Silva, N.P. Da Costa, B.G. Silva, R.L.
Sommer, F. Bohn, and M. A. Correa, Effects of second order
surface anisotropy in YIG sputtered onto GGG (1 0 0)

027203-6


https://doi.org/10.1038/s41565-019-0421-2
https://doi.org/10.1038/s41565-019-0421-2
https://doi.org/10.1103/PhysRevB.100.100406
https://doi.org/10.1103/PhysRevB.100.100406
https://doi.org/10.1038/s41467-019-12676-7
https://doi.org/10.1038/s41467-019-12676-7
https://doi.org/10.1103/PhysRevLett.104.137203
https://doi.org/10.1103/PhysRevLett.104.137203
https://doi.org/10.1088/0953-8984/25/15/156001
https://doi.org/10.1103/PhysRevB.88.184404
https://doi.org/10.1038/nphys3418
https://doi.org/10.1021/acs.nanolett.5b02732
https://doi.org/10.1103/PhysRevLett.119.027202
https://arXiv.org/abs/1909.02467
https://doi.org/10.1126/science.1166767
https://doi.org/10.1038/nature09124
https://doi.org/10.1038/nature09124
https://doi.org/10.1038/nnano.2013.210
https://doi.org/10.1038/nnano.2013.210
https://doi.org/10.1007/s00339-013-8001-z
https://doi.org/10.1007/s00339-013-8001-z
https://doi.org/10.1103/PhysRevLett.105.067208
https://doi.org/10.1103/PhysRevLett.105.067208
https://doi.org/10.1063/1.4985649
https://doi.org/10.1063/1.4985649
https://doi.org/10.1103/PhysRevB.97.104422
https://doi.org/10.1103/PhysRevLett.117.197204
https://doi.org/10.1103/PhysRevLett.117.197204
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.027203
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.027203
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.027203
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.027203
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.027203
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.027203
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.027203
https://doi.org/10.1016/S0304-3991(98)00035-7
https://doi.org/10.1063/1.4955030
https://doi.org/10.1063/1.4955030
http://math.nist.gov/oommf
http://math.nist.gov/oommf
http://math.nist.gov/oommf
https://doi.org/10.1088/0022-3719/19/35/014
https://doi.org/10.1088/0022-3719/19/35/014
https://doi.org/10.1103/PhysRevB.72.064427
https://doi.org/10.1103/PhysRevB.72.064427
https://doi.org/10.1103/PhysRevB.93.054430

PHYSICAL REVIEW LETTERS 124, 027203 (2020)

oriented substrate, J. Magn. Magn. Mater. 469, 64
(2019).

[46] M. Wu, A. Hoffmann, R.E. Camley, and R.L. Stamps,
Solid State Physics: Recent Advances in Magnetic
Insulators from Spintronics to Microwave Applications
(Academic Press, New York, 2013), Vol. 64.

[47] T. Yu, C. Liu, H. Yu, Y. M. Blanter, and G. E. W. Bauer,
Chiral excitation of spin waves in ferromagnetic films by
magnetic nanowire gratings, Phys. Rev. B 99, 134424
(2019).

[48] V. Kambersky and C. E. Patton, Spin-wave relaxation and
phenomenological damping in ferromagnetic resonance,
Phys. Rev. B 11, 2668 (1975).

[49] K. Sekiguchi, K. Yamada, S. M. Seo, K. J. Lee, D. Chiba, K.
Kobayashi, and T. Ono, Nonreciprocal emission of spin-
wave packet in FeNi film, Appl. Phys. Lett. 97, 022508
(2010).

[50] H. Qin, S.J. Himadldinen, K. Arjas, J. Witteveen, and S. van
Dijken, Propagating spin waves in nanometer-thick yttrium
iron garnet films: Dependence on wave vector, magnetic
field strength, and angle. Phys. Rev. B 98, 224422 (2018).

[51] T. Bricher, O. Boulle, G. Gaudin, and P. Pirro, Creation of
unidirectional spin-wave emitters by utilizing interfacial
Dzyaloshinskii-Moriya interaction, Phys. Rev. B 95,
064429 (2017).

[52] X.Ma, G. Yu, C. Tang, X. Li, C. He, J. Shi, K. L. Wang, and
X. Li, Interfacial Dzyaloshinskii-Moriya Interaction: Effect
of 5d Band Filling and Correlation with Spin Mixing
Conductance, Phys. Rev. Lett. 120, 157204 (2018).

[53] Q. Shao, Y. Liu, G. Yu, S. K. Kim, X. Che, C. Tang, Q. L.
He, Y. Tserkovnyak, J. Shi, and K. L. Wang, Topological
Hall effect at above room temperature in heterostructures
composed of a magnetic insulator and a heavy metal,
National electronics review 2, 182 (2019).

[54] Y. Sun, H. Chang, M. Kabatek, Y.-Y. Song, Z. Wang, M.
Jantz, W. Schneider, M. Wu, E. Montoya, B. Kardasz, B.
Heinrich, S. G. E. teVelthuis, H. Schultheiss, and A. Hoff-
mann, Damping in Yttrium Iron Garnet Nanoscale Films
Capped by Platinum, Phys. Rev. Lett. 111, 106601 (2013).

[55] J.M. Gomez-Perez, S. Vélez, L. McKenzie-Sell, M.
Amado, J. Herrero-Martin, J. Lépez-Lopez, S. Blanco-
Canosa, L. E. Hueso, A. Chuvilin, J. W. A. Robinson, and
F. Casanova, Synthetic Antiferromagnetic Coupling be-
tween Ultrathin Insulating Garnets, Phys. Rev. Applied
10, 044046 (2018).

[56] A.D. Caviglia, M. Gabay, S. Gariglio, N. Reyren, C.
Cancellieri, and J.-M. Triscone, Tunable Rashba Spin-Orbit
Interaction at Oxide Interfaces, Phys. Rev. Lett. 104, 126803
(2010).

[57] S. Banerjee, O. Erten, and M. Randeria, Ferromagnetic
exchange, spin-orbit coupling and spiral magnetism at the
LaAlO3/SrTiO3 interface, Nat. Phys. 9, 626 (2013).

[58] S. Banerjee, J. Rowland, O. Erten, and M. Randeria,
Enhanced Stability of Skyrmions in Two-Dimensional
Chiral Magnets with Rashba Spinorbit Coupling, Phys.
Rev. X 4, 031045 (2014).

[59] H. Yang, G. Chen, A.A.C. Cotta, A. T. N'Diaye, S. A.
Nikolaev, E.A. Soares, W.A.A. Macedo, K. Liu,

A.K. Schmid, A. Fert, and M. Chshiev, Significant
Dzyaloshinskii-Moriya interaction at graphene-ferromagnet
interfaces due to the Rashba effect, Nat. Mater. 17, 605
(2018).

[60] D. Grundler, Large Rashba Splitting in InAs Quantum Wells
due to Electron Wave Function Penetration into the Barrier
Layers, Phys. Rev. Lett. 84, 6074 (2000).

[61] M. C. Onbasli, L. Beran, M. Zahradnik, and M. Kucera, R.
AntoS, J. Mistrik, G. F. Dionne, M. Veis, and C. A. Ross,
Optical and magneto-optical behavior of cerium yttrium
iron garnet thin films at wavelengths of 200-1770 nm, Sci.
Rep. 6, 23640 (2016).

[62] 1. V. Maznichenko, S. Ostanin, A. Ernst, and 1. Mertig,
Tunable 2D electron gas at the LaAIO3/SrTiO3(001) inter-
face, Phys. Rev. Mater. 3, 074006 (2019).

[63] P. Yu, J.-S. Lee, S. Okamoto, M. D. Rossell, M. Huijben,
C.-H. Yang, Q. He, J. X. Zhang, S. Y. Yang, M. J. Lee, Q. M.
Ramasse, R. Erni, Y.-H. Chu, D. A. Arena, C.-C. Kao, L. W.
Martin, and R. Ramesh, Interface Ferromagnetism and
Orbital Reconstruction in BiFeO3-La0.7Sr0.3MnO3
Heterostructures, Phys. Rev. Lett. 105, 027201 (2010).

[64] 1. Hallsteinsen, A. Grutter, M. Moreau, S. D. Sloetjes, and
K. Kjaernes, E. Arenholz, and T. Tybell, Role of antiferro-
magnetic spin axis on magnetic reconstructions at the (111)-
oriented La0.7Sr0.3MnO3/LaFeO3 interface, Phys. Rev.
Mater. 2, 084403 (2018).

[65] P. Che, Y. Zhang, C. Liu, S. Tu, Z. Liao, D. Yu, F. A. Vetro,
J.-Ph. Ansermet, W. Zhao, L. Bi, and H. Yu, Short-wave-
length spin waves in yttrium iron garnet micro-channels on
silicon, IEEE Magn. Lett. 7, 3508404 (2016).

[66] A.V. Sadovnikov, E.N. Beginin, S.E. Sheshukova, Y.P.
Sharaevskii, A.I. Stognij, N. N. Novitski, V. K. Sakharov,
Y. V. Khivintsev, and S. A. Nikitov, Route toward semi-
conductor magnonics: Light-induced spin-wave nonreci-
procity, Phys. Rev. B 99, 054424 (2019).

[67] R. A. Gallardo, T. Schneider, A.K. Chaurasiya, A.
Oelschlidgel, S.S.P.K. Arekapudi, A. Rolddn-Molina, R.
Hiibner, K. Lenz, A. Barman, J. Fassbender, J. Lindner, O.
Hellwig, and P. Landeros, Reconfigurable Spin-Wave Non-
reciprocity Induced by Dipolar Interaction in a Coupled
Ferromagnetic Bilayer, Phys. Rev. Applied 12, 034012
(2019).

[68] T. Schwarze, J. Waizner, M. Garst, A. Bauer, I
Stasinopoulos, H. Berger, C. Pfleiderer, and D. Grundler,
Universal helimagnon and skyrmion excitations in metallic,
semiconducting and insulating chiral magnets, Nat. Mater.
14, 478 (2015).

[69] J. Lan, W. Yu, R. Wu, and J. Xiao, Spin-Wave Diode, Phys.
Rev. X 5, 041049 (2015).

[70] K. Wagner, A. Kdkay, K. Schultheiss, A. Henschke, T.
Sebastian, and H. Schultheiss, Magnetic domain walls as
reconfigurable spin-wave nanochannels, Nat. Nanotechnol.
11, 432 (2016).

[71] S.J. Hamildinen, M. Madami, H. Qin, G. Gubbiotti, and
S. van Dijken, Control of spin-wave transmission by a
programmable domain wall, Nat. Commun. 9, 4853 (2018).

027203-7


https://doi.org/10.1016/j.jmmm.2018.08.039
https://doi.org/10.1016/j.jmmm.2018.08.039
https://doi.org/10.1103/PhysRevB.99.134424
https://doi.org/10.1103/PhysRevB.99.134424
https://doi.org/10.1103/PhysRevB.11.2668
https://doi.org/10.1063/1.3464569
https://doi.org/10.1063/1.3464569
https://doi.org/10.1103/PhysRevB.98.224422
https://doi.org/10.1103/PhysRevB.95.064429
https://doi.org/10.1103/PhysRevB.95.064429
https://doi.org/10.1103/PhysRevLett.120.157204
https://doi.org/10.1038/s41928-019-0246-x
https://doi.org/10.1103/PhysRevLett.111.106601
https://doi.org/10.1103/PhysRevApplied.10.044046
https://doi.org/10.1103/PhysRevApplied.10.044046
https://doi.org/10.1103/PhysRevLett.104.126803
https://doi.org/10.1103/PhysRevLett.104.126803
https://doi.org/10.1038/nphys2702
https://doi.org/10.1103/PhysRevX.4.031045
https://doi.org/10.1103/PhysRevX.4.031045
https://doi.org/10.1038/s41563-018-0079-4
https://doi.org/10.1038/s41563-018-0079-4
https://doi.org/10.1103/PhysRevLett.84.6074
https://doi.org/10.1038/srep23640
https://doi.org/10.1038/srep23640
https://doi.org/10.1103/PhysRevMaterials.3.074006
https://doi.org/10.1103/PhysRevLett.105.027201
https://doi.org/10.1103/PhysRevMaterials.2.084403
https://doi.org/10.1103/PhysRevMaterials.2.084403
https://doi.org/10.1109/LMAG.2016.2616105
https://doi.org/10.1103/PhysRevB.99.054424
https://doi.org/10.1103/PhysRevApplied.12.034012
https://doi.org/10.1103/PhysRevApplied.12.034012
https://doi.org/10.1038/nmat4223
https://doi.org/10.1038/nmat4223
https://doi.org/10.1103/PhysRevX.5.041049
https://doi.org/10.1103/PhysRevX.5.041049
https://doi.org/10.1038/nnano.2015.339
https://doi.org/10.1038/nnano.2015.339
https://doi.org/10.1038/s41467-018-07372-x

