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We study the interaction of surface acoustic waves with spin waves in ultrathin CoFeB /Pt bilayers.
Because of the interfacial Dzyaloshinskii-Moriya interaction (DMI), the spin wave dispersion is
nondegenerate for oppositely propagating spin waves in CoFeB/Pt. In combination with the additional
nonreciprocity of the magnetoacoustic coupling itself, which is independent of the DMI, highly
nonreciprocal acoustic wave transmission through the magnetic film is observed. We systematically
characterize the magnetoacoustic wave propagation in a thickness series of CoFeB(d)/Pt samples as a
function of magnetic field magnitude and direction, and at frequencies up to 7 GHz. We quantitatively
model our results to extract the strength of the DMI and magnetoacoustic driving fields.

DOI: 10.1103/PhysRevLett.125.217203

Surface acoustic waves (SAW) have made their way into
both technology and research over the last few decades.
They are easily excited and detected on piezoelectric
crystals and have many different applications, most notably
for rf signal processing in telecommunications [1] but also
as sensors [2] and even microfluidic lab-on-a-chip devices
[3]. Here, we would like to report on a striking observation
if SAW and spin waves (SW) in a magnetic thin film are
coupled: The Dzyaloshinskii-Moriya interaction (DMI)
[4,5] leads to a pronounced nonreciprocal behavior for
the SAW/magnetic thin film hybrid. As SAWs on piezo-
electrics are usually propagating reciprocally, i.e., their
properties do not depend on the direction of propagation
along a specific crystal axis, the possibility of non-
reciprocity would open completely new fields of applica-
tions, ranging from acoustic diodes [6] to chiral phononics
[7]. Over the years, various mechanisms breaking the
reciprocity of SAW propagation have so far been inves-
tigated both experimentally as well as in theory [8—11]. For
instance, the acoustoelectric amplification [11] has been
addressed before. But also the nonreciprocal interaction of
SAWs with a magnetic medium has been investigated
theoretically a long time ago [8].

In this Letter, we experimentally demonstrate the strong
coupling between SAWs and SWs in thin magnetic films
with DMI to generate highly nonreciprocal magnetoacous-
tic surface waves (MASW). We show that this interaction
leads to an additional nonreciprocity effect in frequency
space, extending well beyond the known amplitude non-
reciprocity [12—14] being always present in magnetic
media due to the elliptical polarization of SAWs and
SWs. In total, the coupling of SAWs with SWs results
in double nonreciprocal MASWs with a nonreciprocal
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contrast of up to 27.9 dB/mm at 6.77 GHz. We fit our
experimental results to a modified Landau-Lifshitz—Gilbert
model to extract the strength of the DMI and magneto-
acoustic driving fields. The DMI is in full agreement with
previous reports and the magnetoacoustic driving fields are
quantitatively accounted for by combined magnetoelastic
and magnetorotation [15] coupling.

The DMI at a ferromagnetic—heavy metal interface
energetically favors spin structures with a fixed chirality,
which is fundamentally responsible for the formation of
magnetic skyrmions [16]. Counterpropagating SWs have
opposite spatial chirality and are thus nondegenerate in the
presence of DMI [17,18]. The potential of nonreciprocal
DMI MASWs has been theoretically discussed by Verba
et al. [19]. While in Ref. [19], Ni/Pt thin film bilayers have
been suggested, here we employ CoFeB /Pt bilayers, which
have lower magnetic damping [20,21].

We study acoustomagnetic devices, as schematically
shown in Fig. 1(a). Details about the sample preparation
are presented in the Supplemental Material [22]. For all
samples, we measured the saturation magnetization
M of the CoygFeyoB,q layers by superconducting quantum
interference  device-vibrating sample magnetometry,
see Supplemental Material, Table SIII [22]. The
determined M, values for LiNbO;/CoFeB(2) and
LiNbO;3/CoFeB(1.4-2.0)/Pt(3) (numbers are the nominal
thicknesses in nm) are in good agreement with literature
[23]. The thicker samples were fabricated in a second
sputter run and show higher values for M,. The effective
magnetization M, Gilbert damping, and inhomogeneous
line broadening were determined by broadband ferro-
magnetic resonance measurements (FMR) [22]. A vector
network analyzer was used to measure the SAW

© 2020 American Physical Society
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FIG. 1.

(a) Schematic illustration of the experimental setup and
the coordinate system. A scaled drawing is shown in the
Supplemental Material [22]. Nonreciprocal MASWs are charac-
terized by different transmission amplitudes AS,; and AS|, for
oppositely propagating SAWs kg,; and kgj,. The SAW trans-
mission curves of (b) CoFeB(2) and (c) CoFeB(2)/Pt are
obtained at 6.90 GHz, 6.88 GHz, and ¢y = 64.8°. Only
CoFeB(2)/Pt reveals a nonreciprocity in both transmission
amplitude at resonance and resonant magnetic field.

transmission of our delay lines utilizing a time-domain
gating technique [12,42]. We study MASWs up to
f =7.0 GHz, by exploiting the 7th harmonic resonance
frequency of the interdigital transducers (IDT). If the
excitation and detection IDTs are interchanged, the propa-
gation direction of the acoustic wave and the excited
MASW with the wave vectors kg,; > 0 or kg <O is
reversed, probing nonreciprocal effects.

In the following, we use the coordinate system shown in
Fig. 1(a). The angle ¢y (¢y) defines the direction of the
external magnetic field H (static magnetization M).
Figures 1(b),1(c) depict the SAW transmission AS,,
AS;, of the CoFeB(2) and CoFeB(2)/Pt samples at
6.9 GHz and ¢y = 64.8°. We define the relative change
of the background corrected SAW transmission signal as
AS;i(uoH) = S;j(uoH) — S;;(=200 mT), where AS;; is the
magnitude of the complex transmission signal with
ij =21, 12. Clearly, a large difference AS,; # AS;, is
observed in Figs. 1(b), 1(c), corresponding to nonreciprocal
MASW propagation. Two independent mechanisms lead to
this nonreciprocity. First, the helicity mismatch between the
magnetoacoustic driving field and magnetization preces-
sion [12—14], which induces different transmission magni-
tude at resonance in both samples. Second, the DMI, which
causes resonance field shifts of 9 mT only in CoFeB(2)/Pt.
Both effects will be discussed in more detail.

The Rayleigh type SAW generates strain e, (x, 1),
€..(x,1), and €. (x,7) in the magnetic film, with the
frequency f, the periodicity 4 = cgaw/f and the wave
vector |k| = 27/, that are given by the phase velocity of a
metalized LiNbO; surface cgaw [24]. The shear strain
€..(x,1) is phase shifted by 90° with respect to €, (x, 7).
For a polycrystalline magnetic film, the complex

amplitudes of the SAW induced in-plane /;, and out-of-
plane h,, field components that potentially excite SWs are

'Mohip = 2bXX|k||”z,O| sin ¢ cos ¢y,
ﬂOhOOP = 2bxz|k”uz.0| COs ¢0- (1)

For  magnetoelastic ~ coupling,  b;; = b;,a;; with
ij = xx, xz, where by = b, are the magnetoelastic coupling
constants for polycrystalline CoFeB. We determine
a;; = €;j0/|k|u, | with a finite element method simula-
tion, as shown in the Supplemental Material [22].
Furthermore, u_ is the amplitude of the lattice displace-
ment in the z direction.

A recent, related study [25] reported that magneto-
rotational coupling [15] induces additional driving fields
with the same symmetry as the shear strain magnetoelastic
driving field Ay, The additive contribution due to
magnetorotational coupling is expressed in Eq. (1) by
b.., = —B,(®,.0/|k|lu.o|]) with the uniaxial -effective
out-of-plane anisotropy B, = —%,uOMeff. Here, w,,q
is the amplitude of the rotation tensor element
Wyz = %(614)‘/82 - auz/ax)

Following the approach by Dreher et al. [12], and
additionally considering the effects of dipolar interactions
and DMI [26], we obtain the anisotropic SW dispersion

HoY 14
=—+/H{Hy —
! 2 ne2 = m R

Dk sin(¢h), (2)

where we assume that M||H (¢g = ¢p). In Eq. (2), y is the
gyromagnetic ratio and Hy;, H,, are terms, depending on
the external magnetic field, the exchange field, the in-plane
and out-of-plane magnetic anisotropy fields and dipolar
fields [22]. The final term in Eq. (2) results from the DMI,
here being parametrized by the thickness-averaged effec-
tive DMI constant D. The DMI causes the resonant-field
nonreciprocity of the MASW, as observed in Fig. 1(c). The
second mechanism which induces nonreciprocal MASWs
is caused by a SAW-SW helicity mismatch. If the propa-
gation direction of the SAW is inverted, the helicity of the
SAW and thus of the driving fields are reversed. Because of
the fixed helicity of the magnetization precession, this
results in nonreciprocal coupling efficiency [12-14].

To investigate the two nonreciprocal mechanisms in
more detail, we perform measurements such as being
shown in Figs. 1(b),1(c) as a function of ¢y. The upper
row of Fig. 2 depicts the experimentally determined AS;;,
obtained for delay lines loaded with CoFeB(2) and
CoFeB(2)/Pt films and operated at 6.9 GHz. Figure 2
reveals the expected fourfold symmetry for magnetoacous-
tically driven resonance [43]. Furthermore, we find that the
linewidth of the SW resonance of the CoFeB(2)/Pt sample
is larger than that of the CoFeB(2) device. This can be
attributed to spin pumping [27]. The fourfold symmetry is
obviously broken for both samples, as the AS,
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FIG. 2. Change of the SAW transmission AS;; as a function of
the orientation and magnitude of the external magnetic field. The
experimental AS,; and ASy, of the (a) CoFeB(2) single layer and
(b) CoFeB(2)/Pt bilayer (upper row) are measured at the
resonance frequencies of the SAW delay lines at 6.90 and
6.88 GHz, respectively. Both samples reveal nonreciprocal
behavior with respect to the transmission magnitude. An addi-
tional nonreciprocal shift of the resonance fields is induced by
DMI in the CoFeB(2)/Pt sample. Numerical fits (lower row).

transmission curves show a more intense SW resonance at
H <0, +45° than at H > 0, +45°. For the opposite
propagation direction ASj,, this asymmetry is reversed.
This nonreciprocity is a consequence of the SAW-SW
helicity mismatch. Moreover, in contrast to the CoFeB(2)
sample, the resonance fields of the CoFeB(2)/Pt sample
are nonreciprocally shifted. According to Eq. (2), the
additional DMI contribution lifts the degeneracy of the
resonant magnetic fields for counterpropagating SAWs
proportional to sin ¢y.

In the lower row of Fig. 2, we show results of a fit to our
AS;; data. The fit function is derived from the magnetic
susceptibility taking dipolar, exchange, and DMI into
account. Additionally, the symmetry of the driving fields
and the field drag effect (¢y # ¢py) are considered. We
included exponentially decaying driving fields 4;,(x) and
hoop(x) along the SAW propagation direction. More details
about the fitting procedure and derivation of the equations
are given in the Supplemental Material [22]. The fit
parameters are the uniaxial in-plane and surface out-of-
plane magnetic anisotropy fields, b,, and b, the SW
damping constant and D.s. We find overall excellent
agreement of experiment and fit with reasonable fit
parameters summarized in the Supplemental Material,
Table SIII [22].

Furthermore, the extracted damping and effective mag-
netization are in agreement with FMR measurements
performed on reference samples [22]. The good agreement
of the effective damping constants is in contrast to previous
findings [12,28,43] and further demonstrates that our
phenomenological model is adequate.

We now focus on the nonreciprocity of the MASW
propagation. A hypothetical, perfectly nonreciprocal SAW
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FIG. 3. (a) Angular dependence of the resonance fields of the

CoFeB(2)/Pt sample in Fig. 2. Dots denote the experimental
data, solid curves the fit. (b) The magnitude of the effective DMI
constant as a function of the inverse of the film thickness agrees
with the expected linear behavior, revealing the interface char-
acter of the underlying interaction. (c) The driving field fit
parameters b, and b,, for the CoFeB(d)/Pt thickness series
(dots) and the CoFeB(2) sample (stars). The error bars in (b) and
(c) are smaller than the symbol size. (d) Summary of the highest
attained transmission nonreciprocity AS and the corresponding
attenuation in the acoustic diode forward direction /L.

device would show 100% transmission (zero loss) in the
forward direction and no transmission (co loss) in the
reverse direction. Although the DMI induced splitting of
the resonance fields A(ugHys) is up to 10 mT in the
CoFeB(2)/Pt film, the attenuation dips in AS,; and AS),
overlap, as already shown in Fig. 1(c). To study A (uqH )
in more detail, we plot the resonance fields yuyH, as a
function of ¢ in Fig. 3(a) for CoFeB(2)/Pt. As expected
from Eq. (2), A(ugH) is proportional to sing, and
vanishes for the CoFeB sample without Pt, as shown in
the Supplemental Material [22]. The lines in Fig. 3(a) are
the transmission minima obtained from the global fit
results.

The DMI induced nonreciprocity of the MASW is given
by the magnitude of the effective DMI constant D, which
is shown in Fig. 3(b) as a function of CoFeB layer thickness
d. Brillouin light scattering (BLS) measurements of a
similar CoFeB(2)/Pt film result in Dgy = 0.45 mJ/m?
[44]. This magnitude is in good accordance with our result
of Dy = —(0.424 4 0.001) mJ/m? [22]. Because of the
interfacial origin of the DMI, D in Fig. 3(b) is expected to
be linearly proportional to the inverse of the film thickness
and to vanish in the limit of infinitely thick films.
We attribute the slight deviation from this linear
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FIG. 4. (a) Nonreciprocal MASW detected in a continuous
frequency range of 3 to 7 GHz. The results are shown for
CoFeB(2)/Pt and ¢py; = 45°. The blue line indicates the position
of the resonance fields from the simulation in (b), carried out with
the parameters in the Supplemental Material, Table SIII [22].

proportionality, as being observed in Fig. 3(b), dominantly
to the different sputter runs in which samples for 1/d > 0.4
and 1/d < 0.4 nm~! were fabricated. The effect of asym-
metric dipolar fields which can also serve as a source of
nonreciprocal SWs increases with film thickness [45].
Since this effect is caused by surface anisotropy fields,
being affected by the different sputter runs, asymmetric
dipolar fields may slightly contribute to the observed
nonlinearity, especially for the thicker films (d=3.5 nm).

The nonreciprocity of the MASW, caused by the SAW-
SW helicity mismatch depends on the ratio of /iy to /1,
and thus b, and b,,, which are shown in Fig. 3(c). With
a,, = 0.49 £ 0.1 from the finite element study [22], we
obtain for the magnetoelastic coupling constant of the
CoFeB(2) film b; = —(4.0+0.8) T. This is in good
agreement with the literature value b; = —3.8 T [46].
Interestingly, for the CoFeB(d)/Pt samples b, is increased
by the Pt layer and we obtain by = —(6.5+1.7) T. In
contrast to b,,, which is approximately constant for the
CoFeB(d)/Pt series, b,. increases with d. In the
Supplemental Material [22] we calculate the expected
b,, due to magnetorotation and magnetoelastic contribu-
tions. Both mechanisms qualitatively reproduce the
increase of b,, with d. The contribution caused by
magnetorotational coupling is a factor 1 to 2 higher than
the magnetoelastic counterpart, but both effects individu-
ally underestimate b,, by a factor 2 to 3. We conclude
that both mechanisms are present, add up constructively,
and thus quantitatively reproduce the observed b,,.
Consequently, the strong SAW-SW helicity mismatch
effect is induced by both mechanisms.

In Fig. 3(d), we show for all samples the largest
transmission nonreciprocity AS = max[AS,,(H, ¢y)—
AS\»(H,¢y)], observed at H = H"S ¢y = ¢p%5, fw
6.9 GHz and normalized to the magnetic film
length ;. Maximum nonreciprocity is found for all
samples in a range of ¢%° =(33,...,45)° and at

poHAS = (21,...,84) mT, close to the resonant fields.
The increase of AS with d is caused by a combination
of increasing SAW-SW helicity mismatch nonreciprocity
[Fig. 3(c)], decreasing linewidth [Fig. S6(a) [22] ], which
partly compensates decreasing nonreciprocity induced by
decreasing Dy [Fig. 3(b)], and increased magnetic film
volume, which increases the magnitude of both nonrecip-
rocal effects [22]. The CoFeB(5)/Pt sample shows the
highest transmission nonreciprocity of 27.9 dB/mm,
which is considerably larger than reported values
for LiNbO;/Ni of AS < 0.1 dB/mm [48] and for
GaAs/Fe;Si of AS < 0.9 dB/mm [49]. In contrast to a
perfect acoustic diode with 100% transmission in the
forward direction, the transmission nonreciprocity AS in
Fig. 3(d) comes along with an insertion loss
IL = —AS, (H”S, ¢%5), which is caused by the SAW-
SW interaction. Although the nonreciprocity AS of the
CoFeB(2) and the CoFeB(2) /Pt sample is similar, the DMI
permits a reduction of the insertion loss due to shifted
resonance fields of counterpropagating SWs. In general, we
observe AS > IL for all samples with Pt while AS < IL for
CoFeB without Pt, demonstrating that the DMI plays an
important role in optimizing the diodelike behavior. The
insertion loss could be further lowered by increasing D, or
by decreasing the SW damping.

According to Eq. (2), the DMI-induced shift in reso-
nance field should increase with increasing wave vector. To
test this, we perform our SW resonance measurements over
a frequency range of 3 GHz=f=7 GHz. Although the
highest signal-to-noise ratio in MASW resonance spec-
troscopy is obtained if the frequency of the measurement
corresponds exactly to the IDT resonance frequency, it is
nevertheless possible to characterize the SAW transmission
signal as a function of frequency due to the relatively high
bandwidth of our IDTs with only three finger pairs. These
experiments resemble SAW-driven broadband SW reso-
nance experiments, where MASWs with a quasicontinuous
range of wave vectors |k| = 2zf/csaw can be excited.
Results of this type of measurement are shown in Fig. 4(a)
for the CoFeB(2)/Pt sample at ¢y = 45°. Here the
relative change of the SAW transmission AS,;(f, uoH)
is obtained by subtraction of the background offset
So1(f, poH = =200 mT). The simulation in Fig. 4(b) is
carried out with the parameters obtained from the fit in
Fig. 2(b), given in the Supplemental Material, Table SIII
[22]. The resonance fields of the simulation are additionally
depicted by solid lines in Fig. 4(a). Again, we observe
excellent agreement between experiment and theoretical
model. This confirms on the one hand the linear depend-
ence on k expected from Eq. (2) and, on the other hand, that
the values in Supplemental Material, Table SIII [22] can be
used to describe our experiments over a frequency range of
at least 3 to 7 GHz.

In conclusion, our experimental finding of a very large
nonreciprocity effect of up to 27.9 dB/mm demonstrated
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here validates the potential of DMI magnetoacoustic waves
for the realization of acoustic diodes or SAW valves.
Promising routes towards more efficient nonreciprocal
SAW devices are optimizing the magnetoelasticity and
the DMI strength or lowering the SW damping constant,
e.g., by employing low-damping magnetoelastic Co,sFe;s
[51,52]. The excellent accordance of theory and experiment
demonstrates that MASW spectroscopy can be used to
characterize thin magnetic films with regards to magnetic
film anisotropies, magnetoelastic coupling constants, SW
damping, and the average DMI strength also as a function
of frequency and SW wave vector. If one assumes the
lithography step being the limiting factor, it should be
possible to fabricate 20 nm gratings [53] and to probe SWs
with wave vectors above 80 yum™~!, which is higher than the
accessible range of BLS setups that typically extend to
about 25 ym~! [54]. This will allow more accurate deter-
mination of DMI and opens an avenue for on-chip chiral
phononics.

We thank Emeline D. S. Nysten and Hubert J. Krenner
for their discussions. This work is financially supported by

the German Research Foundation (DFG) via Projects
No. WI 1091/21-1, AL 618/36-1, and WE 5386/5-1.

*matthias.kuess@physik.uni—augsburg.de.
"Present address: Fachbereich Physik, Technische Universi-
tdt Kaiserslautern, 67663 Kaiserslautern, Germany.

[1] C. K. Campbell, Surface Acoustic Wave Devices for Mobile
and Wireless Communications, Applications of Modern
Acoustics (Academic Press, San Diego, CA, 1998).

[2] B. Paschke, A. Wixforth, D. Denysenko, and D. Volkmer,
ACS Sens. 2, 740 (2017).

[3] Z. Guttenberg, H. Miiller, H. Habermiiller, A. Geisbauer, J.
Pipper, J. Felbel, M. Kielpinski, J. Scriba, and A. Wixforth,
Lab Chip 5, 308 (2005).

[4] T. Moriya, Phys. Rev. Lett. 4, 228 (1960).

[5] 1. Dzyaloshinsky, J. Phys. Chem. Solids 4, 241 (1958).

[6] B. Liang, B. Yuan, and J.-c. Cheng, Phys. Rev. Lett. 103,
104301 (2009).

[7] E. Thingstad, A. Kamra, A. Brataas, and A. Sudbg, Phys.
Rev. Lett. 122, 107201 (2019).

[8] P.R. Emtage, Phys. Rev. B 13, 3063 (1976).

[9] J. Heil, B. Liithi, and P. Thalmeier, Phys. Rev. B 25, 6515
(1982).

[10] M. Rotter, A. V. Kalameitsev, A. O. Govorov, W. Ruile, and
A. Wixforth, Phys. Rev. Lett. 82, 2171 (1999).

[11] M. Rotter, A. Wixforth, A.O. Govorov, W. Ruile, D.
Bernklau, and H. Riechert, Appl. Phys. Lett. 75, 965 (1999).

[12] L. Dreher, M. Weiler, M. Pernpeintner, H. Huebl, R. Gross,
M. S. Brandt, and S. T. B. Goennenwein, Phys. Rev. B 86,
134415 (2012).

[13] R. Sasaki, Y. Nii, Y. Iguchi, and Y. Onose, Phys. Rev. B 95,
020407(R) (2017).

[14] S. Tateno and Y. Nozaki, Phys. Rev. Applied 13, 034074
(2020).

[15] S. Maekawa and M. Tachiki, AIP Conf. Proc. 29, 542
(1976).

[16] S. Miihlbauer, B. Binz, F. Jonietz, C. Pfleiderer, A. Rosch,
A. Neubauer, R. Georgii, and P. Boni, Science 323, 915
(2009).

[17] H. T. Nembach, J. M. Shaw, M. Weiler, E. Jué, and T.J.
Silva, Nat. Phys. 11, 825 (2015).

[18] J. M. Lee, C. Jang, B.-C. Min, S.-W. Lee, K.-J. Lee, and J.
Chang, Nano Lett. 16, 62 (2016).

[19] R. Verba, 1. Lisenkov, I. Krivorotov, V. Tiberkevich, and A.
Slavin, Phys. Rev. Applied 9, 064014 (2018).

[20] J. Walowski, M. D. Kaufmann, B. Lenk, C. Hamann, J.
McCord, and M. Miinzenberg, J. Phys. D 41, 164016
(2008).

[21] A. Conca, J. Greser, T. Sebastian, S. Klingler, B. Obry, B.
Leven, and B. Hillebrands, J. Appl. Phys. 113, 213909
(2013).

[22] See  Supplemental  Material at  http://link.aps.org/
supplemental/10.1103/PhysRevLett.125.217203 for details
about the sample preparation, finite element method simu-
lation, theoretical model, fitting procedure, summary Ta-
ble SIII, chirality favored by the DMI in our samples, and
additional results, which includes Refs. [12,13,17,23-41].

[23] J. Cho, J. Jung, K.-E. Kim, S.-I. Kim, S.-Y. Park, M.-H.
Jung, and Y. Chun-Yeol, J. Magn. Magn. Mater. 339, 36
(2013).

[24] D.P. Morgan, Surface Acoustic Wave Filters: With Appli-
cations to Electronic Communications and Signal Process-
ing, 2nd ed. (Elsevier, Amsterdam, 2007).

[25] M. Xu, K. Yamamoto, J. Puebla, K. Baumgaertl, B. Rana,
K. Miura, H. Takahashi, D. Grundler, S. Maekawa, and Y.
Otani, Sci. Adv. 6, eabb1724 (2020).

[26] J.-H. Moon, S.-M. Seo, K.-J. Lee, K.-W. Kim, J. Ryu, H.-W.
Lee, R. D. McMichael, and M. D. Stiles, Phys. Rev. B 88,
184404 (2013).

[27] Y. Tserkovnyak, A. Brataas, and G. E. W. Bauer, Phys. Rev.
Lett. 88, 117601 (2002).

[28] P.G. Gowtham, T. Moriyama, D.C. Ralph, and R.A.
Buhrman, J. Appl. Phys. 118, 233910 (2015).

[29] E.D. S. Nysten, Y. H. Huo, H. Yu, G. F. Song, A. Rastelli,
and H.J. Krenner, J. Phys. D 50, 43LTO1 (2017).

[30] COMSOL Multiphysics® v. 5.4. www.comsol.com
COMSOL AB, Stockholm, Sweden.

[31] J. M. Barandiaran, J. Gutiérrez, Z. Kaczkowski, and D. de
Cos, J. Non-Cryst. Solids 329, 43 (2003).

[32] S. Datta, Surface Acoustic Wave Devices (Prentice-Hall,
Englewood Cliffs NJ, 1986).

[33] W.P. Robbins, IEEE Trans. Sonics Ultrason. 24, 339 (1977).

[34] D. Labanowski, A. Jung, and S. Salahuddin, Appl. Phys.
Lett. 108, 022905 (2016).

[35] B. A. Kalinikos and A.N. Slavin, J. Phys. C 19, 7013
(1986).

[36] J. Cho, N.-H. Kim, S. Lee, J.-S. Kim, R. Lavrijsen, A.
Solignac, Y. Yin, D.-S. Han, N.J.J. van Hoof, H.J. M.
Swagten, B. Koopmans, and C.-Y. You, Nat. Commun. 6,
7635 (2015).

[37] M. Suzuki, H. Muraoka, Y. Inaba, H. Miyagawa, N.
Kawamura, T. Shimatsu, H. Maruyama, N. Ishimatsu, Y.
Isohama, and Y. Sonobe, Phys. Rev. B 72, 054430
(2005).

217203-5


https://doi.org/10.1021/acssensors.7b00014
https://doi.org/10.1039/B412712A
https://doi.org/10.1103/PhysRevLett.4.228
https://doi.org/10.1016/0022-3697(58)90076-3
https://doi.org/10.1103/PhysRevLett.103.104301
https://doi.org/10.1103/PhysRevLett.103.104301
https://doi.org/10.1103/PhysRevLett.122.107201
https://doi.org/10.1103/PhysRevLett.122.107201
https://doi.org/10.1103/PhysRevB.13.3063
https://doi.org/10.1103/PhysRevB.25.6515
https://doi.org/10.1103/PhysRevB.25.6515
https://doi.org/10.1103/PhysRevLett.82.2171
https://doi.org/10.1063/1.124568
https://doi.org/10.1103/PhysRevB.86.134415
https://doi.org/10.1103/PhysRevB.86.134415
https://doi.org/10.1103/PhysRevB.95.020407
https://doi.org/10.1103/PhysRevB.95.020407
https://doi.org/10.1103/PhysRevApplied.13.034074
https://doi.org/10.1103/PhysRevApplied.13.034074
https://doi.org/10.1063/1.30437
https://doi.org/10.1063/1.30437
https://doi.org/10.1126/science.1166767
https://doi.org/10.1126/science.1166767
https://doi.org/10.1038/nphys3418
https://doi.org/10.1021/acs.nanolett.5b02732
https://doi.org/10.1103/PhysRevApplied.9.064014
https://doi.org/10.1088/0022-3727/41/16/164016
https://doi.org/10.1088/0022-3727/41/16/164016
https://doi.org/10.1063/1.4808462
https://doi.org/10.1063/1.4808462
http://link.aps.org/supplemental/10.1103/PhysRevLett.125.217203
http://link.aps.org/supplemental/10.1103/PhysRevLett.125.217203
http://link.aps.org/supplemental/10.1103/PhysRevLett.125.217203
http://link.aps.org/supplemental/10.1103/PhysRevLett.125.217203
http://link.aps.org/supplemental/10.1103/PhysRevLett.125.217203
http://link.aps.org/supplemental/10.1103/PhysRevLett.125.217203
http://link.aps.org/supplemental/10.1103/PhysRevLett.125.217203
https://doi.org/10.1016/j.jmmm.2013.03.005
https://doi.org/10.1016/j.jmmm.2013.03.005
https://doi.org/10.1126/sciadv.abb1724
https://doi.org/10.1103/PhysRevB.88.184404
https://doi.org/10.1103/PhysRevB.88.184404
https://doi.org/10.1103/PhysRevLett.88.117601
https://doi.org/10.1103/PhysRevLett.88.117601
https://doi.org/10.1063/1.4938390
https://doi.org/10.1088/1361-6463/aa861a
www.comsol.com
www.comsol.com
www.comsol.com
https://doi.org/10.1016/j.jnoncrysol.2003.08.010
https://doi.org/10.1109/T-SU.1977.30956
https://doi.org/10.1063/1.4939914
https://doi.org/10.1063/1.4939914
https://doi.org/10.1088/0022-3719/19/35/014
https://doi.org/10.1088/0022-3719/19/35/014
https://doi.org/10.1038/ncomms8635
https://doi.org/10.1038/ncomms8635
https://doi.org/10.1103/PhysRevB.72.054430
https://doi.org/10.1103/PhysRevB.72.054430

PHYSICAL REVIEW LETTERS 125, 217203 (2020)

[38] H.-Y. Lee, S. Kim, J.-Y. Park, Y.-W. Oh, S.-Y. Park, W.
Ham, Y. Kotani, T. Nakamura, M. Suzuki, T. Ono, K.-J. Lee,
and B.-G. Park, APL Mater. 7, 031110 (2019).

[39] M. Schreier, G. E. W. Bauer, V.I. Vasyuchka, J. Flipse, K.
Uchida, J. Lotze, V. Lauer, A. V. Chumak, A. A. Serga, S.
Daimon, T. Kikkawa, E. Saitoh, B.J. van Wees, B.
Hillebrands, R. Gross, and S. T. B. Goennenwein, J. Phys.
D 48, 025001 (2014).

[40] G. Chen, J. Zhu, A. Quesada, J. Li, A. T. N’Diaye, Y. Huo,
T.P. Ma, Y. Chen, H.Y. Kwon, C. Won, Z.Q. Qiu,
A.K. Schmid, and Y.Z. Wu, Phys. Rev. Lett. 110,
177204 (2013).

[41] X. Liu, W. Zhang, M. J. Carter, and G. Xiao, J. Appl. Phys.
110, 033910 (2011).

[42] M. Hiebel, Grundlagen der vektoriellen Netzwerkanalyse,
3rd ed. (Rohde & Schwarz, Miinchen, 2011).

[43] M. Weiler, L. Dreher, C. Heeg, H. Huebl, R. Gross, M. S.
Brandt, and S.T.B. Goennenwein, Phys. Rev. Lett. 106,
117601 (2011).

[44] S. Tacchi, R. E. Troncoso, M. Ahlberg, G. Gubbiotti, M.
Madami, J. Akerman, and P. Landeros, Phys. Rev. Lett. 118,
147201 (2017).

[45] O. Gladii, M. Haidar, Y. Henry, M. Kostylev, and M.
Bailleul, Phys. Rev. B 93, 054430 (2016).

[46] The literature value for b; was extracted from Ref. [47] by
dividing the magnetoelastic coupling —4.2 MJ/m? of the

as-deposited CoFeB(2) sample by the saturation magneti-
zation 1120 kA /m.

[47] P.G. Gowtham, G.M. Stiehl, D.C. Ralph, and R.A.
Buhrman, Phys. Rev. B 93, 024404 (2016).

[48] Reference [13] reports a maximum nonreciprocity of about
0.6% for a 800 ym long Ni(30) film at 2.23 GHz. In
Ref. [14] a maximum nonreciprocity of about 0.3% was
obtained for a 400 ym long Ni(20) film at 1.85 GHz,
whereas the IL, related with SAW-SW interaction, was
optimized being close to 0.

[49] Reference [50] reports a maximum nonreciprocity of up to
20% for a 1200 um long Fe;Si(50) film at 3.45 GHz.

[50] A.Hernandez-Minguez, F. Macia, J. M. Hernandez, J. Herfort,
and P. V. Santos, Phys. Rev. Applied 13, 044018 (2020).

[51] D. Schwienbacher, M. Pernpeintner, L. Liensberger, E. R. J.
Edwards, H. T. Nembach, J. M. Shaw, M. Weiler, R. Gross,
and H. Huebl, J. Appl. Phys. 126, 103902 (2019).

[52] L. Flacke, L. Liensberger, M. Althammer, H. Huebl, S.
Geprigs, K. Schultheiss, A. Buzdakov, T. Hula, H. Schulth-
eiss, E. R. J. Edwards, H. T. Nembach, J. M. Shaw, R. Gross,
and M. Weiler, Appl. Phys. Lett. 115, 122402 (2019).

[53] C. Vieu, F. Carcenac, A. Pépin, Y. Chen, M. Mejias, A.
Lebib, L. Manin-Ferlazzo, L. Couraud, and H. Launois,
Appl. Surf. Sci. 164, 111 (2000).

[54] T. Sebastian, K. Schultheiss, B. Obry, B. Hillebrands, and H.
Schultheiss, Front. Phys. 3, 35 (2015).

217203-6


https://doi.org/10.1063/1.5084201
https://doi.org/10.1088/0022-3727/48/2/025001
https://doi.org/10.1088/0022-3727/48/2/025001
https://doi.org/10.1103/PhysRevLett.110.177204
https://doi.org/10.1103/PhysRevLett.110.177204
https://doi.org/10.1063/1.3615961
https://doi.org/10.1063/1.3615961
https://doi.org/10.1103/PhysRevLett.106.117601
https://doi.org/10.1103/PhysRevLett.106.117601
https://doi.org/10.1103/PhysRevLett.118.147201
https://doi.org/10.1103/PhysRevLett.118.147201
https://doi.org/10.1103/PhysRevB.93.054430
https://doi.org/10.1103/PhysRevB.93.024404
https://doi.org/10.1103/PhysRevApplied.13.044018
https://doi.org/10.1063/1.5116314
https://doi.org/10.1063/1.5102132
https://doi.org/10.1016/S0169-4332(00)00352-4
https://doi.org/10.3389/fphy.2015.00035

	Nonreciprocal Dzyaloshinskii–Moriya magnetoacoustic waves
	Matthias Küß, Michael Heigl, L. Flacke, Andreas Hörner, M. Weiler, Manfred Albrecht, Achim Wixforth
	Nutzungsbedingungen / Terms of use:
	licgercopyright  


