PHYSICAL REVIEW B 101, 020409(R) (2020)

Rapid Communications

Correlation between Dzyaloshinskii-Moriya interaction and orbital angular
momentum at an oxide-ferromagnet interface

Hans T. Nembach,'-2-* Emilie Jué,%? Eric R. Evarts,>" and Justin M. Shaw?>
LJILA, University of Colorado, Boulder, Colorado 80309, USA
2Quantum Electromagnetics Division, National Institute of Standards and Technology, Boulder, Colorado 80305, USA
3Department of Physics, University of Colorado, Boulder, Colorado 80309, USA

® (Received 8 May 2019; revised manuscript received 13 September 2019; published 21 January 2020)

We report on the Dzyaloshinskii-Moriya (DMI) interaction at the interface between a ferromagnet and an

oxide. We demonstrate experimentally that oxides can give rise to DMI. By comparison of systems comprised
of Pt/CogoFe o/oxide and Cu/CoggFe g/oxide, we also show how oxidation of one interface can enhance and
add to the total DMI of that generated by the Pt interface. This is due to the fact that the DMI on both interfaces
promotes left-handed chirality. Finally, by use of ferromagnetic resonance spectroscopy, we show that the DMI
and the spectroscopic splitting factor, which is a measure of the orbital momentum, are correlated. This indicates
the importance of hybridization and charge transfer at the oxide interface for the DMI.
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I. INTRODUCTION

The interface between heavy metals such as Pt and a
ferromagnet can give rise to a variety of phenomena, where
the strong spin-orbit coupling in the heavy metal plays
an important role. These phenomena include perpendicu-
lar anisotropy, Dzyaloshinskii-Moriya interaction (DMI), and
spin-orbit torques [1-6]. The DMI gives rise to a rich variety
of chiral magnetic structures in thin magnetic films. For
sufficiently large DMI, chiral spin chains, chiral domain walls,
and skyrmions can be stabilized. Such spin textures are now
being explored for electronic applications [7,8].

Fundamentally, the DMI is an antisymmetric exchange
interaction that requires a broken inversion symmetry in com-
bination with spin-orbit interaction [1-3,9,10]. The interface
formed between a ferromagnet and a heavy metal provides
both the necessary symmetry breaking of the system and
the large spin-orbit coupling. The DMI energy E for two
neighboring spins S; and §‘,~ at the interface is given by E =
—5,- ;. (§i x § i), where 5,- ; is the DMI vector. The relation
between the DMI vector and the symmetry of the interface
is given by the Moriya rules [9,11]. For highly symmetric
interfaces such as (111)-oriented interfaces, the DMI vector
D; ; 1s perpendicular to the plane of the triangle formed by S;
and §; and a third atom in the heavy metal.

So far, not much is known about the underlying physics of
DMI. Recently, a direct proportionality between the antisym-
metric and the symmetric Heisenberg exchange was shown
in the NiggFey/Pt system [12]. Such proportionality was
theoretically predicted for bulk metallic spin-glasses and bulk
magnetic oxides [9,10]. Kim et al. [13] have found that the
DMI and the Heisenberg exchange have a similar temperature
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dependence in the Pt/Co/MgO system. Moreover, they used
x-ray circular dichroism to determine the temperature depen-
dence of the orbital momentum and established a correlation
with the DMI. Ryu et al. propose that the DMI and the
proximity magnetization at the interface are closely related
[14]. Finally, the correlation of the DMI and spin-mixing
conductance was studied by Ma et al. [15,16]. Relativistic
first principles calculations by Belabbes et al. have shown
that the sign and magnitude of the DMI in 3d-5d systems
are correlated to the band filling determined by Hund’s first
rule [17]. Most experimental work on interfacial DMI has
been confined to metallic materials, where the heavy metal
is, for example, Pt or Ir [12]. It has also been found that the
interface generated between graphene and a ferromagnet can
exhibit a measurable DMI [18]. However, it is well known
that bulk oxides can also have chiral spin structures that
originate from DMI. An example is Hematite, «-Fe, O3, where
the canted spin-structure gives rise to weak ferromagnetism
[19,20]. Moriya found that the DMI is proportional to the
symmetric superexchange J in magnetic oxides [9]: |D; i~
Ag/g - J, where g the spectroscopic splitting factor and Ag its
deviation from the free electron value g, = 2. The deviation
Ag =2 -1/s itself is proportional to the orbital momentum /
of the electron with spin s, implying a relationship between
the DMI and the orbital momentum [1,9].

Recent density functional theory calculations (DFT) by
Belabbes et al. for oxide/ferromagnet interfaces show a cor-
relation of the DMI with an electric dipole moment at the
interface [21]. This electrical dipole moment is the result of
hybridization of the 3d orbitals of the ferromagnet and the
p orbitals of the oxygen together with the associated charge
transfer. The hybridization will also change the orbital angular
momentum, which will alter the spectroscopic splitting factor.
Thus, the interface between an oxide and a ferromagnet
can give rise to DMI, while simultaneously modifying the
orbital momentum at the interface. In this work, we show
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experimentally that the interface formed between an oxide
and a metallic ferromagnet can give rise to DMI, and we gain
deeper insight into the underlying physics that generates DMI
through the comparison of the spectroscopic splitting factor
g (related to the orbital momentum) to the magnitude of the
DMI as the interface becomes increasingly oxidized. Here, we
find a change of g, and thus a change in the orbital momentum,
as the oxide forms. This change most likely originates from
hybridization together with charge transfer at the interface.
This implies a correlation of an electrical dipole moment at
the interface with the DMI as predicted in previous DFT
calculations [21].

II. EXPERIMENT

We prepared two series of samples to experimentally deter-
mine the influence of oxide coverage of a ferromagnet on the
DMLI. One series had a Pt underlayer and a second, the control
series, had a Cu underlayer. The Cu underlayer was chosen
since it has small spin-orbit coupling compared to Pt. As a re-
sult, the presence of any DMI measured in the control samples
would demonstrate that it originates at the oxide interface.
The sample structure consists of substrate/Ta (3 nm)/Pt(6
nm)/CogpFe o(2 nm)/Cu (3 nm)/Ta(2 nm) and substrate/Ta
(3 nm)/Cu (6 nm)/CoggFeo(2 nm)/ Cu (3 nm)/Ta(2 nm) and
were sputter deposited on thermally oxidized Si substrates.
The oxide layer on the substrate is about 150-nm thick. Ta
serves as an adhesion layer and induces a (111) texture.
Following deposition of the CoFe layer, we exposed the CoFe
surface to a gas mixture of 99% Ar and 1% oxygen for a time
t ranging from O to 1000 s. This allowed us to systematically
vary the amount of oxide formation. Following the oxidation
process, the chamber was pumped for 5 min to a pressure
better than 13 x 10~ Pa (1 x 1078 Torr) before continuing
with the deposition of a Cu (3 nm)/Ta(2 nm) capping layer to
prevent any additional oxidation.

We used x-ray diffraction to characterize structural changes
of the samples during the oxidation process. The unoxidized
Pt/CogoFe;o sample has a smaller in-plane lattice constant
of 0.3586 £ 0.0004 nm relative to Cu/CogoFe;g, which has a
lattice constant of 0.3597 £ 0.0002 nm. The lattice constants
for both sample series is continuously strained with increasing
oxidation and after 1000 s of oxidation both sample series
have within error bars the same in-plane lattice constant
(0.3604 £ 0.0006 nm for Pt/CogpFe;o and 0.3606 £ 0.0001
nm for Cu/CoggFe;p). Thus, the oxide interface strains the
Cu/CoggFejq lattice less than the Pt/CogoFej( lattice, see
Ref. [22] for the x-ray data.

Measurements with a magnetometer based on a super-
conducting quantum interference device (SQUID), where
the magnetic field is applied parallel to the sample sur-
face, show that the magnetic moment per area decreases
with oxidation time. This trend is consistent with the
thickness of the CoggFejy layer being reduced as a re-
sult of the formation of Co oxide and Fe oxide at the
interface. The thickness reduction for the samples with
the longest oxidation time of 1000 s is 13% and 12% for the
Pt/CoggFe;( and for the Cu/CoggFe;o sample, respectively, or
about 1.3 monolayer. This is consistent with the assumption
that only one to two monolayers become oxidized. We do not

expect the saturation magnetization M, itself would change
significantly due to the strain induced during the oxidation
process. This assumption is supported by the fact that poM;,
where 1 is the permeability of vacuum, for the unoxidized
samples is (1.898 £ 0.001) T for the Pt/CoggFe;q series and
(1.851 £ 0.009) T for the Cu/CogoFej( series are within 2%
of each other despite difference in their respective lattice
constants. The induced magnetic moment in the Pt layer is
small and might explain the small difference for both samples
[21]. As a result, for a given sample series, we use the value
of M for the unoxidized sample for all calculations.

Broadband ferromagnetic resonance (FMR) was used in
both the in-plane and in the out-of-plane geometries, where
the magnetic field was swept through the resonance for a
given frequency. The perpendicular anisotropy field H; and
the spectroscopic splitting factors gl and g* for the in-plane
and out-of-plane geometry were determined from fits to the
Kittel equations for the in-plane and out-of-plane geometries,
respectively:
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where M.is = M, — H, is the effective magnetization, H is the
applied magnetic field, up is the Bohr magneton, and 4 is the
Planck constant. We obtain M directly from fits to the Kittel
equations, and further refine the values for gl and g' using
an asymptotic analysis [23], see the Supplemental Material
[22] (also Refs. [23,24], therein). In Figs. 2(a) and 2(b),
g+ is shown for both samples series. gl was not used in
the correlation analysis since it has significantly larger error
bars, which prohibits the determination of clear trend with
the oxidation time. (See Ref. [22] for the data of gl). This
is especially true for the Pt/CoggFe( series, where the spin-
pumping significantly increases the linewidth and damping.
The FMR data together with the SQUID magnetometry shows
that the perpendicular anisotropy field oH is reduced during
the oxidation process from (1.1104+0.003) T to (0.73 &+
0.01) T for the Pt/CoggFe;o and from (0.627 + 0.009) T to
(0.17£0.01) T for the Cu/CogyFey( series. After an oxi-
dation time of 1000 s, the anisotropy of the oxide interface
favors an in-plane orientation of the magnetization. Oxides
are known to induce anisotropy. Easy-plane anisotropy has
been found in the past for the CoFe/CoFeO, system [25],
which is in agreement with findings in this study. These
results are in contrast to interfaces of ferromagnets with
MgO and Al,O3, which induce perpendicular anisotropy
[5,26].

The DMI can be determined from the asymmetric spin-
wave dispersion [27,28]. We used Brillouin-Light scatter-
ing spectroscopy (BLS) with a 532-nm-wavelength laser to
measure the spin-wave frequencies. The photons are inelas-
tically scattered by magnons, while energy and momen-
tum are conserved. The angle of incidence in our experi-
ment is 45 degrees, which fixes the wave vector k of the
magnons at 16.7 um~'. The frequency f for spin waves
propagating perpendicular to the applied magnetic field, the
so-called Damon-Eshbach modes, in the presence of DMI is
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given by[29]

f= Mol;38”\/<H+

where ¢ is the thickness of the ferromagnetic layer, A is the
exchange constant, and Dpyy; is the volumetric DMI constant.
Dpr gives the effective strength of the DML, as if it would be
a volume effect and not interfacial. The last term in this equa-
tion is dependent on both the spin-wave propagation direction
(sign of the wavevector k) and field polarity. We measure the
spin-wave frequency for the Stokes and the anti-Stokes peak
for positive and negative field polarity with the BLS and ob-
tain the frequency shift A fpmr = (f(+H) — f(—H))/2 due
to the presence of the DMI for both peaks separately. This
frequency shift is equal to the last term in Eq. (3) and is shown
in Fig. 1, where we plot the BLS spectra for the unoxidized
sample of the Pt/CogoFe;o series for both field polarities.
The spin-wave frequencies for positive and negative fields are
clearly distinguishable and shifted from one another due to the
DMI at the Pt/CogoFeyo interface. The reported DMI values
are the average of the DMI for the Stokes and the anti-Stokes.
The error bars are based on one standard deviation.

It is also important to consider that Damon-Eshbach spin
waves have a nonuniform profile through the thickness of
the ferromagnet with the largest amplitude at the top or
the bottom interface depending on their propagation direc-
tion [30,31]. Consequently, in the presence of interfacial
anisotropy, Damon-Eshbach spin waves propagating in op-
posite directions can have different frequencies due to their
nonreciprocal character. In order to estimate the frequency
shift caused by the change of the interfacial perpendicular
anisotropy during the oxidation, we used the equation derived
by Gladii et al. [32]
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FIG. 1. BLS spectra for the two field polarities for the unoxidized
Pt/CogoFeo sample for positive field (blue squares) and negative
field (red circles). The amplitude of the spectra is normalized to one.

A 1 — el
kz—Hk—}—MS—) . <H+
HoMs

2A 1 — et ugg! 2Dpai
e m(1- — M : K,
A ( (k] )) s Ty,
3)

(

where A = /2A/uoM? is the exchange length, AK is the
difference of the anisotropy of the top and bottom interfaces
induced by the oxidation (see the Supplemental Material [22]
for details), and A is the exchange constant. We calculated the
oxide induced Af,, using the changes of the perpendicular
anisotropy measured by FMR and the spin-wave stiffness
Dgigg = 7.4 x 107* Jm? from Grimsditch et al. [33], with
A = DgyigrM, /28" ug. Dy is not an interfacial property and
we do not expect any change with oxidation. The largest
anisotropy-induced frequency shiftis A f,,; >~ 10 MHz, which
is small compared to the total oxide induced frequency shift of
about 100 MHz. In Fig. 2 we plot the DMI, which is calculated
from the frequency shift after correcting for the anisotropy-
induced shift, for both sample series. We used g! determined
by FMR for each sample and the saturation magnetization
for the respective unoxidized sample from each series for the
calculation. For both sample series the DMI is increasing with
the oxidation time. The presence of a significant DMI for
the control series after oxidation demonstrates that a ferro-
magnet/oxide interface can give rise to DMI. The DMI for
the unoxidized Pt/CogoFe;y sample originates from the DMI
at the Pt interface. The oxidation further increases the total
DMI indicating that the DMI of the oxide interface promotes
the same left-handed chirality as the DMI at the Pt interface.
We are using the convention that positive DMI gives rise to
clockwise rotation of the spins (right-handed chirality), see the
Supplemental Material [22] for more details. Describing the
DMI by its chirality has the advantage that it does not depend
on careful definition on sign conventions. The total increase
of the frequency shift is larger for the Pt/CogoFe;o series
than for Cu/CoggFe;( series. The fractional contribution of
the DMI from the Pt interface increases as the thickness of the
ferromagnet decreases with the oxidation time. The maximum
increase of the volume averaged DMI from the Pt interface is
~0.1mJ/ m2. All considered, both sample series show within
error bars the same contribution to the DMI from the oxide
interface.

III. RESULTS AND DISCUSSION

In Figs. 2(a) and 2(b), g* and D"™ both show a monotonic
dependence with increasing oxidation time. g* has both a
volume and an interfacial contribution, which would require
a CoggFej( thickness series to deconvolute these two con-
tributions. However, since the film thickness is on the order
of the exchange length, a clear distinction between bulk and
interfacial contributions to gt is not possible and we will not
attempt to separate the two contributions. The DMI, on the
other hand, originates from the interface. Here, we compare
the as measured values for gt and Dpyy in order to avoid any
ambiguity by correcting only Dpyy for the thickness reduction
during the oxidation. In the Supplemental Material [22], we
also show a similar analysis, where instead we normalized
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FIG. 2. Spectroscopic splitting factor g- and normalized DMI
D™™ as a function of the oxidation time. We normalized the DMI
D™™ to a CoFe layer thickness of 1 nm to take the thickness
reduction during the oxidation into account. (The not normalized
values are shown in Fig. S4.) The change of the magnitude of
the DMI is shown in (a) for the Pt/CogiFe;p and in (b) for
the Cu/CogFe;p sample series with increasing oxidation time
(blue circles). The spectroscopic splitting factor g* is represented by
the black squares in the two respective graphs. g* shows the opposite
trend than D"°"™ with oxidation time. The insets in (a) and (b) show
D™ vs g for the two sample series. The insets demonstrate the
correlation between these two quantities. The red line is a guide to
the eye.

Dpyr to a constant thickness of 1 nm CoggFejg. We use
the magnetic moment measured by SQUID to determine the
relative thickness for the oxidized samples. The overall trend
between the two methods of thickness normalization remains
unchanged. Only the quantitative change of Dpy becomes
dependent on the method used. Furthermore, we quantify
the correlation between Dpyy and g+ through the Pearson
correlation coefficients, which assesses the linear relationship
between two parameters. The Pearson correlation coefficient
for Dpyr and gt is rf’ = —0.88 for the Pt/CogyFe;o/oxide
and r& = —0.98 for the Cu/CogoFejp/oxide series. These
values indicate that Dpyy and g+ are indeed correlated. This
can be visualized in the plots of Dpyy vs gt as shown in
the insets of Figs. 2(a) and 2(b). Again, we do not pursue a
correlation analysis of gl due to the larger scatter of the data.

DFT calculations for the Ir/Fe/oxide system show that
the presence of an oxide at the interface gives rise to DMI
and is correlated with an electric dipole moment at the
interface [21]. This electric dipole moment originates from
hybridization and the associated charge transfer at the inter-
face between the oxygen and metal atoms. This finding is
in agreement with DFT calculations by Yang et al., which
showed that the DMI for a Pt/Co/MgO trilayer is enhanced
compared to a Pt/Co bilayer [34]. Moreover, they found that
application of an electric field perpendicular to the surface
of the trilayer structure further increases the DMI, when
the positive electric field points from the insulator to the
metal. The electric field gives rise to a charge redistribution
in a manner similar to a material with high electronega-
tivity. Oxygen, for example, has a Pauling electronegativ-
ity of 3.44, much higher than the electronegativity of ele-
mental 3d ferromagnets, which have an electronegativity of
about 1.9 [35].

During the oxidation the 3d orbitals of the Co and the
Fe, which point towards the interface (dy,, dy,, and d2), will
hybridize with the oxygen p, orbitals. The dyx, and dxo—y»
orbitals are oriented within the interface plane, and as such,
hybridize to a much lesser degree with the oxygen orbitals.
The bonding between Co and O was confirmed by photoelec-
tron x-ray spectroscopy for the Co/AlOy systems [36]. The
hybridization shifts the energy levels of the 3d orbitals and
changes their respective occupation. This also changes the
associated total orbital momentum. Thus, the change of g*,
which originates from a change in the orbital momentum /,
is indirect evidence of the hybridization and the associated
charge transfer at the oxide interface. This charge transfer,
which depends on the difference of the electronegativity of
the materials on both sides of the interface, increases the
asymmetry of the electronic structure at the interface. Such a
lack of inversion symmetry is a critical requirement for DMI.

The hybridization at the oxide interface is also related
to the change of the interfacial anisotropy. The respective
band levels depend on the orientation of the magnetization,
which gives rise to an orientation dependence of the orbital
momentum. The difference of the orbital momentum for the
out-of-plane plane and in-plane geometry A/+~Il = [+ — [l s,
according to Bruno’s theory, directly related to the interfacial
perpendicular anisotropy and was extensively studied for
many systems experimentally and theoretically [5,37-39].
Tetragonal distortion often contributes to the orbital
asymmetry.

The orbital asymmetry Al+~! is proportional to the differ-
ence of the out-of-plane and in plane g factors. In Fig. 3 we
plot the perpendicular anisotropy field Hy vs g- — gl for the
Cu/CoggFe;p/oxide series and find qualitative agreement with
Bruno’s model. However, the large scatter and the larger error
bars for g found in the data for the Pt/CooyFe o/oxide series
obscures any relationship between Hy and g~ — gll.

The theory by Moriya predicts a correlation of Dpyy with g.
A direct comparison between Moriya’s theory and our result
is difficult. First, Moriya’s theory was developed for ionic
bonds between oxygen and Fe in the bulk, where the spins are
interacting by superexchange and g is considered isotropic.
Here, the DMI is interfacial and the bonds are characterized
by hybridization between the Co and Fe d orbitals and the
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FIG. 3. Perpendicular anisotropy vs the difference between the
spectroscopic g factor for the out-of-plane geometry and the in-plane
geometry, which is proportional to the difference of the orbital
momentum for these two geometries, for the Cu/CogoFey sample
series.

oxygen p orbitals. Thus, it is not necessarily expected that
the DMI shows the same trend with g as Moriya’s theory
predicts. Nevertheless, we still find that g~ and Dpyy are
correlated as originally predicted. It is important to keep

in mind that there are other contributing factors that deter-
mine the magnitude of the DMI. For example, the strength
of the Heisenberg exchange can also affect the magnitude of
the DMI. Therefore, all of these factors must be taken into
consideration.

IV. SUMMARY

We have demonstrated that ferromagnetic / oxide interfaces
can induce DMI. Metal/ CoggFe p/oxide systems give rise to
left-handed chiral spin chains (negative DMI value). Thus,
it will lead to an enhancement of the total DMI in a Pt/
CogoFejp/oxide trilayer system. Moreover, g- follows the
same trend as the DMI with the oxidation time. This is in
agreement with DFT calculations by Belabbes ef al. for the
Fe/oxide system, which show an increase of hybridization
at the interface together with charge transfer and gives rise
to DMI. The electric dipole moment, which results from the
charge transfer, is correlated to the DMI. Finally, we show
that the orbital asymmetry for the Cu/CoggFe;p/oxide series
is correlated with the anisotropy.

ACKNOWLEDGMENT

This research was partially supported by the DARPA
Topological Excitations in Electronics program, award No.
R18-687-0004.

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

[2] L. Dzyaloshinsky, J. Phys. Chem. Solids 4, 241 (1958).

[3] A. R. Fert, Mater. Sci. Forum 59-60, 439 (1991).

[4] A. Manchon, J. Zelezny, I. M. Miron, T. Jungwirth, J. Sinova,
A. Thiaville, K. Garello, and P. Gambardella, Rev. Mod. Phys.
91, 035004 (2019).

[5] B. Dieny and M. Chshiev, Rev. Mod. Phys. 89, 025008 (2017).

[6] F. Hellman, A. Hoffmann, Y. Tserkovnyak, G. S. D. Beach, E.
E. Fullerton, C. Leighton, A. H. MacDonald, D. C. Ralph, D.
A. Arena, H. A. Diirr, P. Fischer, J. Grollier, J. P. Heremans,
T. Jungwirth, A. V. Kimel, B. Koopmans, I. N. Krivorotov, S.
J. May, A. K. Petford-Long, J. M. Rondinelli, N. Samarth, I.
K. Schuller, A. N. Slavin, M. D. Stiles, O. Tchernyshyov, A.
Thiaville, and B. L. Zink, Rev. Mod. Phys. 89, 025006 (2017).

[7]1 A. Fert, V. Cros, and J. Sampaio, Nat. Nanotechnol. 8, 152
(2013).

[8] W. Kang, Y. Huang, X. Zhang, Y. Zhou, and W. Zhao, Proc.
1EEE 104, 2040 (2016).

[9] T. Moriya, Phys. Rev. 120, 91 (1960).

[10] A. Fert and P. M. Levy, Phys. Rev. Lett. 44, 1538 (1980).

[11] M. Hoffmann, B. Zimmermann, G. P. Miiller, D. Schiirhoff,
N. S. Kiselev, C. Melcher, and S. Bliigel, Nat. Commun. 8, 308
(2017).

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

[13] S. Kim, K. Ueda, G. Go, P.-H. Jang, K.-J. Lee, A. Belabbes, A.
Manchon, M. Suzuki, Y. Kotani, T. Nakamura, K. Nakamura,
T. Koyama, D. Chiba, K. T. Yamada, D.-H. Kim, T. Moriyama,
K.-J. Kim, and T. Ono, Nat. Commun. 9, 1648 (2018).

[14] K.-S. Ryu, S.-H. Yang, L. Thomas, and S. S. P. Parkin, Nat.
Commun. 5, 3910 (2014).

[15] X. Ma, G. Yu, C. Tang, X. Li, C. He, J. Shi, K. L. Wang, and X.
Li, Phys. Rev. Lett. 120, 157204 (2018).

[16] X. Ma, G. Yu, S. A. Razavi, L. Chang, L. Deng, Z. Chu,
C. He, K. L. Wang, and X. Li, Phys. Rev. B 98, 104428
(2018).

[17] A. Belabbes, G. Bihlmayer, F. Bechstedt, S. Bliigel, and A.
Manchon, Phys. Rev. Lett. 117, 247202 (2016).

[18] 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, Nat. Mater. 17, 605 (2018).

[19] A. Aharoni, E. H. Frei, and M. Schieber, Phys. Rev. 127, 439
(1962).

[20] L. M. Sandratskii and J. Kiibler, Europhys. Lett. 33, 447 (1996).

[21] A. Belabbes, G. Bihlmayer, S. Bliigel, and A. Manchon, Sci.
Rep. 6, 24634 (2016).

[22] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.101.020409 for details on the DMI sign
convention, x-ray analysis, interfacial anisotropy, thickness of
the ferromagnet, not normalized DMI, ferromagnetic resonance
measurements, and dependence of gl on the oxidation.

[23] J. M. Shaw, H. T. Nembach, T. J. Silva, and C. T. Boone,
J. Appl. Phys. 114, 243906 (2013).

[24] H. T. Nembach, T. J. Silva, J. M. Shaw, M. L. Schneider, M. J.
Carey, S. Maat, and J. R. Childress, Phys. Rev. B 84, 054424
(2011).

[25] S. Monso, B. Rodmacq, S. Auffret, G. Casali, F. Fettar, B.
Gilles, B. Dieny, and P. Boyer, Appl. Phys. Lett. 80, 4157
(2002).

[26] S. Ikeda, K. Miura, H. Yamamoto, K. Mizunuma, H. D. Gan,
M. Endo, S. Kanai, J. Hayakawa, F. Matsukura, and H. Ohno,
Nat. Mater. 9, 721 (2010).

020409-5


https://doi.org/10.1103/PhysRevLett.4.228
https://doi.org/10.1103/PhysRevLett.4.228
https://doi.org/10.1103/PhysRevLett.4.228
https://doi.org/10.1103/PhysRevLett.4.228
https://doi.org/10.1016/0022-3697(58)90076-3
https://doi.org/10.1016/0022-3697(58)90076-3
https://doi.org/10.1016/0022-3697(58)90076-3
https://doi.org/10.1016/0022-3697(58)90076-3
https://doi.org/10.4028/www.scientific.net/MSF.59-60.439
https://doi.org/10.4028/www.scientific.net/MSF.59-60.439
https://doi.org/10.4028/www.scientific.net/MSF.59-60.439
https://doi.org/10.4028/www.scientific.net/MSF.59-60.439
https://doi.org/10.1103/RevModPhys.91.035004
https://doi.org/10.1103/RevModPhys.91.035004
https://doi.org/10.1103/RevModPhys.91.035004
https://doi.org/10.1103/RevModPhys.91.035004
https://doi.org/10.1103/RevModPhys.89.025008
https://doi.org/10.1103/RevModPhys.89.025008
https://doi.org/10.1103/RevModPhys.89.025008
https://doi.org/10.1103/RevModPhys.89.025008
https://doi.org/10.1103/RevModPhys.89.025006
https://doi.org/10.1103/RevModPhys.89.025006
https://doi.org/10.1103/RevModPhys.89.025006
https://doi.org/10.1103/RevModPhys.89.025006
https://doi.org/10.1038/nnano.2013.29
https://doi.org/10.1038/nnano.2013.29
https://doi.org/10.1038/nnano.2013.29
https://doi.org/10.1038/nnano.2013.29
https://doi.org/10.1109/JPROC.2016.2591578
https://doi.org/10.1109/JPROC.2016.2591578
https://doi.org/10.1109/JPROC.2016.2591578
https://doi.org/10.1109/JPROC.2016.2591578
https://doi.org/10.1103/PhysRev.120.91
https://doi.org/10.1103/PhysRev.120.91
https://doi.org/10.1103/PhysRev.120.91
https://doi.org/10.1103/PhysRev.120.91
https://doi.org/10.1103/PhysRevLett.44.1538
https://doi.org/10.1103/PhysRevLett.44.1538
https://doi.org/10.1103/PhysRevLett.44.1538
https://doi.org/10.1103/PhysRevLett.44.1538
https://doi.org/10.1038/s41467-017-00313-0
https://doi.org/10.1038/s41467-017-00313-0
https://doi.org/10.1038/s41467-017-00313-0
https://doi.org/10.1038/s41467-017-00313-0
https://doi.org/10.1038/nphys3418
https://doi.org/10.1038/nphys3418
https://doi.org/10.1038/nphys3418
https://doi.org/10.1038/nphys3418
https://doi.org/10.1038/s41467-018-04017-x
https://doi.org/10.1038/s41467-018-04017-x
https://doi.org/10.1038/s41467-018-04017-x
https://doi.org/10.1038/s41467-018-04017-x
https://doi.org/10.1038/ncomms4910
https://doi.org/10.1038/ncomms4910
https://doi.org/10.1038/ncomms4910
https://doi.org/10.1038/ncomms4910
https://doi.org/10.1103/PhysRevLett.120.157204
https://doi.org/10.1103/PhysRevLett.120.157204
https://doi.org/10.1103/PhysRevLett.120.157204
https://doi.org/10.1103/PhysRevLett.120.157204
https://doi.org/10.1103/PhysRevB.98.104428
https://doi.org/10.1103/PhysRevB.98.104428
https://doi.org/10.1103/PhysRevB.98.104428
https://doi.org/10.1103/PhysRevB.98.104428
https://doi.org/10.1103/PhysRevLett.117.247202
https://doi.org/10.1103/PhysRevLett.117.247202
https://doi.org/10.1103/PhysRevLett.117.247202
https://doi.org/10.1103/PhysRevLett.117.247202
https://doi.org/10.1038/s41563-018-0079-4
https://doi.org/10.1038/s41563-018-0079-4
https://doi.org/10.1038/s41563-018-0079-4
https://doi.org/10.1038/s41563-018-0079-4
https://doi.org/10.1103/PhysRev.127.439
https://doi.org/10.1103/PhysRev.127.439
https://doi.org/10.1103/PhysRev.127.439
https://doi.org/10.1103/PhysRev.127.439
https://doi.org/10.1209/epl/i1996-00360-9
https://doi.org/10.1209/epl/i1996-00360-9
https://doi.org/10.1209/epl/i1996-00360-9
https://doi.org/10.1209/epl/i1996-00360-9
https://doi.org/10.1038/srep24634
https://doi.org/10.1038/srep24634
https://doi.org/10.1038/srep24634
https://doi.org/10.1038/srep24634
http://link.aps.org/supplemental/10.1103/PhysRevB.101.020409
https://doi.org/10.1063/1.4852415
https://doi.org/10.1063/1.4852415
https://doi.org/10.1063/1.4852415
https://doi.org/10.1063/1.4852415
https://doi.org/10.1103/PhysRevB.84.054424
https://doi.org/10.1103/PhysRevB.84.054424
https://doi.org/10.1103/PhysRevB.84.054424
https://doi.org/10.1103/PhysRevB.84.054424
https://doi.org/10.1063/1.1483122
https://doi.org/10.1063/1.1483122
https://doi.org/10.1063/1.1483122
https://doi.org/10.1063/1.1483122
https://doi.org/10.1038/nmat2804
https://doi.org/10.1038/nmat2804
https://doi.org/10.1038/nmat2804
https://doi.org/10.1038/nmat2804

NEMBACH, JUE, EVARTS, AND SHAW

PHYSICAL REVIEW B 101, 020409(R) (2020)

[27] Kh. Zakeri, Y. Zhang, J. Prokop, T.-H. Chuang, N. Sakr,
W. X. Tang, and J. Kirschner, Phys. Rev. Lett. 104, 137203
(2010).

[28] L. Udvardi and L. Szunyogh, Phys. Rev. Lett. 102, 207204
(2009).

[29] 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).

[30] R. W. Damon and J. R. Eshbach, J. Phys. Chem. Solids 19, 308
(1961).

[31] M. J. Hurben and C. E. Patton, J. Magn. Magn. Mater. 163, 39
(1996).

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

[33] M. Grimsditch, E. E. Fullerton, and R. L. Stamps, Phys. Rev. B
56, 2617 (1997).

[34] H. Yang, O. Boulle, V. Cros, A. Fert, and M. Chshiev, Sci. Rep.
8, 12356 (2018).

[35] CRC Handbook of Chemistry and Physics, 99th ed. (CRC Press,
Boca Raton, FL, 2018).

[36] A. Manchon, C. Ducruet, L. Lombard, S. Auffret, B. Rodmacq,
B. Dieny, S. Pizzini, J. Vogel, V. Uhlif, M. Hochstrasser, and G.
Panaccione, J. Appl. Phys. 104, 043914 (2008).

[37] H. X. Yang, M. Chshiev, B. Dieny, J. H. Lee, A. Manchon, and
K. H. Shin, Phys. Rev. B 84, 054401 (2011).

[38] J. M. Shaw, H. T. Nembach, and T. J. Silva, Phys. Rev. B 87,
054416 (2013).

[39] P. Bruno, Phys. Rev. B 39, 865 (1989).

020409-6


https://doi.org/10.1103/PhysRevLett.104.137203
https://doi.org/10.1103/PhysRevLett.104.137203
https://doi.org/10.1103/PhysRevLett.104.137203
https://doi.org/10.1103/PhysRevLett.104.137203
https://doi.org/10.1103/PhysRevLett.102.207204
https://doi.org/10.1103/PhysRevLett.102.207204
https://doi.org/10.1103/PhysRevLett.102.207204
https://doi.org/10.1103/PhysRevLett.102.207204
https://doi.org/10.1103/PhysRevB.88.184404
https://doi.org/10.1103/PhysRevB.88.184404
https://doi.org/10.1103/PhysRevB.88.184404
https://doi.org/10.1103/PhysRevB.88.184404
https://doi.org/10.1016/0022-3697(61)90041-5
https://doi.org/10.1016/0022-3697(61)90041-5
https://doi.org/10.1016/0022-3697(61)90041-5
https://doi.org/10.1016/0022-3697(61)90041-5
https://doi.org/10.1016/S0304-8853(96)00294-6
https://doi.org/10.1016/S0304-8853(96)00294-6
https://doi.org/10.1016/S0304-8853(96)00294-6
https://doi.org/10.1016/S0304-8853(96)00294-6
https://doi.org/10.1103/PhysRevB.93.054430
https://doi.org/10.1103/PhysRevB.93.054430
https://doi.org/10.1103/PhysRevB.93.054430
https://doi.org/10.1103/PhysRevB.93.054430
https://doi.org/10.1103/PhysRevB.56.2617
https://doi.org/10.1103/PhysRevB.56.2617
https://doi.org/10.1103/PhysRevB.56.2617
https://doi.org/10.1103/PhysRevB.56.2617
https://doi.org/10.1038/s41598-018-30063-y
https://doi.org/10.1038/s41598-018-30063-y
https://doi.org/10.1038/s41598-018-30063-y
https://doi.org/10.1038/s41598-018-30063-y
https://doi.org/10.1063/1.2969711
https://doi.org/10.1063/1.2969711
https://doi.org/10.1063/1.2969711
https://doi.org/10.1063/1.2969711
https://doi.org/10.1103/PhysRevB.84.054401
https://doi.org/10.1103/PhysRevB.84.054401
https://doi.org/10.1103/PhysRevB.84.054401
https://doi.org/10.1103/PhysRevB.84.054401
https://doi.org/10.1103/PhysRevB.87.054416
https://doi.org/10.1103/PhysRevB.87.054416
https://doi.org/10.1103/PhysRevB.87.054416
https://doi.org/10.1103/PhysRevB.87.054416
https://doi.org/10.1103/PhysRevB.39.865
https://doi.org/10.1103/PhysRevB.39.865
https://doi.org/10.1103/PhysRevB.39.865
https://doi.org/10.1103/PhysRevB.39.865

