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A broken interfacial inversion symmetry in ultrathin ferromagnet/heavy metal (FM/HM) bilayers is
generally believed to be a prerequisite for accommodating the Dzyaloshinskii-Moriya interaction (DMI)
and for stabilizing chiral spin textures. In these bilayers, the strength of the DMI decays as the thickness of
the FM layer increases and vanishes around a few nanometers. In the present study, through synthesizing
relatively thick films of compositions CoPt or FePt, CoCu or FeCu, FeGd and FeNi, contributions to DMI
from the composition gradient-induced bulk magnetic asymmetry (BMA) and spin-orbit coupling (SOC)
are systematically examined. Using Brillouin light scattering spectroscopy, both the sign and amplitude of
DMI in films with controllable direction and strength of BMA, in the presence and absence of SOC, are
experimentally studied. In particular, we show that a sizable amplitude of DMI (£0.15 mJ/m?) can be
realized in CoPt or FePt films with BMA and strong SOC, whereas negligible DMI strengths are observed
in other thick films with BMA but without significant SOC. The pivotal roles of BMA and SOC are further
examined based on the three-site Fert-Lévy model and first-principles calculations. It is expected that our
findings may help to further understand the origin of chiral magnetism and to design novel noncollinear

spin textures.
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Introduction.—In ultrathin ferromagnet/heavy metal
(FM/HM) bilayers, an interfacial asymmetry combined
with a strong spin-orbit coupling (SOC) establishes an
interfacial Dzyaloshinskii-Moriya interaction (DMI) that
gives rise to exciting spin-orbitronic physics [1-6].
Some examples are the observation of chiral domain
walls [7-11], Néel skyrmions [12-16], and the driven
motion of magnetic domains and skyrmions by spin torques
[7,9,13,15,17,18]. The SOC strength is not a readily
adjustable material parameter, but symmetry breaking
can be introduced by different means [19-24]. For
example, early work in GdFeCo amorphous films revealed
how a naturally existing composition gradient along the
thickness direction introduces a bulk DMI [20]. However, a
clear mechanistic explanation and, more importantly,
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successful control of both the sign and amplitude of
DMI induced by the composition gradient-induced bulk
magnetic asymmetry (BMA) are not established. Note that
BMA in Fe,_,Pt, films could lead to bulk spin torques,
which result in a self-switching [23,25-27].

Based on the three-site Fert-Lévy model [28-30], the
occurrence of DMI between neighboring magnetic atoms
(sites i and j) is enabled by the SOC of the HM atom (site /)
via conduction electrons. The resultant DM vector D,
reads as [28]

(kli 'klj)(ﬁli X ﬁlj)

Diji(Rii. Ry, Ri) = =V Ry |R,;|R;
i J 1

(1)

jl
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FIG. 1. The schematic diagram of the three-site Fert-Lévy
model. (a) The schematic illustration of the atom and spin
structures without BMA; the DM vectors 51‘,‘1 and l_j,-ﬂ/ are
described by the three-site Fert-Lévy model. The blue (gray) balls
represent the FM and HM atoms. I_é,i and I_é, ; are the intersite
vectors. (b),(c) The asymmetric spin structure for systems with
opposite BMA (£Ax) exhibit nonzero opposite DMI vectors.

where 1311-, 13,]-, and Iqil-j are the corresponding distance
vectors and V; is a SOC-governed material parameter. For

thick films without BMA, DM vectors (l_ji ;1 and l_ji ) on
the opposite sides of the FM atoms are compensated, as
shown in Fig. 1(a). In the presence of BMA, finite,
uncompensated DM vectors can be found, as shown in
Figs. 1(b) and 1(c), respectively. In particular, the sign of
the uncompensated DM vector is determined by the
direction of BMA. In the present work, the role of both
BMA and SOC for producing DMI will be experimentally
examined.

Synthesis of thick films with bulk magnetic asymmetry.—
The presence of BMA is introduced by varying the relative

composition of binary alloys (FM,NM,_,) along with the
thickness () direction, where FM denotes the magnetic
element (Co and Fe) and NM is the nonmagnetic metal
with (or without) SOC. We define the starting (x;) and
ending (x,) compositions as FM, NM_, . T he composi-
tion gradient reads as Ax/t = (x, — x;)/t, where Ax =
x, — x; is the composition difference between the ending
and starting layers. The corresponding magnetization
gradient reads as AM,/t = (M. — M!)/t, where M5 are
the saturation magnetization of the starting and ending
layers, respectively.

Binary magnetic films with in-plane magnetic aniso-
tropy are grown using the cosputtering technique. During
the growth, the relative deposition rates of the FM and
NM elements are linearly changed, which create a linear
composition-magnetization difference along the growth
direction. Multilayers of stacking order Ta(3 mm)/
FM,NM,_,(t mm)/Ta(3 mm) are synthesized, in which
the choice of both FM/NM elements, the direction
of composition difference (£Ax), the effect of magnetiza-
tion differences (AM,/Ax), and the thickness () will
be studied. A full list of samples together with the key
parameters are listed in Table S1 in part S2 of Supplemental
Material [31].

The presence of composition differences is examined by
using a high-angle annular dark-field scanning transmis-
sion electron microscopy (HAADF-STEM). HAADF-
STEM images obtained from two representative samples,
CoPt (Ax = £52%), are shown in Figs. 2(a) and 2(e). The
opposite contrast changes within the images are associated
with the opposite composition differences, which are
further verified using energy-dispersive x-ray spectroscopy
(EDS), as shown in Figs. 2(b) and 2(f), respectively. The
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FIG. 2. Structural and magnetic evidence of BMA in CoPt (Ax = £52%). The HAADF-STEM images of films with Ax = +52% (a)
and Ax = —52% (e), respectively. For the Ax = +52% (Ax = —52%), compositions from bottom to top change from Coq 3Pty s>
(Coy 7Pty 3) to Cop;Pty3 (Cop 15Ptog2), respectively. The opposite trends of contrast reveal an opposite element distribution of Co/Pt
(red/green). (b),(f) The EDS line profiles. (c),(g) The magnetization depth profiles from the PNR measurement. (d) The dependence of
M, vs Ax in CoPt (Ax), FePt (Ax), CoCu (Ax), and FeCu (Ax) films. (h) The evolution of M, vs x in films without gradient (Ax = 0).
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composition gradients are also studied in other films (see
part S5 of Supplemental Material [31]).

To correlate the composition and magnetization gra-
dients, we conducted polarized neutron reflectometry
(PNR) measurement (see Supplemental Material [31]).
From the nuclear scattering length density, opposite
trends of composition from Cog,5Pty75 to Coge3Pty37
(fOI' Ax = +52%) and from C00_63Pt0.37 to C00V25Pt0_75
(for Ax = —52%) are revealed. Based on the profile of
magnetic scattering length density, the corresponding
magnetization gradients are further estimated, as shown
in Figs. 2(c) and 2(g), respectively. From the PNR
measurement, values of M for Co ,5Pt 75 and Cog 3Ptj 37
are determined to be 0.453 x 10° and 1.082 x 10° A/m,
respectively. By using a quasilinear approximation, the
ratio of AM,/Ax = 1.655 x 10° A/m is determined.

A monotonic decrease of M, following the increase of
Ax, is measured by vibrating sample magnetometry, as
shown in Fig. 2(d). For samples with opposite composition
gradients (£Ax), values of M, remain approximately the
same. For films with homogenous compositions (Ax = 0),
a linear dependence of M, as a function of homogenous
composition (x) is obtained for Co,Pt;_, and Fe Pt;_,
films, as shown in Fig. 2(h). The linear slope of M (x) is
calculated, which enables the ratio of AM;/Ax (in the unit
of 10° A/m) to be obtained: 1.67 for CoPt (Ax), 2.09 for
FePt (Ax), 1.31 for CoCu (Ax), and 1.78 for FeCu (Ax),
respectively. These values are in agreement with the PNR
results. Upon establishing a quasilinear relation of
AM,/Ax, we use Ax to represent the magnetization
gradient (AM,/t, with t = 6 nm).

Measurement of the strength of DMI induced by BMA.—
By using Brillouin light scattering (BLS) spectroscopy,
both the amplitude and sign of DMI can be determined
through measuring the nonreciprocal frequency shift of
Damon-Eshbach (DE) spin waves [44-48], as schemati-
cally illustrated in Fig. 3(a). The dispersion of the DE spin
waves reads as [48,49]

J0) = o+ J13) (H + 01 + oMo

) /4

—— Dk,,
Joam,

—sgn(M (2)

where J = 2A/M, with A being the exchange constant, D
the volume-averaged DMI constant, y the gyromagnetic
ratio, and poM.s the effective demagnetization field. The
projection of the spin-wave vector (k) in the x direction
k, = (4z/2)sin@ is determined by the incident angle (0)
and the wavelength of the laser (4 = 532 nm). The fre-
quency shift (Af) between the counterpropagating spin
waves (£k,) induced by DMI is given by

2y

Af = fDM(_kx’Mz) _fDM(kx’Mz) = WDkx' (3)

Thus, Af between the Stokes and anti-Stokes peaks
measured at negative and positive fields enables D to be
quantified, through a linear fitting of Af vs k,.

Typical BLS spectra for CoPt (Ax = £+52%), with
k. = 11.8 rad/um, are shown in Figs. 3(b) and 3(c).
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FIG. 3.

The frequency shift of the nonreciprocal spin-wave propagation. (a) The setup geometry of the BLS spectroscopy. The anti-

Stokes (Stokes) processes correspond to annihilation (creation) of magnons. (b),(c) The BLS spectra for CoPt (Ax = +52%) films in
which the red (blue) curve represents the spectra with +-uH, respectively. (d),(e) The summarized Af vs k, for the CoPt (=Ax) and
FePt (£Ax) films. (f),(g) The BLS spectra for CoCu (Ax = +51%) and FeGd (Ax = +37%). (h) The evolution of Af vs k, for the

CoCu (f+Ax), FeCu (£Ax), and FeGd (£Ax) films.
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In CoPt (Ax = +52%) film, one observes a positive
frequency shift (+Af) under opposite magnetic fields
(uoH = £200 mT), as shown in Fig. 3(b). In CoPt
(Ax = —52%) film, there, however, exhibits a negative
frequency shift (—Af), as shown in Fig. 3(c). These
opposite frequency shifts (XAf) imply an opposite sign
of DMI in samples with opposite magnetization gradients
(£Ax), as suggested by Eq. (3). Figures 3(d) and 3(e)
summarize the evolution of Af vs k, for CoPt and FePt
films, respectively. Following the increase of Ax, the slope
of Af vs k, increases monotonically. Upon inverting the
sign of £Ax, the reversed signs of the slopes suggest that
the sign of DMI is related to the direction of BMA. Note
that a precise determination of the volume-averaged DMI
constant D will be discussed later. A small offset of Af at
k, = 0 from the origin is observed, which may arise from
the different magnetic properties of the top and bottom
surfaces that naturally lead to an additional asymmetry of
the counterpropagating (dipolar) spin waves [50].

To elucidate the necessity of SOC and BMA in produc-
ing DMI, three types of reference samples are examined.
The first set of samples is Fe,Pt;_, and Co,Pt;_, films with
homogeneous compositions (x). These samples contain
HMs (and have significant SOC) but have no magnetization
gradients and, hence, no BMA (Ax = 0). The second set of
samples is CoCu (Ax), FeCu (Ax), and FeNi (Ax) films.
These samples have magnetization gradients (Ax # 0) but
no HMs (and have insignificant SOC). The third set of
samples is FeGd (Ax) films to clarify whether the SOC
from the 4 f rare-earth metal can also establish a bulk DMI,
in the presence of BMA.

In the first type of films (Ax = 0, t = 6 nm), we observe
a nearly zero slope from Af vs k,, indicating a negligible
DMI (see part S6 of Supplemental Material [31]). This
observation can be explained by the compensated DMI
vectors from the equivalent probability of Pt atoms that
appear at the nearest Co/Fe sites, as implied by Fig. 1(a).
In the other two sets of samples, the role of SOC is
examined via replacing Pt with Cu which exhibits a
negligible SOC or with 4f rare-earth metal Gd. The
BLS spectra of CoCu (Ax =+451%) film at k, =
11.8 rad/ym and under ugH = +200 mT are shown
in Fig. 3(f), in which the absence of frequency shift
is observed. A negligible frequency shift (Af) is also
observed in FeGd (Ax = +437%) films at k, =
16.7 rad/pm and under poH = +1000 mT, as shown in
Fig. 3(g). This result indicates that the SOC of the Gd
cannot establish a bulk DMI in the FeGd binary films with
in-plane anisotropy. The intriguing origin of the bulk DMI
observed in GdFeCo and similar compounds [20] may
require a revisit. Through identifying a nearly zero slope of
Af vs k,, vanishingly small DMI values are summarized in
Fig. 3(h). Note that a vanishingly small DMI in FeNi
(Ax = +48%) films is also obtained (see part S6 of
Supplemental Material [31]). These experiments suggest
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FIG. 4. The experimental results for the DMI induced by the
BMA. (a) The volume-averaged DMI constant D for films with
varied amplitudes and signs of Ax (+ = 6 nm). (b) The evolution
of D vs Ax/t for the CoPt (Ax = +28%) and FePt (Ax = +19%)
films with different thicknesses. The solid line is a linear
fitting curve.

that both BMA and SOC from 5d HM are corequisites for
producing sizable DMI in thick films, as suggested by the
Fert-Lévy model.

Summarized in Fig. 4(a) are the volume-averaged DMI
constants D. For CoPt (Ax) and FePt (Ax) films, the
strength of DMI increases with the increase of the mag-
netization gradient (Ax), and the polarity of DMI flips upon
inverting =Ax. For CoCu (Ax), FeCu (Ax), FeGd (Ax), and
FeNi (Ax) films, negligible DMI constants are consistent
with the absence of SOC from 5d HM. These results further
confirm that the nonreciprocity of spin waves originating
from dipolar fields [51], interface anisotropies [52], and
different values of M, between the top and bottom
magnetic layers are not contributing factors. Note that
several SiN(5 nm)/FM,NM,_, (7 nm)/SiN(5 nm) films
are also made, in which the same sign and approximately
same amplitude of DMI are observed, as shown in Fig. 13
in Supplemental Materials [31]. This result is expected
from the negligible (compensated) DMI from the dual
interfaces in the Ta/FM,NM,_,/Ta trilayer.

By fixing the composition of the starting and ending
layers [CoPt (Ax = 4+28%) and FePt (Ax = +19%)], the
BMA-induced DMI is further examined through varying
the thickness from 3 to 9 nm. In this case, the values of M’
of the starting and ending layers are fixed. In particular, the
linear evolution of D vs Ax/t can be found in Fig. 4(b),
confirming the key role of BMA in determining the
strength of DML
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FIG. 5. The calculated DMI induced by the BMA. (a) The

calculated DMI energy Epy; vs Ax with fixed starting and ending
compositions (x;,). (b) The evolution of Epy vs Ax/L. (c) The
first-principles result of the gradient-dependent DMI constants

(dpm)-

The theoretical formalism of the BMA-induced DMI.—
Based on the three-site Fert-Lévy model and the
first-principles calculations, the BMA-induced DMI is
theoretically examined. Specifically, the total DMI energy
(Epp) can be written as [40]

Epy = Zﬁijl : (§z X §1) (4)
il

For different starting compositions x;, with the number
of layers L = 100, the calculated Epy vs Ax in the
framework of the three-site Fert-Lévy model is shown in
Fig. 5(a). A monotonical increase of Epy; vs Ax, together
with a reversed sign of Epy by flipping +Ax can be
observed. In particular, Epy; vanishes at Ax = 0 (without a
composition gradient). Upon fixing the composition
of the starting and ending layers, the evolution of
DMI strength as a function of thickness is also calculated
and shown in Fig. 5(b). There, one can find that the
calculated Epy; monotonically increases with the increased
gradient (Ax/L) under fixed composition differences
(Ax = +10%,4+20%, +30%, +40%, and +50%). This is
consistent with our experimental observations shown in
Fig. 4(b).

To quantify the strength of BMA-induced DMI,
first-principles calculations are also performed (see
Supplemental Material [31]). We consider an hcp stacking
with lattice parameters being a and c¢ = 1.6a, which
consists of 100 x 100 x 0.5L hexagonal unit cells, and
calculate the Epy; of a cycloidal spin spiral with a small
spiral vector ¢ = (27/100a,0,0). For example, the

structural configurations with Ax = +42.85% are shown
in the insets in Fig. 5(c). The calculated DMI constants
(dpm) of the four-layer CoPt thin films with different Ax
are shown in Fig. 5(c) in which a nonvanishing DMI for all
Ax # 0 films can be identified. Both the sign and magni-
tude of DMI match with the experimental results [as shown
in Fig. 4(a)]. These observations demonstrate that the
strength of DMI is directly determined by the amplitude
of the magnetization gradient (Ax), the polarity of which is
determined by the sign of £Ax.

Conclusions.—The volume-averaged DMI is compre-
hensively investigated through BLS spectroscopy in CoPt
or FePt, CoCu or FeCu, NiFe and FeGd magnetic films
with magnetization and composition gradients (Ax) along
the growth direction. Through measuring the amplitude and
sign of DMI, a connection between the sign (amplitude) of
magnetization (composition) gradients (£Ax) and the
strong SOC is obtained. In particular, a relatively large
DMI value, 0.15 mJ/m?, is obtained in 6-nm-thick CoPt
films with Ax = +52%, whereas the absence of DMI in
other films without involving BMA and SOC is revealed.
The evolution of the BMA-induced DMI is theoretically
examined through performing atomic calculations, which
agrees with the experimental observations. The identifica-
tion of the bulk DMI that is jointly produced by BMA
and SOC of the 54 HM could serve as an important
ingredient for the current understandings of chiral magnet-
ism and could help to design novel chiral noncollinear spin
textures [53].
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