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Spin-Orbit Coupling in Single-Layer Ferrimagnets: Direct Observation of
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We demonstrate that the effects of spin-orbit coupling and inversion asymmetry exist in a single
Gd-Fe-Co ferrimagnetic layer, even without a heavy-metal interface. We use electric transport mea-
surements to quantify the spin-orbit torques. We measure the Dzyaloshinskii-Moriya interaction using
the Brillouin light-scattering measurement technique, and we observe the resulting chiral magnetic
textures using x-ray photoemission electron microscopy. We attribute these effects to a composition vari-
ation along the thickness that we observe by scanning transmission electron microscopy. We show that
these effects can be optimized by varying the Gd-Fe-Co thickness or in combination with interfacial

effects.
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I. INTRODUCTION

Magnetic layers interfaced with materials with strong
spin-orbit coupling (SOC), such as Pt and Ta, manifest
several fascinating phenomena when the inversion sym-
metry is broken [1—4]. One direct consequence of SOC
is the interplay between charge and spin transport via
the spin Hall effect (SHE) in heavy metals (HMs), which
leads to nonequilibrium spin accumulation at the sur-
faces [5,6]. Another mechanism, the Rashba effect, arises
when electrical carriers move in an interfacial electric
field and experience the resultant magnetic field that cou-
ples with their spins [7,8]. Both mechanisms give rise to
spin-orbit torques (SOTs) in the adjacent magnetic layer,
with dampinglike and fieldlike components [9—11]. Sur-
prisingly, SOTs are detected in a single layer of Ni-Fe,
even in the absence of HM adjacent layers [12,13]. More-
over, SOTs are an efficient way to manipulate chiral mag-
netic textures, such as Néel domain walls (DWs) [2,3]
and skyrmions [14], the chirality of which is induced
by another product of SOC, the Dzyaloshinskii-Moriya
interaction (DMI) [1].

Recently, the combination of SOTs and DMI has
enabled fast and efficient magnetization dynamics in
rare-earth (RE)—transition-metal (TM) ferrimagnetic films
interfaced with a HM [15—17]. In conventional 3d-TM/HM
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bilayers, Pt 5d (or Pd 4d) states hybridize strongly with the
3d states of the TM, leading to proximity effects and an
enhanced orbital moment [8,18]. In RE-TM alloys, spin-
tronic effects are described by the combination of localized
4f magnetism and itinerant magnetism of the s-p-d band
structure [19]. It was shown earlier that itinerant mag-
netism in these materials was dominated by RE 5d and TM
3d states [18]. This hybridization implies that RE atoms
with unpaired 5d electrons may exhibit a large SOC [20—
22], suggesting that SOT and the DMI can appear, even in
the absence of an adjacent HM layer. Very recent observa-
tions of interfacial DMI in Tm- and Tb-based oxide garnets
are attributed to the orbital moment of the RE [23,24]. Fur-
thermore, an interface-independent DMI originating in the
bulk of a Gd-Fe-Co ferrimagnet layer has been reported
using indirect methods based on asymmetric magnetic
reversal [25], which was attributed to broken symmetry
caused by inhomogeneity of the RE atoms along the film
thickness. On the other hand, experiments on (Co/Tb),
multilayers do not show any SOT contribution from the
RE [26]. The underlying origin of SOC and the role of the
RE on SOC in ferrimagnets, hence, remain to be under-
stood and need to be addressed by direct experimental
evidence.

Here, we provide direct evidence of the internal SOC
effects in single-layer Gd-Fe-Co ferrimagnets. The SOC-
induced effects, such as SOTs, DMI, and chiral magnetic
textures, are observed in a Gd-Fe-Co film without any
HM layer, but with a symmetry-breaking inhomogeneous
Gd concentration along the thickness, a key ingredient to
observe the SOC effects.

© 2021 American Physical Society
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I1. FILM DEPOSITION AND
CHARACTERIZATION

Gdp35(FessCoys)ogs S-nm-thick films are deposited on
thermally oxidized Si substrates by e-beam coevapora-
tion of Gd and Fe-Co targets under ultrahigh vacuum
(~1071% mbar) [27]. Al (5 nm) and Pt (7 nm) capping
layers are deposited to prevent oxidation of the ferrimag-
nets. The Pt-capped sample is used as a reference and,
hereafter, Gd-Fe-Co refers to the Al-capped sample, unless
mentioned otherwise. The Gd-Fe-Co film is composed
of two sublattices of Gd (RE) and Fe-Co (TM) coupled
antiferromagnetically [28]. Magnetization as a function of
temperature is shown in Fig. 1(a). At the magnetic com-
pensation temperature, 7), =275 K for this sample, the
net magnetization vanishes and the coercive field diverges
[Fig. 1(b)].

To measure the Hall effect, the films are patterned into
5-um-wide Hall cross structures using e-beam lithography
and a hard-mask etching technique. Figures 1(c) and 1(d)
show hysteresis loops obtained by the anomalous Hall
effect (AHE) below and above Tj;. The electrical prop-
erties are dominated by the TM sublattice and, therefore,
the change in sign of the Hall resistance (Ragg) across
Ty is a signature of the reversal of the alignment of the
Fe-Co sublattice with the external field, as shown in the
insets. The effective anisotropy field [Hj; Fig. 1(b) in
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FIG. 1. (a) Net magnetization (M;) versus temperature mea-
sured using superconducting quantum interference device
(SQUID) magnetometry. (b) Anisotropy field (Hj) in blue and
coercive field (H,) in red as a function of temperature, which
diverge at T),. Normalized Rayg Vs perpendicular magnetic field
at(c) T=270K < Tys and (d) T=280 K > T),. Arrows represent
the direction and relative magnitude of Gd (black) and Fe-Co
(red) magnetic moments.

blue], obtained by fitting Rapg versus in-plane field [29],
diverges at T),. The spin-flop transitions are not observed
over the measured temperature and magnetic field ranges
(see the Supplemental Material [30]).

III. CURRENT-INDUCED TORQUES

To investigate the existence of SOC inside the ferrimag-
netic layer, we quantify the two components of current-
induced torques by using the second-harmonic Hall volt-
age measurement technique [9,31]. The measurement
geometries are shown in Figs. 2(a) and 2(b). This tech-
nique uses an ac current of low frequency (f = 1.33 kHz)
to induce periodic magnetization oscillations, which mod-
ulate Rapg at frequency f* and the anomalous Hall voltage
at frequency 2f. By measuring simultaneously the first
and second harmonics as a function of in-plane field
(H) applied along or transversely to the current direction
[H||{a and HLI,, Figs. 2(a) and 2(b)], we extract the
dampinglike (Hpp) or fieldlike (Hyp) effective fields (see
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FIG. 2. [Illustration of harmonic Hall measurements in (a) lon-

gitudinal and (b) transverse geometries to obtain Hpp and Hpp.
H and I, are the applied magnetic field and ac current, respec-
tively. (¢c) Hpr/J (with J estimated in the Gd-Fe-Co layer)
and (d) Hgp/J vs temperature. Purple (khaki) points correspond
to an up (down) saturated state. Diagrams represent the direc-
tion and magnitude of Gd (black) and Fe-Co (red) magnetic
moments. Dotted lines are guides to the eye. Estimated Oersted
field (~1 mT/TAm™2) due to I, is shown by a line. (¢) Spin Hall
angle (6sp) and (f) Rashba parameter (g P) vs temperature.
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the Supplemental Material [30]). To increase the sensitiv-
ity, the analysis method is improved to include magnetic
fields larger than Hj.

Figure 2(c) shows the temperature dependence of Hpp
per current density (Hpr/J). At a given temperature, Hpr
increases linearly with current (showing that the thermally
induced Hall voltage is negligible; see the Supplemental
Material [30]) and changes sign when the magnetization
is reversed, in agreement with the expected symmetry
of SHE-induced torque, Hp. = Hpp (M x 6), where m
and ¢ are the unit vectors along magnetization and spin-
polarization directions [32]. Assuming that the SHE is the
main source of Hpr, we expect

1
woHpL = ——J0sy,

2e Mt

where 6sy is the spin Hall angle and should be
temperature-independent for a given material. Hpp/J
diverges at T'— T)s, showing the expected scaling with
1/Ms. We find 6sy &~ 7 x 107* > 0 [Fig. 2(e)], which is
about 100 times smaller than the reported Co/Pt interfa-
cial effect (Osy ~ 0.05 in Co/Pt) [33]. Osy is independent
of temperature and, in particular, does not change across
Ty, which is consistent with the hypothesis of the SHE as
the main source of Hpr..

Figure 2(d) shows the Hgp per current density (Hg /J)
at various temperatures below 7),. We cannot reliably
extract Hgp above Tj; due to increasing noise with tem-
perature (see the Supplemental Material [30]). At a fixed
temperature, Hyp does not change sign with reversal of the
magnetization, as expected with symmetry, Hy, = Hr 6.
In addition to SOTs, the current generates an Oersted field
(Hoc) that is independent of M, but has the same orienta-
tion as Hgp. Therefore, Ho. contributes to the measured
Hpp [see the horizontal line in Fig. 2(d)]. However, the
divergence of Hyy as T — T, shows that a non-Oersted
torque is present. Assuming a Rashba-induced Hgp, it
would depend on M; with the following relationship:

2 m,
heM;

woHr, = — arPJ,

where m, is the electron mass, P is the current polarization,
and o is the Rashba parameter. This relationship matches
well with the obtained variation of Hy . Figure 2(f) shows
the extracted agP at various temperatures. The obtained
value of agP &~ 7 x 10733Jm is independent of tempera-
ture, suggesting the presence of a significant SOT-induced
Hpp. The existence of these SOTs in a ferrimagnetic
layer without an adjacent HM suggests the presence of an
internal SOC from the magnetic layer itself.

IV. CHIRAL SPIN TEXTURES AND
DZYALOSHINSKII-MORIYA INTERACTION

Another phenomenon induced by SOC is the DMI,
which favors chiral magnetic textures [15,34,35]. We
examine the internal structure of DWs in the ferrimagnetic
film using photoemission electron microscopy combined
with x-ray magnetic circular dichroism (XMCD PEEM)
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FIG. 3. (a) Schematic of the XMCD PEEM experiment, show-
ing the magnetization profile of up-down and down-up left-
handed Néel DWs and the x-ray beam with grazing incidence
(16°) and perpendicular to the DW length. (b) Calculated nor-
malized XMCD PEEM intensity profile for DWs in (a), taking
into account the finite microscope resolution (7; blue curves).
Gray curve is the profile of Bloch DWs. (¢) Multidomain XMCD
PEEM images at the Gd M5 edge (1178.7 eV). Green arrow
shows the direction of the x-ray beam. Dark (bright) contrast cor-
responds to a down (up) magnetic domain. Analyzed DWs are
in the vicinity of a region of lowered anisotropy induced by long
exposure to x-rays (with small domains; in the bottom). (d) Inten-
sity profiles (black lines) averaged over yellow regions in (c).
Thick yellow line is a fit using the theoretical profile, as shown
in (a), with » = 60 nm, which is measured on dust particles in the
image.
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[36]. In our experiment, the incident x-ray energy is set
to the Gd M4 s absorption edge at a grazing angle of 16°
[see Fig. 3(a)]. In XMCD, the contrast is proportional
to ﬁx_,ay -m (where l:lx_ray is the unit vector along the
incident beam), resulting in 3.5 times higher in-plane con-
trast than that of the out-of-plane contrast. Therefore, Néel
and Bloch DWs, as well as their chirality, can be distin-
guished by their different XMCD PEEM profiles [35], even
when the DW width (A) is smaller than the microscope
resolution (7) [see Fig. 3(b)].

Imaging is performed at 7= 230 K < Tj, to avoid ther-
mal magnetization fluctuations. Figure 3(c) shows typical
XMCD PEEM images of up and down domains mani-
fested by light and dark gray contrasts, respectively (see
the Supplemental Material [30] for more images). Interest-
ingly, an intense black or white contrast appears between
the domains when the DW length is perpendicular to the
incident beam, while it is absent when the incident beam is
along the DW length. The intense DW contrast is clearly
visible on the XMCD line scans [Fig. 3(d)], as evidenced
by either a peak or a dip between the dark and light gray
domains. This pattern shows that the DW magnetization
lies parallel or antiparallel to the x-ray beam, that is, the
DW is of Néel type with left-handed chirality. To acquire
the DW width and internal magnetization direction, we
fit the obtained XMCD line scans with the expected pro-
file convoluted with a Gaussian function to account for
the microscope’s resolution. By fitting several line scans
of DWs with different orientations, keeping the azimuthal
angle (¢) and A as free parameters [Fig. 3(d)], we obtain
¢ = (180 £ 10)° (left-handed Néel) and A = (20 &+ 10) nm.
As the ferrimagnetic film is not interfaced with any HM,
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FIG. 4. (a) BLS spectrum of SiO,/Gd-Fe-Co/Al obtained

with a laser wavelength of 532 nm at 293 K under an in-
plane magnetic field, poHx=0.52 T, and at beam incidence
angle () of 60° (corresponding to |ksw|=20.46 um~!). Yel-
low lines are Lorentzian fits. Inset shows measurement geometry.
DMI-induced frequency shifts (Af") of nonreciprocal SWs vs
wave-vector magnitudes |ksw| for (b) Al-covered (red) and (c)
Pt-covered (blue) films. Thick lines are linear fits. Both samples
are measured at 7 < T),.

these chiral Néel DWs clearly indicate the existence of
DMI in the volume of the film.

To quantify the magnitude and sign of the DMI, we
perform spin-wave (SW) spectroscopy experiments using
the Brillouin light-scattering (BLS) technique in Damon-
Eshbach geometry [see inset in Fig. 4(a)] at room tem-
perature (293 K) [37]. This method measures Stokes (fs)
and anti-Stokes (f'as) resonance frequencies, which corre-
spond to counterpropagating SWs [Fig. 4(a)]. Due to the
DMLI, they have different frequencies. The variation of this
difference, Af" = fas — fs, with the incident wave vector,
ksw, is directly proportional to the DMI parameter, D:
Af = —Qy /mM;)Dksw, with y being the gyromagnetic
ratio of the alloy [37-42] (see the Supplemental Material
[30]).

A typical BLS spectrum for the same sample is shown in
Fig. 4(a) and the dependency of Af with kgw is shown in
Fig. 4(b). A value of D = (—8.4 £ 2.5) uJ/m? is obtained
from Af vs ksw. This DMI magnitude is much smaller
than those of Ta/Co and Pt/Co systems [38].

To understand the stabilization of Néel DWs with such
a low D, we must consider the critical DMI [D¢ =
(4/m)AK ~ (2In2/7?)t ;1oM2] required to form a Néel
DW in thin films [1]. Due to the low My of this sys-
tem, D is indeed about ~4 times larger than the estimated
D¢ at the temperature of the PEEM experiments (D¢ =~
2.3 nJ/m?). This shows that a small DMI can still be dom-
inant in low-M; systems. Therefore, the extracted D favors
the left-handed (D < 0) Néel DW structure (|D| > Dc),
as observed in the PEEM experiments.

Further insights into the origin of these effects are
obtained by comparing 6sy and D of this film with a con-
trol sample with a Pt capping layer [Si/Si0O,/Gd-Fe-Co
(5 nm)/Pt(7 nm)], for which the usual interfacial effects
should be present. We find a median value of sy = —0.12
in the Gd-Fe-Co/Pt sample (see the Supplemental Mate-
rial [30]), with an opposite sign to that of Gd-Fe-Co/Al.
Furthermore, the DMI parameter D for the Pt-capped con-
trol sample is determined to be D = (27.2 & 0.2) puJ/m?
[Fig. 4(c)]. The sign of D is the same as that reported
for the Co/Pt interface [38] and is opposite to that of the
Gd-Fe-Co/Al sample. The magnitude of D agrees with the
naive expectation that Gd-Fe-Co/Pt, containing only 10%
Co, should show about 10% of the DMI of pure Co/Pt
interfaces [38]. These findings show that the DMI and
SOTs in the control Gd-Fe-Co/Pt sample are dominated
by interfacial effects, unlike what was found for the DMI
in another study [25].

V. THICKNESS DEPENDENCE OF DMI AND SOTs

To investigate the origin of the DMI and SOTs
in Gd-Fe-Co/Al, we study samples with different
Gd-Fe-Co thicknesses. The measured DMI values for
4-, 5-, 6-, and 8-nm-thick samples are shown in Fig. 5(a)
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FIG. 5. (a) DMI values measured by BLS as a function of

Gd-Fe-Co thickness [in Gd-Fe-Co(# nm)/Al(5 nm)] (b) Spin Hall
angle as a function of temperature for 5 nm Gd-Fe-Co/Al (red)
and 8 nm Gd-Fe-Co/Al samples (blue).

and they do not show a variation with thickness. The
interfacial mechanism would exhibit 1/¢ variation of the
DMI parameter, as found in Pt/Co samples [38], where
t is the thickness of the magnetic layer. Therefore, these
results suggest that the DMI cannot be produced by a pure
interfacial mechanism.

Furthermore, we measure SOTs in the Gd-Fe-Co
(8 nm)/Al(5 nm) sample, and a fivefold increase in SOTs is
observed [Fig. 5(b)], which further excludes the possibility
of a dominating interfacial SOC mechanism and suggests
the bulk origin of the DMI and SOTs. However, the inter-
facial mechanism dominates over bulk contributions when
Gd-Fe-Co is interfaced with a strong SOC material, as we
show in Gd-Fe-Co/Pt samples.

VI. COMPOSITION PROFILE

The presence of the DMI and SOT in thin films without
a HM adjacent layer is far from trivial and suggests that
they originate from the intrinsic properties of the magnetic
film. These phenomena require broken inversion symme-
try. To investigate the origin of the inversion asymme-
try in the film, electron energy-loss spectroscopy (EELS)
studies are performed with scanning transmission elec-
tron microscopy (STEM) of cross-section views [24,25,27,
43]. Typical high-angle annular dark-field (HAADF) and
bright-field (BF) STEM images of the SiO, /Gd-Fe-Co/Al
film are shown in Figs. 6(a) and 6(b), respectively. The
Gd-Fe-Co layer can be clearly identified by higher con-
trast in the HAADF image, while both SiO, and AlO,
layers are distinguishable by their lower contrasts. The
ferrimagnetic layer presents a homogeneous thickness of
about (5.2 £0.4) nm, with defined bottom and top inter-
faces running along the observed film (see Fig. S16 within
the Supplemental Material [30]). The BF image presents
clear amorphous contrast in the Gd-Fe-Co alloy across
the total thin-film thickness, which rules out any noncen-
trosymmetric crystal structure.
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FIG. 6.

(a) HAADF and (b) BF STEM images of the
Si0, /Gd-Fe-Co/Al cross section. (c) HAADF intensity map of
the probed area with corresponding elemental maps extracted at
(d) Gd M4, (e) Fe Ly 3, and (f) Co L, 3 edges. (g) Superimposed
“false-color” map of Gd (red), Fe (blue), and Co (green). (h) Lat-
erally integrated line profiles over a length of 12 nm of Gd M4 s
(red), Co L, 3(green), Fe L, 3 (blue), and Al K (orange) intensities
along the film thickness.

Next, we reveal by EELS a nonuniform elemental distri-
bution in the Gd-Fe-Co layer, in agreement with our previ-
ous observations in other rare-earth—transition-metal films
[27]. The elemental maps and profiles [Figs. 6(c)-6(¢e)]
clearly evidence an anticorrelated spatial distribution of Gd
[Fig. 6(d)] and 3d TM elements [Fe in Fig. 6(¢) and Co
in Fig. 6(f)] throughout the ferrimagnetic layer (see Fig.
S17 within the Supplemental Material [30]). This peculiar
elemental dissociation is present along the whole amor-
phous film, while its depth distribution is nanostructured
as follows: a first Gd-rich layer of about 1.6 nm at the
bottom interface, followed by a first Fe-Co-rich interme-
diate layer of about 1.2 nm, then a second Gd-rich layer of
about 1.2 nm, and finally a thin Fe-Co-rich layer of about
1 nm at the top interface. Furthermore, while the Gd-rich
layers appear homogeneous along the entire film [marked
by red arrows in Figs. 6(g) and 6(h)], the Fe-Co-rich lay-
ers form aggregated nanostructures separated regularly by
(2.8 £0.4) nm. These findings highlight a nanostructure
alternating between Gd- and Fe-Co-rich sublayers, in con-
trast with previous work reported for thicker Gd-Fe-Co
films [25]. A similar structure is found in the Pt-capped
sample (see the Supplemental Material [30]). This elemen-
tal inhomogeneity breaks the spatial-inversion symmetry
and enables the emergence of net SOC effects inside the
Gd-Fe-Co layer. A similar dependence with composition
gradient in heavy metals was reported for a Fe-Pt film [44],
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although in Tb-Co the effects were found to be independent
of the composition gradient [45].

VII. CONCLUSION

We measure a net SOT, a significant DMI, and chi-
ral Néel DWs in single thin ferrimagnetic films without
any HM interface. This provides threefold experimental
evidence of an internal SOC and inversion asymmetry.
The fact that the DMI and SOT do not decrease with
thickness is further confirmation of a dominating internal
SOC mechanism. We attribute the SOC to the electronic
hybridization of RE 54 and TM 3d electrons. The source
of asymmetry is elemental inhomogeneity along the depth.
The internal DMI and SOTs superimpose with interfa-
cial effects and, therefore, should not be overlooked in the
analysis of stability and dynamics of magnetic textures.
Moreover, these internal effects can be engineered by tun-
ing the composition profile along the film thickness. Our
findings not only provide insights into the physics of fer-
rimagnetic alloys but also open additional paths to design
and engineer advanced materials for ultrafast spintronics
applications.
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Note added —Recently, similar internal SOTs were also
reported in a ferrimagnet [46] and in ferromagnetic Co-Pt
[47], which further supports the explanation based on an
internal mechanism.
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