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Using spin-dependent specular and off-specular polarized neutron reflectivity (PNR), we report the observa-
tion of a twisted helical magnetic structure with planar 2 domain walls (DWs) and highly correlated magnetic
domains in a Gd/Co multilayer. Specular PNR with a polarization analysis reveals the formation of planar
2w DWs below a compensation temperature (Tiomp), resulting in a negative exchange bias in this system.
Oft-specular PNR with spin polarization showed the development of magnetic inhomogeneities (increase in
magnetic roughness) for the central part (thickness ~25-30 A) of each Gd layer, where magnetization is aligned
perpendicular (in plane) to an applied field. This is contributing towards an antisymmetric magnetoresistance
at Teomp in the system. The magnetic roughness is vertically correlated and results in a Bragg sheet observed
in the spin-flip channel of off-specular PNR data. The growth and tunability of highly correlated magnetic
inhomogeneities (roughness) and the domain structure around Ti,mp in a combination of a twisted helical
magnetic structure with planar 27 DWs will be key for applications in all-spin-based technology.
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I. INTRODUCTION

The current-induced manipulation of magnetic order
through a spin-orbit torque has recently attracted great interest
for the realization of magnetic memory and logic applica-
tion devices with fast switching [1-5]. The Dzyaloshinskii-
Moriya interaction [6], and the spin Hall effect via heavy-
metal layers [7-9] were the major phenomena that attributed
to large chiral spin torques. An exchange coupling torque
(ECT) recently showed a significant enhancement of the spin-
torque efficiency in artificial antiferromagnetic (AF) struc-
tures [10,11], which allows moving nanoscale magnetic do-
main walls (DWs) with the current at large velocities [10].

The compensated rare earth (RE)-transition metal (TM)
alloys and heterostructures, where the RE and TM moments
are aligned antiparallel due to the strong AF interaction and
the net moment tends to zero, are potential candidate materials
for realizing devices with higher speed and density [12-16].
A class of ferrimagnets consisting of RE-TM alloys and
heterostructures also has the potential to exhibit DW motion
via an ECT [17,18]. Fast switching in compensated systems
can further be influenced by magnetic [16,19] and optical
[20] fields. Recently, Vedmedenko ef al. [21] have pointed
out theoretically that nanosized stable magnetic helices can be
used for magnetic energy storage. The realization of magnetic
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helices with stable magnetic properties has also been stud-
ied theoretically [22] and experimentally [23] in exchange-
coupled thin films and RE/TM multilayers, respectively. It
is recognized that magnetization reversal and a magnetic
helical configuration (planar 2r DWs) in RE-TM multilayers
with no external magnetic field around the compensation
temperature (Teomp, the temperature at which total moments
of the RE-TM multilayer tend to zero) is the key to manip-
ulating magnetic devices [20,23]. However, the response of
interface DWs in RE-TM heterostructures across the Teomp to
magnetic fields and/or electric currents depends on the mag-
netic structure, magnetic phases, and domain evolution at the
interfaces.

Here, we present strong evidence of helices in the form of
planar 27 DWs within both layers of Gd and Co in Gd/Co
multilayers near the T.omp using polarized neutron reflectivity
(PNR) [24-28]. PNR confirms an AF coupling between the
Gd and Co layers. AF coupling along with the planar 27 DW
formation in this multilayer below T¢omy is responsible for the
observed negative exchange bias. We also observed antisym-
metric magnetoresistance (MR) at Tiop, Which is in contrast
to earlier findings of similar effects in magnetic heterostruc-
tures with perpendicular magnetic anisotropy. Using spin-
dependent specular and off-specular PNR we demonstrate
that antisymmetric MR at Tionp is a result of the evolution
of highly correlated magnetic inhomogeneities (roughness)
and magnetic domains of submicron length scale, in which
the magnetization is aligned perpendicular (in plane) to the
applied field.

©2019 American Physical Society
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FIG. 1. (a) XRD scan for the Gd/Co multilayer, and single Co
and Gd films. (b) XRR data from the multilayer. The inset shows the
ESLD depth profile extracted from XRR data. (c) The in-plane DC
magnetization [M (H)] curve at different temperatures. (d) Variation
of coercive field (H.) and exchange bias (Eg) as a function of
temperatures.

II. RESULTS AND DISCUSSION

The Gd/Co multilayer was grown using dc magnetron sput-
tering [29] on a Si (100) substrate (see Supplemental Material
[30]) with a nominal structure Si/[Gd(140A)/Co(70 A)lys,
where 8 is the number of repeats. Figure 1(a) shows the
x-ray diffraction (XRD) patterns recorded for the Gd/Co
multilayer along with single Co and Gd films. In contrast to
earlier studies on Gd/Co multilayer systems [31,32], where
an hep structure for the Gd layer was observed, we found
that the Gd layer has grown with a polycrystalline fcc struc-
ture [33]. However, Co has grown with a polycrystalline
hcp structure. These results are consistent with an earlier
study on Gd/Co multilayers grown on glass substrates [34].
Figure 1(b) shows the x-ray reflectivity (XRR) data for the
multilayer. Analysis of the XRR data provides the individual
layer thickness, electron scattering length density (ESLD),
and root mean square (rms) roughness at different interfaces
of the multilayer [25,26,35-37]. The inset of Fig. 1(b) shows
the ESLD depth profile of the multilayer extracted from the
XRR data. Parameters obtained from XRR are given in Table
S1 [30]. Small variations in the roughness of each interface
were considered to get the best fit for the XRR data. XRR
results are corroborated by secondary-ion mass spectrometry
measurements (Fig. S1 [30]).

Figure 1(c) shows the in-plane magnetic hysteresis curves
for the multilayer at different temperatures measured by a
superconducting quantum interference device (SQUID) mag-
netometer. The observation of a very small coercive field
(H. ~ 150e) at 300 K, where only the Co is ferromag-
netic, indicates the soft ferromagnetic nature of the multi-
layer. Magnetization data at different temperatures reveal a
reduction in the saturation magnetization, an increase in H.,
and a shift of the hysteresis loop to the negative magnetic
field (H) at low temperatures [Fig. 1(c) and Fig. S2 [30]].
The shift of the hysteresis loop to the negative field at low
temperature reveals the negative exchange bias (Eg) in the
multilayer. Figure 1(d) shows the variation of H, and Eg with
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FIG. 2. (a) M(H) curves at 5 K on FC the sample at 500 Oe. (b)
Magnetization data as a function of temperature from multilayers for
ZFC, FCC, and FCWs condition. (c)—(h) MR (%) data for the mul-
tilayer at different temperatures. The magnetic field is applied along
the plane of the multilayer during M(H) and MR measurements.

temperature. We observed the shift of the magnetic hysteresis
loop below ~150K (Ep increases below this temperature),
where H, starts decreasing.

The exchange bias at 5 K was further confirmed by mea-
suring the in-plane magnetic hysteresis loops [Fig. 2(a)] of the
multilayer after field cooling (FC) from room temperature in
an applied H of ~ %500 Oe. A shift of the hysteresis loop
along the H axis was observed towards negative (positive)
fields on cooling the sample in a field of 4+ (—)500 Oe,
confirming the negative Eg in the system. Figure 2(b) shows
the M(T) data from the multilayer under FC [cooling (FCC)
and warming (FCW) cycle] and zero-field-cooled (ZFC) con-
ditions in an in-plane H of 500 Oe, showing an identical
variation as a function of temperature. The M(T) data for the
multilayer show a minimum in magnetization at a temperature
around 125 K (~T¢omp).

Figures 2(c)-2(h) show the magnetoresistance (MR) data
(%) [= % x 100, where R(H) and R(0) are the
resistances in the magnetic field H and in zero field] at
different temperatures in the longitudinal direction (H and
the current are in the same direction and along the plane
of the film) as a function of the H. MR data measured on
sweeping the H in the positive and negative direction are
represented by red (line with open triangles) and blue (line
with solid squares) curves, respectively. We observed different
MR data as a function of temperature. The H dependences
of the MR data at 300 and 200 K show almost reversible
(saturated) regions beyond the resistance peaks, similar to
other magnetic multilayers. However, the resistance peaks are
observed at fields much higher than the coercive field [Fig. 2
and Fig. S3 [30]], which might be due to strong interface
scattering in the system [30,38—40]. We obtained irreversible
and antisymmetric MR at 125 K. The MR data at 100 K and
below again show the symmetric MR peaks. Although we
observed additional irreversibility (separation) in the MR data
when the H is scanned in opposite directions, irreversibility
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FIG. 3. (a)-(d) PNR data [NSF: R** (red ¢), R~~ (blue A); SF:
(R™™ + R %)/2.0 (maroon *)] and corresponding fits (solid lines)
from the Gd/Co multilayer at different temperatures under an applied
in-plane field (H) of 500 Oe. (e) Nuclear and magnetic scattering
length density (NSLD and MSLD) depth profiles of the multilayer.
(f) Schematic of the helical magnetic structure. (g) Representation
of magnetization in a bilayer of a Gd/Co multilayer obtained from
PNR data at different temperatures. The angle of rotation of the
magnetization with respect to the H in different sublayers within the
Gd and Co layers at 125 and 5 K.

in the MR beyond the peak region for different H directions
decreases on decreasing the temperature. Similar changes in
the resistance at the low magnetic field for temperatures other
than 125 K have been reported previously for Fe/Gd [41-43]
and Co/Gd [44] systems.

In order to understand the correlation of the macroscopic
magnetization (SQUID) and MR properties of the multilayer,
we have studied the depth-dependent structure and magnetiza-
tion using PNR at different temperatures. PNR measurements
(Fig. S4 [30]) were carried out using the OFFSPEC reflec-
tometer (wavelength range 2.2-14 A) at RAL, U.K. PNR data
were taken in the H of 4500 Oe at different temperatures
upon warming, after the sample was cooled at the same field
from 300 to 5 K. Specular (Ox = 0) PNR with a polarization
analysis, i.e., non-spin-flip (NSF), R** and R, and spin-flip
(SF), R~ and R~ reflectivities, are used to determine the
magnitude and direction of the magnetization vector along
the depth of the multilayer [45—47]. For these measurements,
NSF probes the projection of the magnetic induction vector
parallel to the polarization direction, while SF is sensitive to
the perpendicular component [Fig. 3(f)]. Figures 3(a)-3(d)
show the R™ (red solid circle), R~~ (blue open triangle),
and (Rt~ + R™1)/2.0 (maroon asterisk) reflectivity and cor-
responding fits (continuous lines) as a function of the wave-
vector transfer Qz, normal to the sample surface, at different
temperatures. The specular reflectivity data are collected up

to a Oz of ~0.08 10\_1, which includes two Bragg peaks

(BP) at Oy ~ 0.03A"" (first order) and 0.06 A~ (second
order) which corresponds to a bilayer periodicity of ~212 A.
Figure 3(e) shows the nuclear scattering length density

(NSLD) depth profile of the multilayer obtained from the
specular PNR, which is consistent with the ESLD profile
obtained from XRR data.

It is noteworthy that Gd exhibits a large absorption for
thermal neutron [48]. PNR data with [Fig. 3(a)] and without

(PNR data up to a larger Oy ~ 0.16A7", Fig. S6 [30]) a
polarization analysis were used to fit the oy for Gd. We
obtained py = (1.05 + i3.42) x 1070 A™> for Gd, which is
very close to (0.96 +i3.12) x 107° A™? for a neutron of
wavelength 2.6 A [48]. The strong AF interaction in this
system persists even for thicker Gd (~140 A) and Co (~70 A)
layers, which may be due to the large exchange coupling
(Jap = =2.1 x 1071 ergs) [31] between Co and Gd spins as
compared to the Zeeman energy (upH = 4.6 x 10~'3 ergs
for H = 0.5kOe, field applied to the sample for the PNR
measurements).

We did not observe any SF [(RT~ + R~1)/2.0] signal at
300 K [Fig. 3(a)], suggesting ferromagnetic Co with a mag-
netic scattering length density (MSLD) of ~(3.55 £ 0.16) x

10°6A~ (~1.52 jup /atom) and zero MSLD for the Gd layer.
At 200 K we observed AF coupling between the Gd and
Co layer, where the Co moments (MSLD ~ 3.78 £0.17 x

105 A~ ~ 1.65 up/atom) are aligned along the direction
of the H and the Gd moments (MSLD ~ —0.85 £0.05 x

10°°A7° ~ —1.40 up/atom) are aligned antiparallel. The
MSLD depth profiles at 300 and 200 K are shown in Fig. 3(e).
For comparison, negligible SF reflectivity is observed at 200
K. The solid line fit [Fig. 3(b)] for SF data at 200 K assumes
a small inclination of the moments from the applied field
by a small angle (~1°-1.5°), suggesting the moments are
essentially parallel to applied field at 200 K within error.
Strong SF signals are observed in the specular PNR data
at 125 and 5 K. Figure 3(c) clearly suggests additional mod-
ulation in the PNR data at these low temperatures, e.g., a
decrease in the intensity of R™ data around the first-order
BP and splitting of second-order BP for R** (for 125 K),
suggesting a modification in the magnetic structure. Attempts
to fit the PNR data at 125 and 5 K with homogeneous Gd
and Co layers failed to reproduce the observed results and
thus we considered a helical magnetic structure as depicted in
Fig. 3(f), similar to the Dy/Fe multilayer [23]. We have split
the individual Co and Gd layers into sublayers with a constant
magnetic moment within the Co and Gd layers but varying
the angle of rotation of the magnetization with respect to the
H, i.e., a helical structure. PNR data at 125 K reveal that the
magnetization in both the Gd and Co layers rotate by 27 and
form a planar 27 DW structure [23] as shown in Fig. 3(g).
However, at the interfaces, Gd and Co have coupled antifer-
romagnetically, where Gd (Co) is aligned along (opposite) the
H, which is consistent with the earlier findings for the RE-TM
system [49]. We have plotted the observed magnetization
rotation angle in Fig. 3(g) for the sublayers within the Co and
Gd layer, suggesting asymmetric rotation along the thickness
of the Gd layer (i.e., the magnetization of the central part
of the Gd layer is rotated by 90° instead of 180° as in the
case of the Co layer). Therefore the depth-dependent magnetic
structure of the multilayer at T.omp exhibits the twisted helical
structure. PNR measurements at 5 K suggested that the Co
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FIG. 4. (a) Off-specular PNR data (Qx — Qz map) from the
Gd/Co multilayer at different temperatures in NSF (R**) and SF
(R*™) modes under an applied in-plane field (H) of 500 Qe. (b)
Simulated profiles at different temperatures. (c) R~ intensity (scat-
tered) and fit (continuous line) around the Q7 ~ 0.06 Aq at different
temperatures. (d) Schematic of spin alignment of the Gd layer in a
bilayer, contributing to the Bragg sheet in R*~ intensity at 125 K.

magnetization is still aligned opposite to the H with a small
variation in angle (180°4+10°) for the Co sublayers, while the
magnetization of the Gd sublayer forms a 27 rotation within
the Gd layer, which follows the 0--0 rotation, instead of the
full 27r (0 to 27), as shown in Fig. 3(g).

While specular PNR as a function of Qy provides depth
profiles of the nuclear and magnetic structures, the lateral
wave-vector transfer Qx provides information on the corre-
lation of lateral magnetic inhomogeneities (roughness and
domains) in the sample plane, via off-specular scattering
[30,50-52]. Figure 4(a) depicts the off-specular NSF (R*+
and R*7) data (Qx — Qz intensity map) at 5, 125, and 200
K. The Qx — Q7 intensity map for R*™ did not show any
off-specular signals at different temperatures. However, we
obtained strong off-specular signals (Bragg sheet: intensity
along Qx at Bragg positions) for the SF (R*7) mode at
125 K, which disappeared at high (200 K) as well as low
(5 K) temperatures and hence suggesting a magnetic origin.
Bragg sheets in the R™~ reflectivity map at 125 K (= Teomp).
clearly indicate the development of magnetic inhomogeneities
at interfaces that are vertically correlated. Variations of the SF
off-specular intensity (scattered) and corresponding fit (solid

lines) at the second BP (Qz ~ 0.06 A_l) as a function of
QOx for different temperatures are also compared in Fig. 4(c),
justifying a magnetic source of the scattering at 125 K.
Figure 4(b) shows the corresponding simulated Rt and Rt~
map at different temperatures. Simulation of the off-specular
reflectivity has been performed using the distorted wave Born
approximation [30,51,52]. Bragg sheets in the SF off-specular

map at 125 K are well described by an in-plane correlation
length (magnetic domains) (~§) of 0.17 um at the central
part [thickness ~25-30 A with an rms magnetic roughness
(o) ~ 9 A] in each Gd layer in the multilayer, for which the
magnetic moment is aligned perpendicular (in plane) to the
H, as shown in Fig. 4(d) for a bilayer. We observed a fivefold
increase in o, for these interfaces at 125 K [30], as compared
to that of 200 and 300 K. Moreover, o, for these intermediate
Gd layers at 125 K is vertically correlated. We found smaller
&(~ 0.01 um) for all the interfaces below and above 125 K.
The absence of a Bragg sheet at 5 K indicates the development
of uncorrelated magnetic roughness.

AF coupling of RE-TM systems has been attributed to the
formation of planar DWs (2r DW) at the interfaces [53].
These 27 DWs were responsible for the origin of Eg in RE-
TM multilayers [54,55]. Our results for Gd/Co multilayers are
consistent with these findings as we observed Ep developing
in the system near T.omp, Where there is a strong AF coupling
between Gd and Co and specular PNR clearly suggested the
formation of magnetic helices with 27 DWs within each Gd
and Co layer. The Ep increases at low temperature and we
obtained the highest Eg of ~ — 750e at 5 K. At 5 K, Co mo-
ments are mostly aligned opposite to the applied field and the
interface Gd moments are aligned opposite (aligned along H)
to Co moments, while the moments in Gd layers form twisted
helices with a 0--0 configuration of the magnetization.

Another remarkable finding is the antisymmetric MR at
Teomp and irreversibility in MR as a function of the H around
Teomp- Different mechanisms are proposed to understand the
MR effects in magnetic materials, however, these effects
share a common symmetry with respect to magnetization
reversal, namely, MR(H) = MR(—H). It is believed that the
variation of the multidomain configuration during the mag-
netization reversal process with the MR(H) = —MR(—H)
anomaly contributes to antisymmetric MR [56-58]. However,
there are mixed reports regarding the experimental conditions
required for the observation of antisymmetric MR [56-58].
Cheng et al. [56] observed the antisymmetric MR in Pt/Co
multilayers and attributed it to the specific configuration of
the mutually perpendicular direction of the domain wall, the
current, and the magnetization. In contrast, Xiang et al. [57]
observe the antisymmetric MR only when the field and current
were parallel to each other. It is noteworthy that we observed
antisymmetric MR only at Tiomp (125 K) where we found
highly correlated magnetic domains in the middle part of
each Gd layer, using spin-dependent off-specular PNR. We
believe the evolution of these highly correlated magnetic
domains (with an increase in 0,,) at Tomp, Where magneti-
zation is aligned perpendicular to the H, is responsible for
antisymmetric MR. The antisymmetric MR can be explained
qualitatively in line with Ref. [56] as an increase in magnetic
roughness (inhomogeneities) at T.omp Which will perturb the
current propagation (electric field) and the electric field will be
reversed upon magnetization reversal. However, the variation
of helical magnetization as a function of temperature may
contribute towards the additional irreversibility in MR across
Tcomp-

In summary, we have observed a negative exchange
bias in Gd/Co multilayers below the compensation temper-
ature (Teomp = 125K), which increases with a decrease in
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temperature. The exchange bias is due to the formation of
planar domain walls across the thickness of the multilayer.
Specular PNR provided the detailed depth-dependent mag-
netic structure of multilayers at different temperatures and
suggested the formation of planar 2w DWs, both within the
Co and Gd layers at Tomp. PNR measurements also revealed
the formation of twisted helices across Teomp as a result of
strong exchange coupling at the interfaces. Spin-dependent
off-specular PNR demonstrated the evolution of magnetic in-
homogeneities (increase in magnetic roughness) and magnetic
domains of size 0.17 wm with the magnetization direction
perpendicular (but in the plane) to the H in the central part
of the Gd layer at Tcomp, Which are highly correlated along
the thickness. These inhomogeneities and magnetic domains
are responsible for antisymmetric longitudinal MR observed
in Gd/Co multilayers at T¢omp. RE-TM multilayers as artificial
ferrimagnets can thus be a promising building block in devices

with all-spin-based technology due to their helical magnetic
structure and the formation of planar 2r DWs near the com-
pensation temperature.
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