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Abstract: Nonlinear unidirectional spin Hall magnetoresistance (USMR) has been reported in heavy
metal/ferromagnet bilayers, which could be employed as an effective method in detecting the
magnetization orientation in spintronic devices with 2-terminal geometry. Recently, another unidirectional
magnetoresistance (UMR) was reported in magnetic topological insulator (TT)-based heterostructures at
cryogenic temperature, whose amplitude is orders of magnitude larger than the USMR measured in heavy
metal-based magnetic heterostructures at room temperature. Here, we report the UMR effect in the
modulation-doped magnetic TI structures. This UMR arises due to the interplay between the magnetic
dopant’s magnetization and the current-induced surface spin polarization, when they are parallel or
antiparallel to each other in the TI material. By varying the dopant’s position in the structure, we reveal
that the UMR is mainly originating from the interaction between the magnetization and the surface spin-
polarized carriers (not bulk carriers). Furthermore, from the magnetic field-, the angular rotation- and the
temperature-dependence, we highlight the correlation between the UMR effect and the magnetism in the
structures. The large UMR vs. current ratio in TI-based magnetic bilayers promises the easy readout in TI-

based spintronic devices with 2-terminal geometry.

Keywords: Magnetic Topological Insulators; Unidirectional Magnetoresistance; Topological Spintronics;

Spin-Orbit Coupling; Modulation Doping
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Interplay between spin-polarized current and magnetization has led to many core phenomena and
applications in spintronics '*. On one hand, the spin-polarized current, generated by filtering through
ferromagnets (FMs) 4, by spin Hall effect (SHE) in heavy metals > ¢, or by surface spin-momentum
locking in topological insulators (TIs) 7, can provide efficient means for manipulation of magnetization
orientation through the spin angular momentum transfer % 117, On the other hand, the magnetization can
also significantly influence the electrical transport of spin-polarized current in these structures. The best-
known effect is the giant magnetoresistance (GMR) !8-20 in the stacked FM layers with magnetization
parallel or antiparallel to each other, which has played a significant role in all modern developments of
spintronics. Another nontrivial effect, the so-called spin-Hall magnetoresistance (SMR) in heavy
metal/magnet bilayers, arises when the SHE-induced spin accumulation in the heavy metal is
perpendicular to the magnetization of the magnetic layer 2!-2, This SMR, together with the anisotropic
MR, are an even function of magnetization, and as a result they cannot be used to distinguish magnetic
states with opposite directions. Recently, an intriguing unidirectional spin Hall magnetoresistance (USMR)
has been identified in the bilayers composed of high spin-orbit coupling (SOC) material and magnet, such
as the heavy metal/FM 27-33 and the semiconductor/FM (e.g., Ga;.Mn,As/GaAs) 34 structures. The USMR
depends on the relative orientation of the current-induced spin accumulation at the interface and the
magnetization direction of the magnetic layer: when they are parallel and antiparallel, the
magnetoresistance (MR) of the bilayer is different. Thus, this USMR effect could be potentially used for

detecting the magnetization orientation of magnetic bilayers with in-plane anisotropy.

Compared with heavy metals and semiconductors with high SOC, TIs exhibit inverted band structure in
the bulk that is resulted from high SOC 337, More importantly, TIs possess the unique spin-momentum
locked Dirac fermions on the surface, as depicted in Fig. 1(a), which have been demonstrated to be more
efficient for generating spin polarization/accumulation at the interface, and hence are more efficient for

producing the unidirectional magnetoresistance (UMR) when coupled with magnetic materials. Indeed,
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very large UMR has been reported very recently in the TI/magnetic-TI bilayers and was attributed to the
electron-magnon scattering 3% 3°. To further explore the UMR in Tl-based structures for potential
technological applications, it is crucial to investigate whether the surface states or the bulk carriers
contribute most to the UMR effect. Moreover, it is also important to systematically study the correlation
between the UMR strength and the magnetism in the structure in order to maximize this effect for

potential applications.

Following these considerations, in this paper we study the UMR effect in the modulation-doped magnetic
TI structures. By controlling the magnetic dopant’s position, we aim to identify the origin of the UMR
effect. First, we have grown the Crj6(Bigs54Sbg3g)oTes (3QL)/(BigsSbys),Tes (9QL) bilayer and its
inverted-order structure on GaAs (111B) substrate by molecular beam epitaxy 4% 4!, Then the thin films
were patterned into micron-scale Hall bar devices by photo-lithography, as shown in Fig. 1(b). Basic
transport characterization of these films is provided in Supporting Information section S1. According to
the spin-momentum locking of the Dirac surface states, when passing a longitudinal charge current
through the device (e.g., along y-axis in Fig. 1(c-d)), a surface spin polarization will be formed as a result
of the Fermi surface contour shift in the momentum space. Under such circumstance, if we scan the
transverse magnetic field to flip the Cr-doped TI (Cr-TI, for short) magnetization M from along x-
direction (parallel to the surface spin magnetic moment m, see Fig. 1(c)) to —x -direction (antiparallel to
the surface spin magnetic moment m, see Fig. 1(d)), the bilayer will experience a MR change from a low-
resistance state to a high-resistance state, according to the spin-dependent scattering models 27> 28 38, 42,
Correspondingly, this UMR resistance can also be measured by reversing the current direction applied
through the device while keeping a constant transverse in-plane magnetic field, which can be readily

detected by the 2" harmonic lock-in experiment.
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Indeed, as shown in Figs. 1(e) and (f), when we apply an AC current, | = \ﬁlacsin(wt), through the
2

device along y-axis, the 2" harmonic longitudinal resistance R{® = — 5 1,dRy/dl (see Supporting

Information S2 for its definition) changes its sign as we switch the magnetic field direction from along x-
axis to —x in the aforementioned bilayer and its inverted-order structure. The measurements were
performed at 1.9K throughout the experiment unless otherwise stated. Importantly, we observed that the
change in the polarity of the Rf® value during the field scan is consistent with the UMR scenario.
Moreover, in the two structures we observed exactly the opposite R#® data, which is expected because the
current-induced spin polarization direction on the two surfaces (top and bottom) of TI is opposite to each
other. In addition, when we scan magnetic field along y or z-axes in both structures, we could not
measure any obvious 2" harmonic MR within the instrument’s sensitivity (see Fig. 1(e) and (f)), which
suggests that when the Cr-dopants magnetization is perpendicular to the surface spin polarization, there is

no obvious UMR effect.

The above measurements indicate that the UMR effect has a strong angular dependence on the relative
orientation of the magnetization of Cr dopants with respect to the TI surface spin polarization. Following
this assumption, we have carried out the rotation experiment: smoothly reorient the magnetization by
rotating the external magnetic field in the xz-, yz- and xy-planes, as illustrated in Fig. 2(a), and
meanwhile measure the 2" harmonic R#®. The external magnetic field amplitude is kept at 3T and the
probing AC current is 0.6pA (r.m.s.). The results are summarized in Figs. 2(b) and (c) for the Cr-
TI(3QL)/TI(9QL) bilayer and the inverted-order structure, respectively. For both structures, in the xy-
plane, R#® shows nice cosinusoidal relation with the azimuthal angle @y of the magnetization M (because
the films are isotropic in the xy-plane, gy = @g, where @g is the azimuthal angle of the external magnetic
field), suggesting that R#® is proportional to the M projection on the x-axis, M,. Similarly, in the xz-plane,
we can confirm the sinusoidal relation between R?® and the polar angle 8y of M (6 can be obtained by

5
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balancing the external magnetic field and the anisotropy field, see Supporting Information S3). For a clear
comparison, we also plot the normalized M, as functions of different angles of the external magnetic field
in three planes in Figs. 2(b-c), denoted by solid curves, and they fit very well with the normalized R?®
data (for convenience, we have plotted — M, in Fig. 2(c) for the inverted-order bilayer structure because

the R{® in it changed sign).

In addition to the above measurements, we further performed the rotation experiments in the xz-plane
under different AC current to examine the current-density dependence. In order to minimize the thermal-
electric effect contribution to the 2" harmonic signal (such as the anomalous Nernst effect, see
Supporting Information S6 and S7), we utilize very small current values (<0.6pA) during the
measurements. To compare the Cr-TI(3QL)/TI(9QL) bilayer and its inverted-order structure, we plot the
R?®/R,, data measured from them in Figs. 3(a) and (b), respectively. Here, Ry, is the first-harmonic
longitudinal sheet MR at zero magnetic field. We find that the R#®/R;, value systematically increases
when the applied current becomes larger. To summarize the current-density dependence, we pick up the
values measured at O = 90° (i.e., when magnetization is along the transverse x-axis) and plot them versus
the ac current density J,. (peak value) in Fig. 3(c) for different structures. Here, besides the
aforementioned bilayers we have also shown the data measured from other modulation-doped TI
structures, where the 3nm Cr-doped TI layer is placed at different vertical locations, as schematically
shown in Fig. 3(d) insets. These modulation-doped structures can help us to identify the origin of the
UMR effect. In Fig. 3(c), we can clearly see that the R®/R| value exhibits a linear dependence on the
current density in all these structures in the low-current regime, which is expected because within the
linear response model the surface spin polarization density is proportional to the applied AC current in the
low current region. Moreover, for the Cr-TI(3QL)/TI(9QL) bilayer and its inverted-order structure, where
the dopants are located near the top and bottom surfaces, we observe very large (and with opposite sign)

R?®/R,, data, see Fig. 3(c). However, for the modulation-doped trilayer structures (the TI(3QL)/Cr-
6
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TI(3QL)/TI(3QL), TI(6QL)/Cr-TI(3QL)/TI(3QL) and TI(3QL)/Cr-TI(3QL)/TI(6QL) trilyers), where the
dopants are located inside the bulk, the Rf®/R, values are almost negligible. This indicates that the UMR
effect is mainly a surface effect arising from the strong interaction between the surface spin-polarized

carriers and the Cr dopants magnetization.

More importantly, we found that the UMR vs. current ratio, defined as R#Y/R|./Jac (Which could serve as

a quantitative measure of the UMR strength), reaches the highest value of 4.2 x 10 ® A~!- cm? in the
TI(9QL)/Cr-TI(3QL) bilayer and 2.3 x 10 "® A~! - cm? in the Cr-TI(3QL)/TI(9QL) bilayer. This value is
nearly 6 orders of magnitude larger than the USMR reported in heavy metal/FM structures at room
temperature 27> 28 and is two orders of magnitude larger than the USMR reported in the (Ga,Mn)As-based
system at below 200K 34, suggesting that TIs are ideal materials for producing surface spin-polarization
and enabling the UMR effect. Note that the UMR vs. current ratio we get is comparable with the value
3.3 x 10 ® A~!- cm? reported previously®® in a similar magnetic TI bilayer structure when the whole
thickness of their film is considered as the conductive region thickness. To elucidate the UMR strength in
our different modulation-doped samples, in Fig. 3(d) we plot the R?"/R1./J4c ratio as a function of the
doped layer position in the whole structure along the vertical z-direction (the origin point is set at the
center of the sample). We can clearly see that when the dopants are on the bottom surface or on the top
surface of the heterostructure, the ratios have very large (and opposite) values, consistent with the surface
spins-induced UMR scenario; in contrast, when the dopants are located close to the center of the sample
(i.e., in trilayer samples), the ratios are very small and exhibit finite positive values that are very close to
zero. The minimal UMR is obtained in the TI(3QL)/Cr-TI(3QL)/TI(3QL) trilayer, where the dopants are
exactly at the center of the whole structure. The fact that in all these trilayer samples, no matter whether
the dopants are relatively closer to the bottom surface or to the top surface, or at the exact central position,
there is always a finite small UMR, indicates there exists certain small amount spin polarization inside the
bulk which is caused most likely by the electronic band bending along the vertical z-direction. Previously
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for the USMR effect, there have been several theoretical models to explain the phenomenon, such as the
SHE-induced interfacial current-in-plane GMR model ?7-3* 42 and/or the spin-orbit torque (SOT)-induced
magnon excitation and electron-magnon scattering 2> >, Our above results suggest that the UMR
observed in the modulation-doped magnetic TI samples mainly originates from the interaction between
the Cr magnetic dopants and the surface spin-polarized carriers, and we have further verified the

mechanism in the following through the temperature-dependent experiment.

In order to examine the temperature-dependence of the UMR effect in these different samples, we carried
out the transverse field-dependent (along x-axis) 2" harmonic experiment at different temperatures from
1.9K to 30K. In Fig. 4(a) and (b), we plot the obtained UMR data for the representative Cr-
TI(3QL)/TI(9QL) bilayer and its inverted-order structure, respectively. The probing AC current is 0.6 pA
(r.m.s. value). We can see that the R#"/R), value systematically decreases as the temperature rises up in
both structures; when the temperature is above certain value (the Curie temperature), we could not
observe any obvious UMR within the noise level, demonstrating that the UMR effect is directly correlated
with the magnetism strength in the structures. In addition, at low temperature in the high magnetic field
regime (>2T), we observed the suppression of the 2" harmonic signal by the magnetic field. This
suppression indicates the UMR observed in the modulation-doped TI samples favors more on the
electron-magnon scattering mechanism, since the magnon population in the Cr-doped TI layer and hence
the UMR signal can be reduced due to the magnon gap opening at high magnetic field 3%. In Supporting
Information S4, we have provided an estimation of the magnon density in the magnetic TI film based on a
simple parabolic magnon band structure, and it shows a strong correlation with the suppression of the
UMR when the in-plane magnetic field increases. Note that in heavy metal-based heterostructures, the
USMR normally does not show suppression at high magnetic field, which highlights the difference in
mechanisms and working conditions between USMR in heavy metal-based magnetic structures and UMR

in magnetic TI-based structures. It is worth mentioning that another type of field-dependent 2"¢ harmonic

8
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resistance has been reported in pure TI materials 44, where the interplay between the in-plane field and the
surface spin-polarized current gives rise to the so-called bilinear magneto-electric resistance (BMER). It is
different from the UMR observed in the magnetically doped TIs in the sense that BMER scales linearly
and increases with external magnetic field while UMR gets suppressed and ultimately approaches zero at

high magnetic field.

To have a full picture of the temperature-dependence of UMR, we picked up the 2" harmonic data
measured at B, = 3T in all the modulation-doped samples and plot them in Fig. 4(c) as functions of
temperature. We can find the RFW/R, values gradually decrease in all the modulation-doped samples and
approach zero at around 20K (the Curie temperature). To further examine the relation between the UMR
effect and the magnetism in the structures, we also investigated the 15 harmonic MR vs. temperature in
the Cr-TI(3QL)/TI(9QL) bilayer. As shown in Fig. 4(d) inset, at low temperature (1.9K) the plot of R|, vs.
in-plane field B, develops a sharp peak near the B, = 0T region. This MR peak could be related to the
magnetism-induced surface gap modulation in the bilayer structure 3® and/or the spin-transfer between the
surface spins and the magnetization when they are non-collinear 2!-23. Thus, this MR peak is also directly
related to the magnetism in the structures, as evidenced by its temperature-dependent behavior (see
Supporting Information S5, when the temperature reaches the Curie temperature (~20K), the
characteristic sharp peak in the MR disappears). In Fig. 4(d), we plot the normalized 2" harmonic MR,
R#®/R#® M3 and the normalized 1% harmonic MR peak, AR} /AR (definition of AR is illustrated in
the inset of Fig. 4(d)) measured from the Cr-TI(3QL)/TI(9QL) bilayer, as functions of temperature.
Within the noise level, we notice that R?®/R#® ™3 could fit well with the trend of AR, /ARP®, and they
both decrease to zero at around 20K, confirming that they both strongly depend on the magnitude of
magnetization in the structure. The temperature dependence indicates that further enhancement of the

UMR effect in magnetic TIs for potential applications will require search of magnetic TI materials with
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higher Curie temperatures '”> 4. Another possible approach is to combine TI materials with room-

temperature ferromagnets and recently efficient UMR effect has been reported in such a structure 4.

In summary, by modulation doping in the magnetic TI structures, we reveal that the large UMR effect
mainly originates from the interaction between the Cr dopants magnetization and the surface spin-
polarized carriers. Through the magnetic field-, the angular rotation-, and the temperature-dependent
measurements, we unveil the correlation between the UMR effect and the magnetism strength (manifested
by the magnetization magnitude) in the samples. The giant UMR versus current ratio in the bilayer
structures indicate that this nonlinear MR effect could potentially be used as a method to detect the

magnetization orientation in 2-terminal spintronic devices constructed from TI materials.
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Figure Legend

Figure 1. lllustration of the UMR effect in the Cr-TI/TI bilayer structures. (a), Schematic of
the topological Dirac cone on the top surface of Cr-doped TI, with the brown arrows denoting the
spin-momentum locking direction. “BC”, “BV” and “SS” stand for bulk conduction band, bulk
valence band and surface states, respectively. Er is the Fermi level. (b), Microscopic image of
the Hall bar device with illustrations of the magneto-resistance measurement set-up: current
flowing from the left to the right (along y-direction) is defined as the positive current;V;, measures
the longitudinal voltage. The width of the Hall bar and the length between two neighboring Hall
contacts are both 20 ym. (c) and (d), Schematic of the antiparallel and parallel orientation
relations between the Cr dopants magnetization M (blue arrows) and the surface polarized spins
s (brown arrows) in the Cr-TI/TI bilayer when passing a charge current / along the y-axis and
meanwhile applying magnetic field along the x and -x directions, respectively. Inset: electron’s
spin s (brown arrow) is opposite to its magnetic moment m (gray arrow) because of its negative
charge. (e) and (f), Measured 2" harmonic MR vs. magnetic field along different axes in the Cr-
TI(3QL)/ TI(9QL) bilayer and the inverted-order structure, respectively. The AC current applied

is 0.6 YA (r.m.s. value). The measurements were performed at 1.9K.

Figure 2. Angular dependence of the UMR effect. (a), Schematic illustration of the rotational
measurements in different planes. (b) and (c), Normalized 2" harmonic MR as functions of the
magnetic field rotation angle in different planes for the Cr-TI(3QL)/TI(9QL) bilayer and the
inverted-order structure, respectively. The magnetic field magnitude is kept at 3T and the AC
current applied is 0.6 YA (r.m.s. value). The measurements were performed at 1.9K. The solid

curves show the normalized M, (in (b)) and normalized — M, (in (c)), and they fit well with the

2nd harmonic resistance data.
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Figure 3. Electric-current and dopant’s position dependence of the UMR effect. (a) and (b),

Re-scaled 2" harmonic MR, R?®/R,, as function of the magnetic field rotation angle in the xz-
plane under different AC current I,. in the Cr-TI(3QL)/TI(9QL) bilayer and its inverted-order
structure, respectively. The magnetic field magnitude is kept at 3T. (c), R?“/R, as a function of
the AC current density J,. (peak value) applied in different modulation-doped TI structures. The
small resistivity difference between the Cr-Tl layer and the TI layer is considered when
evaluating J,.. (d), The UMR ratio, defined as (R?“/R.)/ J.., plotted versus the Cr-doped layer
position in the modulation-doped TI structures. The shaded regions indicate the surface states
on the two surfaces of Tl, which are evanescent into the bulk. The dashed curve serves as a

guide for the trend of the data.

Figure 4. Temperature-dependence of the UMR effect and its correlation with the
magnetism in the modulation-doped Tl structures. (a) and (b), Re-scaled 2" harmonic MR,

R?®/R,, versus the magnetic field applied along x-axis in the Cr-TI(3QL)/TI(9QL) bilayer and its

inverted-order structure, respectively, under different temperatures. The AC current applied is

0.6pA (r.m.s. value). (c), Re-scaled 2" harmonic MR, R#“/R,, plotted versus temperature for
different modulation-doped TI structures when the external field is B, = 3T and the applied AC
current is 0.6uA (r.m.s. value). (d), The normalized 2" harmonic MR, R?®/R}® ™3 and the
normalized 18t harmonic MR peak, AR;/AR[™* (measured when field is scanned along x-axis in

the Cr-TI(3QL)/TI(9QL) bilayer), plotted as functions of temperature. Inset shows the definition

of AR, R?® ™ and AR represent the values measured at 1.9K in the Cr-TI(3QL)/TI(9QL)

bilayer.
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