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ABSTRACT

Topological insulators (TTs) host spin-momentum locked surface states that are inherently susceptible to magnetic proximity modulations,
making them promising for nano-electronic, spintronic, and quantum computing applications. While much effort has been devoted to study-
ing (quantum) anomalous Hall effects in magnetic magnetically doped TIs, the inherent magnetoresistance (MR) properties in magnetic
proximity-coupled surface states remain largely unexplored. Here, we directly exfoliate Bi,Se; TI flakes onto a magnetic insulator, yttrium
iron garnet, and measure the MR at various temperatures. We experimentally observe an anisotropic magnetoresistance that is consistent
with a magnetized surface state. Our results indicate that the TI has magnetic anisotropy out of the sample plane, which opens an energy gap
between the surface states. By applying a magnetic field along any in-plane orientation, the magnetization of the TI rotates toward the
plane and the gap closes. Consequently, we observe a large (~6.5%) MR signal that is attributed to an interplay between coherent rotation of
magnetization within a topological insulator and abrupt switching of magnetization in the underlying magnetic insulator.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0052301

In metallic ferromagnetic films, anisotropic magnetoresistance
(AMR)' refers to the dependence of a film’s resistivity on the orienta-
tion of magnetization with respect to the current passing through it. In
spintronic research, AMR plays a central role in a wide variety of
experimental contexts. For example, the AMR of a ferromagnetic layer
can be used to detect magnetization dynamics” * within magnetic het-
erostructures designed so that spin torques drive the magnetization.
Often, TIs are involved in these experiments because they are capable
of generating large spin torques”  and easily facilitate spin-to-charge
conversion.”” On the other hand, the use of TTs as a source of AMR in
these spintronic experiments is, relative to torque effects, under-
explored. Because of the strong spin-orbit coupling intrinsic to TIs, it
is anticipated that AMR effects in TIs should be large.'’

We report a magnetoresistance effect that is phenomenologically
consistent with a proximity-AMR predicted to exist in undoped, mag-
netic surface states of a TT that are adjacent to a ferromagnetic insula-
tor."” In this report, we will refer to this effect as a proximty-AMR,
owing to the fact that the dependence of this AMR on magnetization
orientation differs from conventional AMR behavior. The proximity-
AMR of the TI does not arise from magnetic impurities; instead, this
AMR originates from an energy gap opening at the conducting surface
states. Similar effects are expected in antiferromagnetic Dirac semime-
tals, where the Néel vector orientation determines high and low resis-
tance states.'' The proximty-AMR we measure has a high resistance
when magnetization is perpendicular to the surface and a low resis-
tance when magnetization lies in the plane of the surface. In
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comparison, conventional AMR of metallic ferromagnets has a high
resistance when the magnetization is parallel to the current and a low
resistance when perpendicular to the current.' The maximum percent
change we find in resistance due to proximity-AMR is roughly 6.5% at
1.8K. This is significantly larger than spin Hall magnetoresistance
(0.01%), an AMR-like effect induced in metals with strong spin-orbit
coupling by magnetic insulators."”

In order to study the proximity-AMR effect of the TI, we use
bilayers consisting of a TT on a ferromagnetic insulator, which pro-
vides an exchange interaction at the interface to “proximity”-
magnetize the TI surface state.” '° We note that the other strategy to
magnetize a TI is to intentionally dope the material with magnetic ele-
ments."” That approach has been key to the observation of the quan-
tum anomalous Hall effect within a magnetic TL.'*'* More recently, in
the magnetically doped TI, AMR behavior has been observed”’ and
used to characterize an asymmetric magnetoresistance effect due to
magnon scattering. To rule out additional AMR effects that can arise
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from magnetic impurities, we chose to employ the magnetic proximity
effect so that the AMR is intrinsic to the surface-state."’

We mechanically exfoliated Bi,Se; flakes” ** directly onto the
magnetic insulator yttrium iron garnet (YIG), as illustrated and shown
through atomic force microscopy in Figs. 1(a) and 1(b). The YIG is
25nm thick and grown on a gadolinium gallium garnet (GGG) sub-
strate via sputtering,”” ~’ and the flake is 30nm thick. The YIG
behaves as an in-plane ferromagnet with a low coercive field (< 2 Oe)
from 1.8 to 300 K.”> " Magnetometry over the relevant experimental
temperature range is shown in Fig. 1(c). Exfoliation of the Bi,Se; leads
to variable flake sizes, thicknesses (ranging from 25 to 60 nm), and
resistivities. The most resistive flakes in this thickness range show
proximity-induced ferromagnetic magnetotransport effects, as

described in this manuscript. More conductive flakes often show no
proximity-induced ferromagnetic behavior; instead, these flakes
reproduce previously reported weak anti-localization effects observed
in TIs.”" ™
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FIG. 1. (a) An illustration of a 30 nm Bi,Se; flake exfoliated on YIG and contacted by Ti/Au electrodes. The coordinate system depicts that the current flows in the x-direction
and an external magnetic field is applied in the xy plane at an angle ¢. The magnetization of the Tl cants toward the in-plane direction of the external field as described by the
polar angle 1. (b) Atomic force microscopy image of a Tl flake. False shaded yellow rectangles represent the patterned Ti/Au electrodes. (c) SQUID magnetometry of the bare
YIG film shown over the temperature range where we observed ferromagnetic effects in the magnetoresistance. Note that the coercive field of the YIG is less than 2 Oe over
the relevant temperature range. (d) Resistance vs temperature for a resistive Bi,Se; flake (red) compared with a conductive flake (blue) that are exfoliated on the same YIG

substrate.
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The measurement coordinate system and relevant field and mag-
netization vectors are illustrated in Fig. 1(a). The magnetic field, H, is
applied at an in-plane angle ¢ relative to the current. Because of per-
pendicular magnetic anisotropy (PMA) in the TI,"' the magnetization
of the TI (Myy) is not generally co-linear to the applied field. A polar
angle, 1, is used to describe the orientation of My We make two-
point measurements of the resistance across flakes as a function of
applied magnetic field. In Fig. 1(d), we plot the temperature-
dependent resistance of the flake shown in Fig. 1(b), as well as that of a
similarly sized more conductive flake. The more resistive flake (red)
displays a significant rise in resistance as the temperature is lowered,
while the more conductive flake (blue) shows a decrease in resistance.
These are characteristic behaviors of TIs with Fermi level within the
bulk gap (semiconducting behavior) and within the bulk conduction
band (metallic behavior).”” Magnetoresistance of the conductive flake
is shown in the supplementary material Fig. S8, and no ferromagnetic
behavior is observed. We note that due to the insulating nature of the
substrate, electrostatic charging effects were problematic. The most
robust samples were those measured in a two-point configuration, i.e.,
electrodes patterned transverse to the current often failed. Thus, we do
not have Hall resistivity data as a companion to our longitudinal data.

Below 4K, the magnetoresistance of the resistive Bi,Ses/YIG
bilayers exhibits a strong 6.5% change in the MR as a function of field.
In this low-temperature range, there are also pronounced ferromag-
netic hysteresis effects in the MR signal. In Fig. 2(a), we plot the MR

scitation.org/journal/apl

curves for different temperatures at ¢ = 90°. Here, current and field
are perpendicular to one another and the field is swept from negative
to positive values. At 4K, there are negative dips in the magnetoresis-
tance that are hysteretic; a similar effect has been previously observed
and attributed to enhanced conduction from domain walls in the adja-
cent magnetic insulator’’ (see supplementary material Section 1.2).
Below 4K, a pronounced magnetoresistance peak emerges, which
causes the zero-field resistance to considerably increase. In Figs. 2(b)
and 2(c), we show the magnetoresistance at 1.8K for data taken at
both ¢ = 0° and ¢ = 90°. Unlike conventional AMR, we see a large
signal when the field is applied in-plane-parallel and perpendicular to
the current. Furthermore, when we apply a field of 5kOe and measure
the MR as the field is rotated in the xy plane, we observe no change in
the resistance as a function of ¢; this is markedly different behavior
from conventional AMR in metallic ferromagnets (see supplementary
material Section 3). A near equal amplitude and ferromagnetic signal
at both ¢ = 0° and ¢ = 90°, combined with no variation in the resis-
tance as a function of ¢ at large fields, is consistent with the TI having
PMA where a high resistance state occurs at remanence from the mag-
netization pointing out-of-plane. By applying an in-plane magnetic
field at any orientation, we rotate the magnetization from a high resis-
tance state to a low resistance state. We note that there is some weak
anisotropy in the shape of the AMR signal when comparing ¢ = 0°
and ¢ = 90°. In supplementary material Section 4, we discuss possible
origins of this anisotropy. We now describe theoretical modeling and

FIG. 2. (a) The temperature-dependent
magnetoresistance for an in-plane applied
field at ¢ =90° is shown. The field is
swept from positive to negative, and a
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resistance offset is manually added for visi-
bility purposes. A magnetoresistance peak
emerges below 4.0K, which saturates at
fields above a few hundred Oe. (b) and (c)
We show experimental data at 1.8K for
¢ =0 and ¢ =90°, respectively.
Magnetic hysteresis is clearly observed for
both configurations, and the presence of a
magnetoresistance peak at both orienta-
tions is inconsistent with the conventional
AMR of metallic ferromagnets.
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micromagnetic simulations, which support the assertion of PMA in
the magnetized TI layer.

We attribute the low-temperature MR peak to AMR in the TI
arising from proximity-induced, perpendicular magnetization.
Theoretically, if the Fermi energy of a TI is close to the Dirac
point, a magnetized TI should have PMA.”" In fact, neutron scat-
tering measurements have provided evidence for magnetization
with PMA induced in Bi,Se; by the magnetic insulator, EuS, which
has in-plane anisotropy.” In Fig. 3(a), we illustrate how
proximity-AMR arises in a TT with PMA. At zero-field, the mag-
netization of the TI is nearly parallel to the z-direction (out-of-
plane) opening a gap in the surface states; canting from the z-
direction is expected if the underlying magnetic insulator has in-
plane anisotropy. When the magnetization has a large out-of-
plane component, the resistance is then expected to be (relatively)
large. As a field is applied in the plane of the sample, the magneti-
zation rotates toward the plane and the gap will close. Throughout
this process, the resistance continuously decreases as the out-of-
plane component of the magnetization is reduced. We emphasize
that the angular dependence of the AMR in the TI only relies on
the polar angle, W (H), which describe the orientation of the out-
of-plane magnetization as a function of the applied field. This is in
contrast with conventional AMR,' spin Hall magnetoresistance,
and AMR induced by Rashba spin-orbit coupling,”” where, quite

scitation.org/journal/apl

generally, the magnetoresistance depends on the orientation of the
magnetization relative to the current.

To theoretically model the data, we need to obtain the field evolu-
tion of Y (H). Previously, a diffusive transport model was formulated
to explain how the resistance of a TI changes as the surface state
becomes gapped by the magnetization.'” With (H), this transport
model can be utilized, and the angular-dependence of proximity-AMR
can be written as'’

hh 14 E cosy?
Pxx = 2 2 2 (1)
e’Epte 1 — & cos

P S— @
V14 Ccosy?
In the above expression { = A/Ep, A is the proximity-induced
exchange energy, while E is the Fermi energy relative to the Dirac
point when there is no magnetization in the z-direction. Additionally,
7. is the electronic elastic scattering rate, e is the charge of the electron,
h is Planck’s constant, and % is the reduced Planck’s constant.
A simple way to obtain /(H) is to minimize a free energy expres-
sion that treats the TI as a magnetic thin film with perpendicular
anisotropy,”

F = —HMyy siny + 27IM§, cos’y — K, cos?y, 3)

M, v
2A . i 2Acos(v) MTI§
: —>H

(a)

H =0 Oe H=200 Oe

FIG. 3. (a) lllustration of the AMR mecha-
nism in a proximity magnetized TI.
Perpendicular magnetization induced in
the Tl by the YIG will open a gap (2A)
between the surface states. Applying an
in-plane field (H) rotates the magnetization
(M7)) toward the in-plane direction, which
leads to a decrease in the bandgap. (b)
We plot the remnant magnetic moment
configuration of our micromagnetic simula-
tions after a field is applied along the +x-
direction. Note how there is appreciable

X spin canting out-of-plane near the YIG-TI
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cled pairs of curves and the correspond-
ing black arrows indicate which curves
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where K, is a uniaxial anisotropy coefficient. With y/(H) acquired, the
resistance line shape can, in principle, be fit with just two parameters,
A/Er and K,,. However, this approach does not capture the hysteretic
features in the line shape; it only describes the smoothly varying com-
ponent of the resistance. This is not surprising, given that this treat-
ment of the data is phenomenologically similar to that observed with
conventional AMR behavior when an applied field is along a hard
axis.”” Still, the free energy model has utility as a simple approach to
estimate A/Er and K,, and we employ this model to do so. In Fig.
4(a), we plot A/Er as a function of temperature as extracted from our
free energy analysis for ¢ = 90°. We find that A/Ep increases in a lin-
ear manner between 3.5 and 2.0K from approximately 5% to 14%.
From the same analysis, we can estimate K,, and we find that, within
experimental error, it was independent of temperature corresponding
to an effective uniaxial field of nearly 14kOe. A more detailed discus-
sion of this analysis is found in supplementary material Section 4. We
note that similar results are obtained by performing the same analysis
for ¢ = 0°.

A more faithful representation of the magnetic bilayer system
can be constructed using micromagnetic simulations, where a ferro-
magnet with in-plane anisotropy (the YIG) is exchange coupled to an
out-of-plane ferromagnet (the TI surface). Using Object Oriented
MicroMagnetic framework (OOMMEF),” we built a 1D discretized lat-
tice of 13 layers (YIG) with in-plane anisotropy coupled with 2 layers
(TT) having perpendicular anisotropy. An illustration of a micromag-
netic remnant moment configuration is shown in Fig. 3(b). Material

ARTICLE scitation.org/journal/apl

parameters were informed by our data as well as the literature, and a
detailed discussion of simulations is found in supplementary material
Section 5. We simulated the application of an external field and
recorded the magnetization as a function of field. At every field step in
the simulation, we averaged and normalized the magnetization to a
unit vector. The z-component of the magnetization unit vector, as a
function of external field, is /(H); used in conjunction with Eq. (1),
the magnetoresistance is modeled.

In Fig. 3(c), we plot micromagnetic simulations of the aver-
aged x- and z-components of the magnetization in the YIG and the
T1, respectively. In Fig. 3(d), we plot magnetoresistance generated
from micromagnetic simulations as black lines on top of the exper-
imental data. Taken together, these simulations reveal that the
large, smoothly varying component of the signal originates from
the tendency of the TI-magnetization to coherently rotate as an in-
plane field is applied. However, because the YIG has in-plane
anisotropy, the YIG-magnetization will suddenly switch as the field
is reversed. Because the two materials have orthogonal anisotro-
pies, exchange coupling causes the remanent magnetization state
of TI to be slightly canted toward the sample plane. When the
magnetic field is reversed, the magnetization of the TI begins to
rotate further out of the sample plane causing the resistance to fur-
ther increase and leading to a “spike” in the resistance offset from
remanence. The resistance is largest just before the switching field
of the YIG, after which the magnetization of the TI further rotates
toward the plane lowering the resistance.

(a) 0.16

0.14
0.12

; g

1 2 3 4
Temperature (K)

FIG. 4. (a) A/EF is plotted as a function
of temperature as red squares for ¢
= 90°. The micromagnetically obtained,
temporally and spatially averaged, z-com-
ponent of the magnetization in the Tl is
plotted as a function of temperature as
blue squares. (b) An illustration of the
magnetic ordering within the TI. From left
to right, the diagrams indicate the effective
field that the Tl (drawn in blue) experien-
ces along with a potential magnetization
configuration. The magnetization in the TI
tends to order along an axis canted from
the out-of-plane axis due to competing
anisotropies between YIG and the Tl, and
this direction is indicated as h. The aver-
aged, effective magnetization of the Tl is
illustrated by the quantity M..(c) and (d)
We plot the time trajectories of the spa-
tially averaged magnetization of the Tl as
a unit vector on the unit sphere at 1K and
4K, based on micromagnetic simulations.
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Our experimental data are phenomenologically consistent with
theory, which only takes into account surface-state contributions to
the AMR. However, we need to consider whether bulk conduction in
the TI could also contribute to AMR-like behaviors.'” Recent studies
have shown that even for cases where there is significant bulk conduc-
tion, the magnetotransport is sensitive to the surface states.”**
Further, in a metal or TI adjacent to a ferromagnet, proximity effects
are usually observed to extend less than 3 nm into the non-magnetic
metal.'*" This implies that ferromagnetic proximity effects, observed
in a TT adjacent to a magnet, only exist at and near the surface of a TL.
We also note some indirect evidence, which suggests that, for the resis-
tive samples we measure, the Fermi level lies within the bulk bandgap.
Hall measurements of our bulk BiSe; single crystal (which is grown
with excess Se™’) reveal a carrier density40 of 5 x 107 cm 3, a value
consistent with carrier densities measured in ARPES studies, which
observe the Fermi energy within or near the bulk bandgap."' This is
consistent with the observed increase in sample resistance as the tem-
perature is lowered in our resistive samples.

We posit that the temperature dependence of A/Ep arises from
the magnetic ordering of the TT near 4K, as illustrated in Fig. 4(b).
Alternatively, a change in magnetic anisotropy as a function of tem-
perature” could describe the temperature dependence, but this effect
is extremely small over the temperature range we measure (see supple-
mentary material Section 6). To investigate thermal fluctuations over
the temperature range, we experimentally measured and performed
temperature-dependent micromagnetic simulations. We precondition
the micromagnetic calculations using material parameters obtained
from modeling the line shape of the experimental data. In Fig. 4(a), we
plot the time and spatially averaged z-component of the magnetization
in the TI as blue squares. From 1K to 5K, the out-of-plane magnetic
moment decreases monotonically due to thermal fluctuations. In Figs.
4(c) and 4(d), we plot the time-dependent trajectories of the spatially
averaged TT magnetization on a unit sphere at 1K and 4K at zero-
field. At 1K, the magnetization tends to be aligned with PMA (),
slightly canted toward the YIG magnetization (x). At 4 K, the magneti-
zation frequently switches between the two canted static equilibrium
directions. All of these data taken together indicate that a low-
temperature magnetic ordering effect is responsible for the emergence
of proximity-AMR below 4 K.

In conclusion, we have reported an anisotropic magnetoresis-
tance effect, which arises from a proximity-magnetized surface state of
the TL The change in the resistance is controlled by the component of
the net magnetization, which is normal to the sample surface. This
perpendicular magnetization opens a gap in the TI surface state, which
leads to an increase in resistance. The resistance of the TT changes by
6.5%, which is significantly larger than similar effects induced by mag-
netic insulators into spin Hall metals.'” By electrically gating the TI,
one can tune the Fermi energy closer to the Dirac point and enhance
this effect.

See the supplementary material section that houses additional
magnetotransport data and analysis. Furthermore, simulation details
are provided and other mechanisms for the temperature dependence
observed in the data are discussed and ruled out.
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