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Observation of large magnetoresistance switching in topological-insulator/ferromagnetic-metal
heterostructure with perpendicular magnetic anisotropy
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In the last decade, studies of magnetoresistance in heterostructures of topological insulator (TI) and ferro-
magnetic (FM) insulators have indicated the existence of induced magnetization at TI surfaces. However, the
magnetic proximity effect in heterostructures of TIs and FM metals has been less explored. Here, we report a
spin-valve-like magnetoresistance (MR) switching observed in a bilayer device of Bi2Se3 and a Co/Pt multilayer
([Co/Pt]), where the [Co/Pt] is a FM metal with a perpendicular magnetic anisotropy. This MR switching
happens at temperatures below 1 K and for magnetic field sweeps along all in-plane and out-of-plane directions,
at values much lower than the magnetization switching fields of the top FM layer. The in-plane field sweeps at
various angles also reveal a threefold symmetry of the switching fields, matching the symmetry of the TI crystal
structure. We suggest that the large MR switching rises from the interplay between the magnetization of the top
FM metal layer and the induced magnetization at the TI surface.
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I. INTRODUCTION

The gapless Dirac surface states in three-dimensional (3D)
topological insulators (TIs) are protected from backscattering
by time-reversal symmetry and have spin orientation locked to
momentum, a property called spin-momentum locking [1–4].
The surface state can be gapped by inducing magnetic mo-
ments normal to the surface, which breaks the time-reversal
symmetry. Due to such highly-spin-dependent properties, TIs
serve as a good platform to study exotic transport phenomena
in the presence of magnetism, such as the quantum anoma-
lous Hall effect in magnetically doped [5,6] or intrinsically
magnetic TIs [7–9]. In terms of spintronic applications, the
highly-spin-dependent transport in TI surfaces also helps
efficient spin-orbit torque switching in TI/magnet bilayer
structures, as has been demonstrated in various combinations
of TIs and magnetic layers [10–15].

A common way to induce magnetism in nonmagnetic TIs
is through chemical doping with elements such as Cr [5]
or V [6]. However, chemically doping TIs could introduce
spatial inhomogeneity of the magnetic dopants and surface
gaps along with deformation of the original TI crystal struc-
ture [16,17]. This leads to the Curie temperature of such
magnetically doped TIs being very low (< 1 K), not ideal
for potential spintronic applications. An alternative way to
magnetize the TI surface is via exchange coupling to an
adjacent magnetic layer [18,19]. In contrast to magnetically
doped TIs, bilayers of a TI and an insulating magnetic layer
have shown magnetotransport [20–27] and/or neutron reflec-
tivity [28] signals of magnetized TI surfaces persisting to
relatively high temperatures, even above room temperature in
some cases [22,28]. Magnetizing TI surfaces via proximity

coupling has thus become a popular approach to manipulating
surface-state properties at higher temperatures.

On the other hand, the effects of proximity magnetization
in TIs are underinvestigated in spintronics research that uses
a TI as a spin-charge conversion layer. In particular, many
current-induced magnetization switching experiments exam-
ine bilayers of a TI and a metallic FM [10,11,13–15], but
the magnetic proximity effect is not often taken into account.
It has been predicted that interface states with Rashba-like
spin-momentum locking will occur despite the hybridization
to the metallic FM [29]. Furthermore, a careful calculation
showed Co/Pt multilayer, a metallic FM with perpendicular
magnetization, can magnetize the surface of the bottom TI
layer, leading to a gap in the system’s energy spectrum [30]. It
is thus important to experimentally demonstrate that TI states
strongly coupled to a metallic FM will contribute significantly
to the systems transport, especially at a low-temperature
regime where the exchange coupling is enhanced.

Therefore we investigate the low-temperature transport
behavior of a heterostructure of the 3D TI Bi2Se3 and a
[Co/Pt] multilayer, a metallic FM with perpendicular mag-
netic anisotropy. Magnetoresistance (MR) is measured as a
function of an external magnetic field along different ori-
entations and temperatures. We observe in these devices
spin-valve-like MR responses with 20% abrupt change in re-
sistance between bistable MR states. The spin-valve-like MR
shows magnetic hysteresis and appears below 1 K for field
sweeps along in-plane and out-of-plane directions. The MR
switching field shows threefold symmetry with field sweep
angle relative to the current direction, which may be asso-
ciated with the symmetry of the crystal and the spin texture
of the surface state. After comparing the spin-valve-like MR
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to the MR of a control [Co/Pt] device, we suggest that the
spin-valve-like MR originates from the interaction between
the proximity-induced surface magnetism and the FM layer
magnetization. Our results imply that at low temperatures, the
proximity-induced magnetization can have a significant effect
on the observed MR by altering the TI surface state, even at
the interface of metallic FM and TI.

II. EXPERIMENT AND RESULTS

Our devices consist of Bi2Se3 flakes with Co/Pt multilayer
(Pt(5 nm)/[Co(0.3)/Pt(1)]8; [Co/Pt]) deposited on top, as
depicted in Fig. 1(a) (see Methods). The Bi2Se3 is mechan-
ically exfoliated onto Si/SiO2 substrates. Flake thicknesses
were characterized with atomic force microscopy and ranged
between 20 and 30 nm. The longitudinal resistance of the
devices were measured as a function of external magnetic field
at various orientations and for temperatures lower than 1.5 K.
Three devices on a substrate were measured for this study.

Co/Pt multilayer is chosen as our ferromagnetic layer
for its well-studied magnetic properties and perpendicular
magnetic anisotropy [31–33]. The perpendicular magnetic
anisotropy of the FM layer is crucial, as the TI surface state
is gapped only when the induced magnetization is directed
normal to the surface. We characterized magnetic properties
of [Co/Pt] films patterned into Hall bars independent from the
TI/FM devices. Figure 1(b) shows the anomalous Hall effect
(AHE) of the sputtered [Co/Pt] film at 300 K and 100 mK,
which confirms the perpendicular magnetic anisotropy at
these temperatures and shows the magnetization switching
at perpendicular fields above 50 mT. The [Co/Pt] Hall bar
also exhibits typical cos2(θ ) anisotropic MR for metallic FM
systems [34] for a 1-T external field H rotated in the zx plane.
Figure 1(c) shows anisotropic MR taken at T = 300 K and
100 mK, with anisotropic MR amplitude as large as 0.2% at
100 mK.

Unlike the [Co/Pt] control films which exhibit conven-
tional ferromagnetic anisotropic MR, our Bi2Se3/[Co/Pt]
devices exhibit spin-valve-like hysteretic MR switching at
temperatures below 1 K. In particular, for the device made
with a 26-nm Bi2Se3 flake, the MR signal for H sweeps
along the current direction (x) at T = 100 mK [Fig. 2(a)] and
shows sharp switching between low (Rlow) and high (Rhigh)
resistance states at Hx ∼± 5 mT, an approximately 20%
change in MR. H sweeps along the y direction [Hy sweep;
Fig. 2(b)], resulting in an almost identical MR curve as Hx

sweeps, only slightly differing in the switching field value.
The out-of-plane field sweeps [Fig. 2(c)] also show switching
with a 20% MR change, although with switching field values
(from Rlow to Rhigh) closer to 0 mT. As the temperature is
raised, both the Rhigh and the coercivity of the MR hystere-
sis gradually decrease for in-plane and out-of-plane sweeps
[Figs. 3(a) and 3(b)], eventually disappearing above 1.3 K.

From our separate measurement of Bi2Se3 and [Co/Pt]
control samples, the sheet resistance of each layer is estimated
to be 3.6 k�/sq and 36.3 �/sq, respectively. The precise
estimation of the magnitude of the effect is difficult; because
of the device design and the resistance at the TI-FM interface,
the apparent magnitude could be a significant underestimation
considering the parallel conduction.

FIG. 1. (a) Schematic of a Bi2Se3/[Co/Pt] device. x, y, z, φ, and
θ are defined as shown. Typical (b) AHE and (c) anisotropic MR in
[Co/Pt] Hall bar structure, measured at T = 100 mK and 300 K.
Anisotropic MR was measured with 1-T field rotated out of plane
in the zx plane as shown in the schematic. AHE result demonstrates
Co/Pt magnetization switching at Hz ∼ 50 mT at 100 mK.

The observed MR behavior in our device resembles that
of a spin valve. Typical spin-valve systems consist of two
FM layers separated by a thin nonmagnetic layer. Giant
magnetoresistance (GMR) [35,36] describes the resistance
difference depending on the relative orientations of the mag-
netizations caused by spin-dependent electron scattering in
the spin valves; the system is in a low(high) resistance state
when the magnetizations of the FM layers are parallel (an-
tiparallel). The GMR switching in spin valves corresponds to
the magnetization switching in a layer.
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FIG. 2. Spin-valve-like hysteretic MR response of TI/[Co/Pt] device at T = 100 mK for magnetic field sweeps (a) along the current (x),
(b) perpendicular to the current (y), and (c) out of plane (z). In all cases, the abrupt 20% MR change between high- and low-resistance states
happens at low fields H < 8 mT, much lower than the switching field of the [Co/Pt] FM layer.

Although the spin-valve-like MR switching in our TI/FM
devices is similar to GMR switching in its shape and magni-
tude, it cannot be fully explained with conventional GMR-like
switching. In particular, our observation of MR switching for
both in-plane and out-of-plane field sweeps is uncommon
among conventional spin valves. More importantly, the het-
erostructure consists of only one magnetic layer and lacks
a second layer of FM necessary to form a spin valve. We
instead believe our results are consistent with the proximity-
induced magnetization on the TI surface creating a spin-valve
structure along with the top [Co/Pt] layer. The possible ori-
gins of the MR switching will be discussed in more detail
below.

To clarify the origins of the MR switching, we performed
measurements where the field is swept along an in-plane an-
gle φ between the field and the current. Figure 4(a) reveals
that the spin-valve-like MR behavior and bistable MR states
appear independently of in-plane field angle φ, as illustrated
in Fig. 1(a). Surprisingly, the MR switching fields for low-
to-high (HLtoH) and high-to-low (HHtoL) resistance states have
periodicity with φ as featured in Fig. 4(b). Polar plots of R vs

Hφ in Figs. 4(c) and 4(d) also show the correlation between the
switching fields and φ; both HLtoH and HHtoL have maximum
values for φ = –60, 60, and 180 Å, setting the trend for
the apparent threefold symmetry of HLtoH and HHtoL. This
threefold symmetry is not expected for conventional GMR.

III. DISCUSSION

As the electric current flows through both Bi2Se3 and
[Co/Pt], the MR of the bilayer device may include MR from
the metallic FM layer. Through comparison to [Co/Pt] MR
[Figs. 1(b) and 1(c)], we determine that multiple features
of the Bi2Se3/[Co/Pt] spin-valve-like MR are inconsistent
with the ferromagnetic MR of the [Co/Pt] layer alone and
suggest the spin-valve-like MR switching of the heterostruc-
ture likely originates from the proximity-magnetized surface
state.

The first discrepancy is the difference between the mag-
netization switching characteristics of the bilayer devices
and that of the [Co/Pt]. Low-temperature [Co/Pt] magne-
tometry and AHE measurements show MR switching at

FIG. 3. Temperature dependence of the spin-valve-like MR response to (a) in-plane and (b) out-of-plane field sweeps. Both the high-MR
state and the width of the hysteresis out of plane decrease as a function of increasing temperature, before the effect disappears after T ∼ 1 K.
(c) MR% plotted as a function of temperature. High- and low-MR states are considered identical for in-plane and out-of-plane field sweeps
due to their same resistance at a given temperature.
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FIG. 4. (a) MR for in-plane field sweep measurements at differ-
ent angles φ stepped by 30Â°. While the MR magnitude is constant,
a threefold variation in HLtoH and HHtoL is evident. (b) HLtoH and HHtoL

switching fields as a function of φ. The polar plots for (b) 10 0 mT
(switch up) and (c) 0 10 mT (switch down) reveal threefold symmetry
of the maximum switching fields that matches with the crystalline
symmetry of Bi2Se3, hence signaling the direct correlation of the
spin-valve-like MR response and Bi2Se3. The intermediate angles
are interpolated.

Hz ∼ 50 mT, whereas both HLtoH and HHtoL are less than
10 mT. The magnetization direction of the top FM layer is
thus mostly unchanged and oriented along ±z direction near
these field values. Also, unlike the FM film that has evident
perpendicular magnetic anisotropy, the bilayer devices ex-
hibit two MR states for both in-plane and out-of-plane field
sweeps. As seen in the in-plane field sweep of the [Co/Pt]
film, anisotropic MR smoothly changes from high resistance
to low resistance as the magnetization of the FM layer is

rotated along the field direction. This can be contrasted with
the abrupt switching with the in-plane field evident in the
bilayer devices, suggesting the anisotropy of the system does
not match the perpendicular magnetic anisotropy of the FM
layer.

Secondly, the spin-valve-like MR emerges only below 1 K
in the bilayer. In contrast, apart from the increased anisotropic
MR signal at low temperatures that can be explained as the in-
crease in the saturation magnetization, the MR of the [Co/Pt]
at 0.1 mK and 300 K shows no qualitative difference, as
expected. Given that both the magnitude and the width of the
hysteresis of the spin-valve-like MR in the bilayer devices
have dramatic temperature dependence, the spin-valve-like
MR cannot be attributed to the FM layer.

Finally, the magnitude of the bilayer MR does not match
that of the anisotropic MR from the [Co/Pt] film. At 0.1 K, the
most dominant MR from [Co/Pt] is anisotropic MR, which
peaks at around 0.2% of the normal resistance—a typical
magnitude of anisotropic MR in ferromagnetic metals. On
the other hand, the spin-valve-like MR in the bilayer device
reaches up to 20% change in resistance, which cant be ex-
plained solely by the anisotropic MR from FM.

All of the differences in MR of the [Co/Pt] and the bilayer
device confirm that the FM layer is not the direct source
of the MR. Because the Bi2Se3 alone is not magnetic, the
MR switching is consistent with a weak magnetic ordering
at the TI-FM interface, induced via exchange coupling to the
top FM layer. Further, the data is consistent with previous
results showing that FM insulators are directly coupled to TI
surface states. In particular, Bi2Se3/YIG systems have exhib-
ited large MR that decrease in both amplitude [20,25] and
coercivity [25] as the temperature is cooled down below the
critical temperature. Similar to our Bi2Se3/[Co/Pt] devices,
Bi2Se3/YIG systems also exhibit hysteretic MR switching for
both in-plane and out-of-plane field sweeps [20]. These results
were attributed to the proximity-magnetized TI surface, with
the exchange gap closing and opening with an applied external
magnetic field.

The threefold symmetry of the switching fields (HLtoH and
HHtoL) can be related to the crystal structure of Bi2Se3, which
has a C3 symmetry in the ab plane. Rhombohedral crystal
structure along with large spin-orbit coupling in Bi2Se3 causes
the spin texture of the spin-momentum locked surface states
to have a C3 symmetric higher-order perturbation referred to
as hexagonal warping [37]. Although the band hybridization
annihilates the Dirac surface states, first-principle studies of
the hybridization of Dirac surface state in TI and metallic FM
layers demonstrated that the descendent interface states would
inherit the spin texture of the topological surface states and
be localized at the surface [29]. Furthermore, multiple the-
ories and experiments [16,20,25,38,39] have shown that the
magnetic anisotropy of the proximity-induced magnetization
in the TI surface does not necessarily follow that of the fer-
romagnet providing the exchange coupling. Given the above
understanding, the threefold symmetry in the MR switching
fields likely originate from the TI. We believe that this is
the first observation of threefold-symmetric MR switching
behavior in proximity-magnetized TI systems.

As mentioned earlier, the magnitude and the shape of
the MR effect is most similar to that of GMR observed in
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spin-valve systems. Based on this and our observations, we
suggest a simple phenomenological model that can qualita-
tively explain the MR effect: At zero field, the proximity-
induced magnetic order in the TI surface has a very weak
anisotropy along the out-of-plane direction, antiparallel to the
magnetization of the FM layer. This magnetic state in the TI
is very sensitive to a small external field in both in-plane and
out-of-plane directions. The spin-valve-like MR switching
can then be interpreted as a GMR signal from a spin valve
consisting of induced TI surface magnetization and the top
[Co/Pt] layer.

Understanding the details of the magnetized TI states re-
quires further studies. Many MR features previously measured
in various TI/FMI systems [20–22,26] have been attributed to
conduction channels through a domain wall. In this scheme, it
is thought that domains in the TI surface whose magnetization
is oriented normal to the surface have gapped surface states
associated with the high resistance. Domain walls formed
during the switching process have magnetization in the in-
plane direction, so gapless surface states can be preserved.
The conduction channels along these domain walls lead to
the low-resistance states, causing the MR to drop at the
magnetization switching fields. However, spin-valve-like MR
switching observed in our TI/FM devices does not coincide
with the magnetization switching of the top FM layer, nor
does the TI layer retain the topological surface state due to
the hybridization.

The spin-valve-like MR may involve more complicated
magnetization configurations. One possible explanation is the
presence of unstable skyrmions. Skyrmion-like spin textures
have been previously detected for TI/FM bilayer systems via
measurements of topological Hall effect [40,41] and scan-
ning transmission x-ray microscopy [42]. When a skyrmion
is present at the TI/FM interface, the perpendicular moment
at its core will give rise to the high-resistance state near zero
field. The external field of a few mT can destroy the skyrmion
in a confined geometry [43], resulting in the MR switching
into a low-resistance state. A further systematic study in-
volving the detection of the interfacial skyrmions would be
required to confirm this.

We would like to note that two other devices with dif-
ferent Bi2Se3 thicknesses exhibited large MR switching of
varying magnitudes (see Supplemental Material S3 [44]). In
Bi2Se3/EuS bilayer, neutron scattering revealed 2 nm of the
TI surface is proximity magnetized at 5 K [28]. However,
the bulk states of the TI can contribute to the transport for
Bi2Se3 thicker than six quintuple layers [2]. A systematic
thickness-dependent examination would illuminate the role of
the bulk and the surface states and help clarify the origin of
the MR effect.

IV. CONCLUSION

In summary, Bi2Se3/[Co/Pt] devices exhibited spin-valve-
like hysteretic MR for in-plane and out-of-plane field sweeps
at temperatures below 1 K. The MR’s temperature depen-
dence, anisotropy, and in-plane angle dependence indicate that
it is likely associated with the proximity-induced magnetic
ordering at the TI surface rather than the FM layer. The
threefold symmetry of the switching fields, which may be
related to the crystal symmetry of the Bi2Se3, also support
its interfacial origin. We speculate that the FM layer and the
surface magnetization of the Bi2Se3 creates a spin valve and
the observed MR is a GMR-like effect. Our experimental
result indicates that even in heterostructures of TI and metallic
FM, the proximity-induced surface magnetization can have a
sizable effect on the MR behavior, emphasizing the impor-
tance of proximity magnetization in topological spintronics
research.

V. METHODS

Bi2Se3 TI crystal was mechanically exfoliated on a diced
Si/SiO2(300 nm) wafer using the conventional tape method.
Each Bi2Se3 flake was characterized with atomic force mi-
croscopy to be 20–40 nm in thickness and order of a few
micrometers laterally. Pt(5nm)/[Co(0.3)/Pt(1)]8/Pt(1) FM
layer was deposited using a sputter system built in-house.
Electron-beam lithography was used to pattern the top FM
layer and the electrical contacts. Ti(5)/Au(50) was deposited
with an electron-beam evaporator to create contacts.

Magnetometry of the film was done using Quantum Design
(QD) MPMS3 vibrating sample magnetometer. All trans-
port measurements were performed using SR830 lock-in
amplifiers. Anisotropic MR and AHE measurement of pat-
terned [Co/Pt] at room temperature was done in QD PPMS
Dynacool instruments. Low-temperature measurements were
performed in an Oxford Triton 200 dilution refrigera-
tor system equipped with 6-1-1 vector superconducting
magnets.
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