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ABSTRACT: The quantum anomalous Hall effect (QAHE) has been recently demonstrated in Cr- and V-doped three-
dimensional topological insulators (T1Is) at temperatures below 100 mK. In those materials, the spins of unfilled d-electrons in
the transition metal dopants are exchange coupled to develop a long-range ferromagnetic order, which is essential for realizing
QAHE. However, the addition of random dopants does not only introduce excess charge carriers that require readjusting the Bi/
Sb ratio, but also unavoidably introduces paramagnetic spins that can adversely affect the chiral edge transport in QAHE. In this
work, we show a heterostructure approach to independently tune the electronic and magnetic properties of the topological
surface states in (Bi,Sb,_,),Te; without resorting to random doping of transition metal elements. In heterostructures consisting
of a thin (Bi,Sb,_,),Te; TI film and yttrium iron garnet (YIG), a high Curie temperature (~550 K) magnetic insulator, we find
that the TI surface in contact with YIG becomes ferromagnetic via proximity coupling which is revealed by the anomalous Hall
effect (AHE). The Curie temperature of the magnetized TI surface ranges from 20 to 150 K but is uncorrelated with the Bi
fraction x in (Bi,Sb;_,),Te;. In contrast, as x is varied, the AHE resistivity scales with the longitudinal resistivity. In this approach,
we decouple the electronic properties from the induced ferromagnetism in TI. The independent optimization provides a pathway
for realizing QAHE at higher temperatures, which is important for novel spintronic device applications.

KEYWORDS: Topological insulator, magnetic proximity effect, magnetic insulator, anomalous Hall effect, heterostructures,
quantum anomalous Hall effect

objectives. An alternative way to address both issues
simultaneously is to couple a nonmagnetic TI to a high T

magnetic insulator to induce strong exchange interaction via the
11-13

Q}uantum anomalous Hall effect (QAHE) requires both a

pontaneous ferromagnetic order and a topological

nontrivial inverted band structure.'”™® To introduce the

ferromagnetic order, random doping of transition metal
elements, e.g,, Cr or V, has been employed.4_7 Although the
Curie temperature (T) of the magnetic TI can be as high as
~30 K,*” QAHE only occurs at temperatures 2 orders of
magnitude below Tc.””'" While the mechanism of this large

proximity effect.

The magnetic proximity effect is a well-known phenomenon
that has been intensely investigated.'*>° By proximity
coupling, the surface layer of TI acquires a magnetic order
without being exposed to any random magnetic impur-

discrepancy remains elusive, in order to observe QAHE at ities.'®™'® This heterostructure approach was previously
higher temperatures, it is essential that the exchange interaction

in magnetic TI is drastically increased; in the meantime, the Received: May 15, 2015
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Figure 1. Device schematics and properties of (Bi,Sb,_,),Te;/YIG thin films. a, Schematic picture of a top-gated SQL-(Bi,Sb,_,),Te;/YIG device
for magneto-transport measurements with a side view. b, 300 K magnetic hysteresis loops measured by VSM with in-plane and perpendicular
magnetic fields. The out-of-plane curve indicates a saturation field ~2700 Oe which slightly varies in different YIG samples. ¢, Tetradymite-type
crystal structure of (Bi,Sb,_,),Te; consisting of quintuple layers. Bi atoms are partially replaced by Sb atoms. d, RHEED pattern of MBE-grown S
QL-(Bi,Sb;_,),Te; on YIG/GGG showing highly ordered flat crystalline surface. e, X-ray diffraction result of a typical 20 QL-(BiSb;_,),Te; grown
on YIG/GGG. The inset shows a zoom-in view of the (003) peak and clear Kiessig fringes.

adopted in ref 16 using EuS, a ferromagnetic insulator with a
band gap of 1.6 eV, and a T¢ of ~16 K, grown on a 20
quintuple-layer (QL) thick Bi,Se;. Both magnetoresistance and
a small AHE signal at low temperatures were ascribed to an
induced magnetization in Bi,Se;. Alternatively, YIG has a much
larger band gap (~2.85 V) and a much higher T (~550 K)
and therefore is a better magnetic insulator for heterostructures.
In Bi,Se;/YIG, the magnetoresistance observed at low
temperatures indicates an interaction effect between the two
materials.'”'® We observed suppressed weak antilocalization in
20 QL-Bi,Se; on YIG."” Based on our recent successes in Pd/
YIG,” Bi,Se;/YIG,"” and gralphene/YIG,15 here we demon-
strate that high-quality heterostructures of 5 QL thick
(Bi,Sb,_,),Te; grown on atomically flat YIG films exhibits
induced ferromagnetism at the TI surface. By varying the ratio
of Bi to Sb, we can effectively tune the electronic properties
such as the carrier density and resistance of the TI layer without
affecting the magnetic properties of YIG or the induced
magnetic layer in TL

The atomically flat YIG films (~20 nm) were first epitaxially
grown on (111)-gadolinium gallium garnet (GGG) substrates
via pulsed laser deposition as described previously.'”*’ Room
temperature ferromagnetic resonance (FMR), vibrating sample
magnetometry (VSM), and atomic force microscopy (AFM)
measurements have been performed on all samples (see
Supporting Information). YIG films show clear in-plane
magnetic anisotropy (Figure 1b) and the bulk magnetization
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value (4zM; ~ 2000 Oe). Then they were transferred to an
ultrahigh vacuum molecular beam epitaxy (MBE) system for T1I
film growth. After high temperature annealing (degassing), S
QL-thick TI films were grown on YIG and then capped with a
10 nm thick epitaxial Te layer. The sharp and streaky reflection
high energy electron diffraction (RHEED) pattern (Figure 1d)
of the 5 QL TI indicates a flat surface and well-defined single
crystal structure. High single crystal quality was also confirmed
by X-ray diffraction (XRD) on a 20 QL TI on (111)-oriented
YIG/GGG, as shown in Figure le. All peaks can be identified
with (00#) diffraction of (Bi,Sb;_,),Te;, while the YIG/GGG
shows the (444) diffraction peak and the (001) peak of the Te
capping layer is also present. No other phase is observed in the
TI/YIG film according to the XRD data. The zoom-in low-
angle XRD scan near the (003)-peak shows multiple Kiessig
fringes on both sides, further revealing excellent layered
structures of TI films on (111)-oriented YIG and good TI/
YIG interface correlation. For transport studies, Hall bars of
900 um X 100 pm were fabricated by photolithography and
etching the TI layers by inductively coupled plasma (ICP). For
selected samples, a 50 nm thick Al,O; layer was grown as a top
gate dielectric by atomic layer deposition (ALD), and a 80 nm
thick Ti/Au layer was deposited by electron beam evaporation
to form a top-gated device (Figure la).

In this work, we have prepared multiple (BiSb;_,),Te,
samples with six different Bi fractions, ie., x = 0, 0.16, 0.24,
0.26, 0.36, and 1. By varying Bi content, the carrier
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Figure 2. Evolution of the longitudinal resistivity and carrier density with Bi fraction in five SQL (Bi,Sb,_,),Te;/YIG films. a, Temperature-
dependent longitudinal resistance for five SQL (Bi,Sb,_,),Te;/YIG samples with x varying from 0 to 1. b, Longitudinal resistance and carrier density
vs Bi fraction. ¢, Schematic electronic band structure of (Bi,Sb,_,),Te; indicating the shift of the Fermi energy as «x is varied.

concentrations of TI samples are systematically controlled,”"**
so that the position of the Fermi level is tuned from the bulk
valence band (e.g, = 0), through the band gap (intermediate
«’s), and to the bulk conduction band (e.g.,, x = 1). The Fermi
level position tuning allows us to control the relative
contributions to electrical transport from the bulk and surface
states. For the surface state-dominated samples (e.g., x = 0.24),
we can continuously fine-tune the Fermi level across the Dirac
point by electrostatic gating.

Figure 2a displays the temperature dependence of five TI/
YIG samples. For the Bi,Te; (x = 1) and Sb,Te; (x = 0)
samples at the extreme doping levels, the resistivity (R,,) is
lower than that of the other three samples over the entire
temperature range. Moreover, these two samples show metallic
behaviors, i.e., dR,,/dT > 0 over the most temperature range,
while the other three samples show a stronger insulating
tendency, ie., dR,,/dT < 0, due to depletion of bulk carriers at
lower temperatures. Among these three insulating samples, the
x = 0.26 sample has the highest R, at 2 K, reaching 8.4 k€.
Figure 2b summarizes both the 2 K resistivity and the carrier
density vs the Bi fraction x. As x increases from 0 to ~0.16, R,
increases, and the carriers are holes from the Hall measure-
ments. The hole carrier density decreases as x approaches 0.16.
The increasing R,,, decreasing 2D carrier density, and the
insulating behavior of x = 0.16 sample all indicate that the
Fermi level shifts up from the bulk valence band into the bulk
band gap.”' As « increases further, the R, continually increases,
and the 2D hole density passes the minimum, and then carriers
switch to electrons. These facts suggest that the Fermi level
passes the Dirac point of the topological surfaces states between
x~ 0.16 and 0.26. As x increases further, the Fermi level shifts
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up more and finally enters the bulk conduction band as x
approaches 1. Fi%ure 2c illustrates a schematic band diagram
when « is varied.”> The actual band structure and the precise
Fermi level position for each x require detailed first-principles
calculations. Nevertheless, the relative position of the Fermi
level with respect to the Dirac point for different x values can
be qualitatively determined from our experimental data.

To probe the proximity-induced ferromagnetism in the TI
surface contacting YIG, we focus on the nonlinear Hall signal
by removing the dominant linear ordinary Hall background
signal.'>'® The inset of Figure 3a shows a comparison between
Bi,Te;/YIG and Bi,Te;/Si. Both have strong linear Hall signals
with negative slopes as expected for an n-type Bi,Te;. The
carrier density of T layer is 4.4 X 10"3/cm? for Bi,Te;/YIG and
54 X 10"/cm® for Bi,Tes/Si, which is not very sensitive to
substrate. However, as the linear background is removed, the
remaining Hall signal from the two samples shows a distinct
difference. While Bi,Te;/Si does not have any definitive
nonlinear signal left, Bi,Te;/YIG has a clear nonlinear
component with a saturation feature. In general, nonlinearity
in Hall voltages can arise from coexisting two types of carriers.
In fact, such nonlinearity is often observed when the Fermi
level is in the vicinity of the Dirac point where both electrons
and holes are present.”* These two samples are clearly in the
single carrier type regime; therefore, we exclude the two-carrier
possibility. The shape of the nonlinear Hall signal in Bi,Te;/
YIG resembles that of the YIG hysteresis loop in perpendicular
magnetic fields (Figure 1b). We thus assign this nonlinear
signal a contribution from AHE. Further evidence will be
discussed shortly. Although it is not straightforward to
determine the exact physical origin of the observed AHE, it is
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Figure 3. Proximity induced ferromagnetism in (Bi,Sb,_,),Te;/YIG films. a, A comparison of nonlinear Hall resistivity after the linear Hall
background is removed in Bi,Te;/YIG and Bi,Te;/Si. The inset shows the total Hall data for Bi,Te;/YIG and Bi,Te;/Si. b, AHE resistance and
longitudinal resistance vs Bi fraction (bottom axis) and carrier density (top axis). ¢, Log—log plot for AHE resistance vs longitudinal resistance for

five samples. The slope of the red line is 1.99 + 0.2. The inset shows

O-xyl

the AHE conductivity, as the Bi fraction is varied. d, AHE resistance of

(Big16Sbo4)2Tes3/YIG sample measured from 2 to 200 K. The inset is the saturated AHE resistance as a function of the temperature showing a T of

~150 K.

known that AHE must stem from ferromagnetism in
conductors.” Since the underlying YIG is found to remain
insulating (resistance >40 G{2) when measured after the TI
growth, etching, and device fabrication are completed, we
exclude that the YIG surface itself becomes conducting and
contributes to the AHE signal. Moreover, since YIG is grown at
~700 °C while TI is grown at ~250 °C later, we do not expect
any significant diffusion of Fe atoms to dope the TI to turn it to
ferromagnetic. Hence, we conclude that the bottom metallic
surface of the TI film becomes ferromagnetic via the proximity
coupling just as what has been observed in other
systems. 1151920

Note that in the Bi,Te; sample (x = 1) the saturation value
of the AHE magnitude R,y is only ~0.015 €, much smaller
than R,,. In fact, all samples show clear AHE signals at 2 K.
More importantly, as the carrier type switches as x goes from
0.16 to 0.26, the sign of the AHE resistivity remains the same.
Since the ordinary Hall effect arises from the Lorentz force
associated with an external magnetic field such as the stray
magnetic field from domain boundaries, if the nonlinear Hall
signal observed here is due to the ordinary Hall effect, its sign
would change as the carrier type switches. The absence of the
sign change further confirms the AHE nature of the nonlinear
Hall signal, ie., it is a consequence of the induced
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ferromagnetic surface of TL> Moreover, Ry follows the
same trend as that of R,, (Figure 3b), ie., the more insulating
samples showing larger Ryy. In x = 0.26 sample, R,y jumps to
nearly 2 Q, over 2 orders of magnitude larger than in Bi,Te; (x
= 1). After passing the crossover point, R,y decreases to 1.5 Q
at x = 0.16 and finally drops to 0.12 Q at x = 0 (Sb,Te,) which
is only 10% of the maximum value. Quantitatively, the
correlation between R, and R,y can be better seen in Figure
3c where a power-law with an exponent ~2 best fits the data.
Since p,, < p,, and 6, = —((p,,)/ (P2 + p3,)), this power-law
suggests that the AHE conductivity is nearly independent of
P Since x is the controlling parameter, the quadratic relation
between p,, and p,, suggests that o, is constant (shown in the
inset of Figure 3c), which rules out the skew scattering
mechanism.

The induced ferromagnetism arises from the hybridization
between the boundary layers of the two materials in the TI/
YIG heterostructures; therefore, the resulting exchange
coupling is expected to be weaker than that in the interior of
YIG.'® Additionally, less than ideal interfaces can further
weaken the exchange coupling strength. To quantify the
exchange interaction of the proximity effect, we measure the
AHE signal as the temperature is increased until it vanishes. We
define it as the ferromagnetic ordering temperature or T¢ for
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Figure 4. AHE of (Biy,,Sbys),Te;/YIG films tuned with gate voltage. a, The gate voltage dependence of longitudinal resistance for x = 0.24 sample.
The blue squares and green circles represent 0 and 40 V top gate voltages, respectively. The inset is the optical image of the top-gated device. b, AHE
resistance at different gate voltages with different carrier types: 0 V (hole side) and 40 V (electron side). Solid lines are guides for the eyes. The inset
shows a schematic picture of the relative Fermi level position at 0 and 40 V top gate voltages, respectively.

the induced magnetic layer in TL. The T¢ of all TI/YIG samples
is above 20 K and can be as high as ~150 K, as shown in Figure
3d. There seems to be no correlation between T and x or the
carrier concentration (see Figure SS). Instead, this sample-to-
sample variation may be attributed to variations in the state of
the TI-YIG interface. Although it is not possible to pinpoint the
most important factor (e.g, oxidation state and surface
termination) responsible for the exchange strength, there is
no fundamental reason that the T should be limited to 150 K.
Future improvement of interface quality is expected to result in
a higher T of the magnetized layer.

For the insulating samples whose Fermi level is located in the
bulk band gap of the TI, we can further fine-tune the position
with a gate to access the surface states at different energies.
Figure 4a shows the gate voltage dependence of R,, for the x =
0.24 sample which has a top gate above a 50 nm thick Al,O;
insulator. At zero gate voltage, i.e, V, = 0 V, the temperature
dependence shows a bulk insulating behavior and the ordinary
Hall data indicates the p-type conduction. Therefore, the Fermi
level is located just below the Dirac point in the band gap. As
the gate voltage is swept from negative to positive, the
resistivity reaches a peak (R,, ~ 22 kQ) at Vg ~ 25V, and the
carrier type switches from the p- to n-type as indicated by the
ordinary Hall background. As V, is swept, the Fermi level
moves upward and passes the Dirac point which coincides with
the maximum in resistivity. The AHE data for two
representative gate voltages, i.e., 0 and 40 V, are displayed in
Figure 4b. Although the ordinary Hall slope has opposite signs
(not shown), the sign of the AHE remains the same on both
sides of the Dirac point, which is consistent with the doping
dependence discussed earlier. Interestingly, in samples with
widely different doping levels, not only is the relative Fermi
level position with resPect to the Dirac point, but also the band
structure is different.”' ~>* Here in one sample, the electrostatic
gating only shifts the Fermi level in a fixed band structure.
Therefore, the fact that the AHE sign remains unchanged
across the Dirac point is robust.

Unlike in Cr- or V-doped TI, the ferromagnetism is only
induced at the bottom surface of the TI layer in TI/YIG
heterostructures. Nevertheless, we have demonstrated an
alternative route of introducing stronger exchange interaction
to T1I surface states by proximity coupling. A stronger exchange
should lead to a larger topological gap and, therefore, a higher
temperature at which QAHE occurs. In the meantime, by
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independently optimizing the electronic properties of the TI,
we can reduce disorder, especially magnetic disorder, and
simultaneously tune the Fermi level position in TI without
affecting the induced ferromagnetism.
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