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Introduction

Three dimensional topological insulators (TI) are emerging 
solid-state materials featured as the inverse band structure 
and topological protected surface states [1–3], which give rise 
to exotic topological phases and novel phenomena [4–6]. In 
order to fully explore salient features related to TI, various 
methods including element doping [6, 7], electric-field con-
trol [8], strain engineering [9, 10] and film thickness modula-
tion [11, 12] have been utilized to tailor the nontrivial band 
structure of topological surface states. Alternatively, combing 
TI with additional layers into heterostructures or superlattices 
has been proven to be an effective way to directly couple the 
topological surface with other physical orders (e.g. ferromag-
netism, superconductor, axion electrodynamics) [13–17]. 
Moreover, due to the abundant material platforms available 
for the integration, such an approach therefore unfolds new 
avenues for the TI-based multi-functional applications.

Recent progress focused on the TI heterostructures in which 
ferromagnetic metal, ferromagnetic insulator and antiferro-
magnetic semiconductor have been introduced as the adjacent 
layer [16–20]. For example, a ferromagnetic metal layer can 
destroy the weak-antilocalization (WAL) feature, suggesting 
that it could effectively modulate the magnetotransport behav-
iors of the TI surface states [18]. Meanwhile, ferromagnetic 
insulator thin films like EuS and YIG are found to induce 
long-range magnetism into TI through magnetic proximity 
effect [14, 19, 20]. Recently, antiferromagnetic semiconduc-
tors CrSb and MnTe were also reported to introduce robust 
magnetic order into the adjacent TI layer due to interfacial 
magnetic exchange couplings [21, 22].

Now the research interest is to investigate TI-based hetero-
structures with transition-metal oxide (TMO) as the adjacent 
layer. TMO exhibits many interesting physical properties, 
e.g. ferromagnetism [23], switchable antiferromagnetism 
[24], ferroelectricity and magnetoelectric coupling [25], spin 
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transport [26, 27], and even superconductivity [28], making 
it appealing to be integrated with TI. In particular, many 3d 
transition metal oxides hold intricate physical properties men-
tioned above, and have a simple structure which can be grown 
at a low temperature, making them especially attractive to be 
grown on the top of TI. Recently, it is reported that the WAL 
effect could be suppressed in TI grown on NiO substrate [29], 
Since the top surface contributes more to transport than the 
bottom surface [18], it is likely that a stronger modification 
on transport behavior can be obtained by coupling the adja-
cent layer to the top surface of TI than to the bottom surface. 
The experiments below investigate the transport behavior of 
Bi2Te3 (BT), which is capped by a thin NiO layer grown at 
different temperatures.

Experiment

High-quality BT sample with a film thickness of 8 nm was 
grown on Al2O3(0 0 0 1) substrates by monocular beam epitaxy 
(MBE) at a base pressure of 4  ×  10−10 Torr. After growth, the 
sample was in situ passivated by a Te capping layer in order 
to minimize ambient oxidization. Then the sample was trans-
ferred to a magnetic sputtering chamber for the subsequent 
NiO deposition (the Te capping layer was evaporated at 473 K 
for 1 h before the NiO growth). To investigate the influence of 
the growth condition on the magnetotransport behaviors, we 
prepared 5 nm-thick NiO layer on the BT under the same base 
pressure of 5  ×  10−5 Pa, Ar pressure of 0.4 Pa, and growth 
rates 0.75 nm min−1, but with different substrate temperatures 
at 300, 373, and 473 K. The BT/NiO heterostructures were 
then patterned into Hall bar devices with the channel width 
of 100 µm and length of 400 µm by photolithography and 
Ar ion milling. Temperature-dependent magnetotransport 
was measured in a cryostat from 2.5 to 300 K. The high-res-
olution transmission electron microscope (HRTEM) images 
were obtained with focused ion beam (FIB)-prepared cross-
sectional samples.

Results and discussion

Figure 1 shows the magnetoresistance ratio ∆R/R0 of samples 
BT, BT/NiO (300 K), BT/NiO (373 K) and BT/NiO (473 K) 
measured at 2.5 K, where R represents the resistance at a cer-
tain magnetic field, R0 denotes the resistance at zero field, and 
ΔR  =  R  −  R0. For this experiment, the magnetic field was 
applied perpendicular to the film. For the pure BT sample, a 
sharp linear cusp appears at low magnetic fields, manifesting 
the presence of the WAL effect. It is known that the WAL 
effect is owning to the π Berry phase of the topological surface 
states in the TI thin film [18]. Bulk state may also have some 
contribution on the WAL effect, but in our 8 nm TI sample, the 
2D surface state contribution should be more important [18]. 
Using the Hikami–Larkin–Nagaoka (HLN) formula [30, 31], 
we can evaluate the phase coherence length lϕ and effective 
2D surface number characterized by parameter α:
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where e is the electron charge, B is the applied magnetic field, 
ħ is the Planck constant, lϕ is the phase coherent length and 
ψ(x) is the digamma function. Fitting was done with data 
from  −0.6 T to 0.6 T. The fitting result yields lϕ  =  370 nm 
and α  =  −0.10, which are consistent with previous reports 
[18, 32, 33]. Slightly smaller absolute value of α may be due 
to the heating process during device fabrication, which may 
cause some oxidation.

The magnetotransport behavior changes dramatically when 
the top NiO layer is added. Specifically, the magnetoresist
ance is governed by the conventional parabolic background, 
and the magnetoresistance ratio is also greatly reduced. These 
behaviors suggest the topological order protected by time-
reversal symmetry is suppressed and a crossover from a sym-
plectic group symmetry to a unitary group symmetry [18, 30]. 
Remarkably, there is no WAL feature existing for all of the BT/
NiO samples grown at different temperatures. Instead, a para-
bolic magnetoresistance is observed. With increasing growth 
temperature of NiO, the magnetoresistance ratio decreases 
monotonically. Corresponding Hall effect curves (RH  −  B) 
are presented in figure 2. For the BT sample (figure 2(a)), the 
Hall slope RH/B only changes slightly when the temperature 
is cooled down from 300 to 2.5 K. Differently, the Hall slope 
of BT/NiO (473 K) exhibits a strong temperature dependence, 
as shown in figure 2(b). Also visible is the Hall slope of the 
BT/NiO (473 K) sample is found to be an order of magnitude 
smaller than that of the BT sample. It is worth mentioning that 
the anomalous Hall effect is not observed in all of the samples, 
which may imply that no robust magnetic impurity-induced 
ferromagnetic order formed in TI.

According to the Hall slope formula RH/B  =  −1/n · e (where 
n is the 2D carrier density and e is the electron charge), we can 
calculate the 2D carrier density n based on the Hall curves. The 
2D carrier density of BT, BT/NiO (300 K), BT/NiO (373 K) 
and BT/NiO (473 K) as a function of temperature are summa-
rized in figure 2(c). While the carrier density of BT and BT/
NiO (300 K) samples are somehow comparable, approximately 

Figure 1.  Magnetoresistance for BT and BT/NiO samples with NiO 
grown at 300 K, 373 K and 473 K. Measurements were carried out 
at 2.5 K.
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1014 cm−2, the BT/NiO (373 K) and BT/NiO (473 K) samples 
have much higher carrier density. For all of the three BT/NiO 
samples, the carrier density increases with increasing growth 
temperature. The calculated mobility µ for all of the samples 
are displayed in figure 2(d). Similar to the carrier density case, 
BT and BT/NiO (300 K) samples exhibit similar mobility of 
several hundreds of cm2 V−1 s−1, which is quite character-
istic for TI films, while the two samples grown at higher NiO 
temperatures have much lower mobility. For three BT/NiO 
samples, the mobility decreases with increasing NiO growth 
temperature. The rise of carrier density and the decline of 
mobility with higher NiO growth temperature suggest that the 
impurity concentration increases with increasing NiO growth 
temperature.

The magnetoresistance of BT, BT/NiO (300 K), BT/NiO 
(373 K) and BT/NiO (473 K) samples at different temper
atures also supports this relationship between impurity con-
centration and NiO growth temperature. Corresponding data 
are illustrated in figure 3. We use a Kohler’s Plot, i.e. a ∆R/R0 
versus B/R0 plot, to compare the magnetoresistance of the 
samples, where the 2.5 K data is obtained from the same raw 
data as figure 1. According to the Kohler’s Rule, for a single-
band metal with only one kind of carriers, the magnetoresist
ance ratio ∆R/R0 is the function of B/R0  [34]. In this case, 
it is expected that the Kohler’s plots should overlap onto a 
single curve at different temperatures. All of the curves are 
obtained from raw magnetoresistance data from  −5 T to 5 T. 
Before plotting the Kohler’s graph of BT sample, we deducted 
the contribution of WAL term using HLN formula fitting 
from  −0.6 T to 0.6 T. The result yields that after deducting the 
WAL contribution, the BT sample approximately obeys the 
Kohler’s rule (figure 3(a)). The BT/NiO (300 K) sample also 
approximately obeys the Kohler’s rule (figure 3(b)). In con-
trast, the BT/NiO (373 K) (figure 3(c)) and BT/NiO (473 K) 
(figure 3(d)) samples show a clear deviation from the Kohler’s 

Rule. These results reveal that different kinds of carriers or 
different scattering mechanisms may exist in the transport in 
the BT/NiO samples grown at higher NiO temperatures. It 
can also be seen in the Hall measurement (figure 2(c)) that 
the calculated carrier density of BT/NiO (373 K) and BT/
NiO (473 K) change with temperature, coinciding with the 
Kohler’s plot. Both phenomena are related to the impurity 
concentration introduced in the growth process.

The decomposition of NiO during the growth may play an 
important role on the transport behavior [35]. In particular, 
the decomposition would produce metallic Ni at the interface, 
which can be detected by x-ray photoelectron spectroscopy 
(XPS). Given that the XPS can only characterize the elements 
with several nanometers depth from the sample surface, we 
thus grew additional BT/NiO samples with the NiO thick-
nesses from 0.25 to 5 nm at 300 K. Note that the Ni peak at 
852.8 eV [36, 37] emerges in the Ni 2p 3/2 spectroscopy in the 
BT/NiO (0.25 nm) sample (figure 4(a)), and the fitting con-
firms that the Ni atom ratio between in Ni metal form to in 
NiO form is Ni0: Ni2+  =  0.1: 1. For the BT/NiO (0.5 nm) 
sample, the Ni peak still exists but much weaker (figure 4(b)), 
giving rise to Ni0: Ni2+  =  0.022: 1. For the BT/NiO (1.5 nm) 
and BT/NiO (5 nm) samples, as presented in figures 4(c) and 
(d), respectively, data can be fitted well when considering NiO 
only [38]. These observations indicate that metallic Ni exists 
at the BT/NiO interface, while the amount of metallic Ni is 
rather small, thus it is unlikely to form a continuous metallic 
Ni layer on the top of TI.

HRTEM was used to directly probe the interfacial state of 
the BT/NiO heterostructure samples. Concomitant cross-sec-
tion HRTEM images of BT/NiO (300 K) and BT/NiO (473 K) 
samples are shown in figures  5(a) and (b), respectively. 
Remarkably, the BT/NiO (300 K) sample exhibits a well-
defined BT/NiO interface, and the NiO layer is polycrystal-
line. On the contrary, in the BT/NiO (473 K) sample, the BT/
NiO interface is rough with clear mixing features, and the NiO 
layer shows an obvious amorphous tendency. A comparison 

Figure 2.  Hall resistance of (a) BT sample and of (b) BT/NiO 
(473 K) sample at different temperatures. (c) Carrier density for 
each sample calculated from Hall slope. (d) Mobility for each 
sample calculated from resistance, device geometry and carrier 
density.

Figure 3.  Kohler’s plot for the magnetoresistance curves of (a) BT, 
(b) BT/NiO (300 K), (c) BT/NiO (373 K), and (d) BT/NiO (473 K) 
samples.
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of these two HRTEM images reflects that the higher growth 
temperature (473 K) not only advances the interdiffusion at 
the BT/NiO interface, but also reduces the crystallinity of the 
NiO layer. Combining the transport results and the HRTEM 
observations, we conclude that at high growth temperature, the 
decomposition of NiO has a more serious effect on the struc-
ture, and hence the transport behavior of the heterostructure.

It is a question that whether other TMO would also disturb 
the transport behavior of TI via similar mechanism. A control 
experiment was conducted by growing 5 nm-thick Cr2O3 on the 
top of the BT sample by radio frequency sputtering at 473 K. 
Identical film growth process and measurements were used as 
the NiO case. In the Ellingham graph [39], the line of Cr2O3 
is under that of NiO, reflecting better chemical stability of 
Cr2O3, thus decomposition of Cr2O3 is more difficult to occur. 
The results for the BT/Cr2O3 sample are displayed in figure 6. 

The obtained magnetoresistance curve also shows the WAL 
feature (figure 6(a)), in contrast to the absence of WAL for the 
BT/NiO (473 K) sample. The fitting of the HLN formula gives 
lϕ  =  163 nm and α  =  −0.17. Although the absolute value of 
α and the coherent length are slightly smaller than other WAL 
works in TI, they are still comparable [18, 29, 32], indicating 
that no significant suppression is caused by Cr2O3 on the WAL 
effect. On the other hand, both the carrier density and mobility 
of the BT/Cr2O3 sample are comparable to those of the BT 
sample (figure 6(b)). Meanwhile, XPS data show Cr 2p 3/2 
peak at 576.4 eV and Cr 2p 1/2 peak at 586.3 eV (figure 6(c)), 
which is the typical signature of Cr3+ in Cr2O3 [40, 41]. There 
is no peak corresponding to metallic Cr. These results dem-
onstrate that although the growth temperature of Cr2O3 layer 
is as high as 473 K, owing to the chemical stability of Cr2O3, 
no strong decomposition occurs and few magnetic impurities 
form at the interface. However, the HRTEM image shown in 
figure 6(d) indicates amorphous tendency similar to the BT/
NiO (473 K) sample, suggests that the high growth temper
ature is more likely to do harm to the crystal quality of TMO 
on TI.

We then propose a phenomenological model to explain the 
underlying physics in our heterostructure samples. Figure 7(a) 
illustrates the schematic of a BT/NiO heterostructure, where 
the NiO layer is grown at comparatively low temperature, e.g. 
300 K. Due to the poor chemical stability of NiO, it decom-
poses in growth process, and forms a small amount Ni atoms 
and/or particles. Also, decomposed oxygen could diffuse 
slightly into the BT layer, where oxidation occurs simultane-
ously. Nevertheless the comparatively low temperature cannot 
provide enough energy for the Ni and oxygen atoms to dif-
fuse deep into the BT layer. In this scenario, the Ni atoms 
and/or particles would act as interfacial impurities, which 
destroys the topological surface state, but do not induce a 

Figure 4.  XPS Ni 2p 3/2 spectra of BT/NiO samples with the NiO 
thickness of 0.25 nm (a), 0.5 nm (b), 1.5 nm (c) and 5 nm (d) grown 
at 300 K.

Figure 5.  Cross-sectional HRTEM images for (a) BT/NiO (300 K) 
and (b) for BT/NiO (473 K) samples.

Figure 6.  (a) Magnetoresistance curve of BT/Cr2O3 sample at 2.5 K 
denoted by symbols and corresponding fitting curves denoted by 
line. Magnetoresistance curve of BT sample at 2.5 K and its fitting 
curve are also plotted for a comparison. (b) Carrier density and 
mobility of BT and BT/Cr2O3 samples at different temperatures. 
Plot scale is the same as in figure 2. (c) XPS Cr 2p spectra of BT/
Cr2O3 sample. (d) Cross-sectional HRTEM image for BT/Cr2O3 
sample.
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strong doping effect. When the growth temperature increases, 
the decomposition of NiO becomes more serious, and the 
impurities could gain more energy to diffuse deep into the TI, 
as displayed in figure 7(b). The impurity concentration would 
rise accordingly. In this case, the surface state is strongly sup-
pressed, and the bulk state also suffers doping effect, charac-
terized by the increase of carrier density and the decline of 
mobility. Since the magnetoresistance ratio is approximately 
equal to 1  +  (µB)2 [18], the decline of mobility also explains 
the reduced magnetoresistance ratio. Differently, because of 
the high chemical stability of Cr2O3 [39], the decomposition 
issue is greatly alleviated in the BT/Cr2O3 heterostructure, 
thus the surface state was preserved, followed by the observed 
WAL effect.

Conclusion

We studied the transport behavior of TI/TMO heterostructure 
in which the TMO layer was deposited on the top of TI. For 
BT/NiO heterostructure, WAL effect is totally suppressed 
when the NiO growth temperature ranges from 300 K to 

473 K, which is attributed to the decomposition of NiO during 
growth and the resulting formation of magnetic impurities. 
These magnetic impurities suppressed the surface state of BT, 
leading to the absence of WAL effect. When the NiO growth 
temperature increases, the decomposed product diffuses 
into BT and causes doping effect. Hence, the carrier density 
increases, the mobility and the parabolic magnetoresistance 
ratio declines monotonically with increasing growth temper
ature. But for BT/Cr2O3 heterostructure, in which the TMO 
layer is more stable, the WAL effect is preserved, the carrier 
density and the mobility are comparable with BT sample even 
when the growing temperature was as high as 473 K. Our 
findings suggest TMO can be a potential material for manipu-
lating the electronic state and transport behavior of TI, and the 
chemical stability of the selected TMO materials as well as the 
processing temperature can significantly affect the transport 
performance of the BT/TMO heterostructure.
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