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Mapping the phase diagram of the quantum anomalous Hall and topological Hall effects
in a dual-gated magnetic topological insulator heterostructure
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We use magnetotransport in dual-gated magnetic topological insulator heterostructures to map out a phase
diagram of the topological Hall and quantum anomalous Hall effects as a function of the chemical potential
(primarily determined by the back gate voltage) and the asymmetric potential (primarily determined by the
top gate voltage). A theoretical model that includes both surface states and valence band quantum well states
allows the evaluation of the variation of the Dzyaloshinskii-Moriya interaction and carrier density with gate
voltages. The qualitative agreement between experiment and theory provides strong evidence for the existence
of a topological Hall effect in the system studied, opening up a route for understanding and manipulating chiral
magnetic spin textures in real space.
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In recent years, condensed matter physics has seen a grow-
ing interest in studying the interplay between topology in
momentum space and topology in real space. The former
often manifests in nontrivial band structures in momentum
space arising from the combined effects of some funda-
mental symmetry and strong spin-orbit coupling, while the
latter (also a product of spin-orbit coupling) is associated
with chiral magnetic spin textures in real space [1–3]. The
quantum anomalous Hall (QAH) effect [4–12], induced by
a nontrivial Berry curvature in a topological system with
broken time-reversal symmetry, provides convincing evidence
of topology in momentum space. It is characterized by a
quantized Hall resistance and a vanishing longitudinal re-
sistance at zero magnetic field and has been realized in
magnetically doped topological insulators (TIs) [8–12]. The
topological Hall effect (THE), induced by the interaction of
itinerant charge carriers with chiral spin textures such as
magnetic skyrmions or chiral domain walls, is regarded as
a signature of topology in real space [3]. The THE mani-
fests as an excess Hall voltage superimposed on the usual
hysteretic anomalous Hall voltage that arises in magnetic
conductors. Such a signature has been observed and inter-
preted as evidence for the THE in many systems, including
MnSi [13,14], MnGe [15], FeGe [16], SrIrO3/SrRuO3 inter-
face [17,18], magnetically doped TI heterostructures [19–21],
and TI/BaFe12O19 heterostructures [22]. Given this context,
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it is valuable to identify model systems wherein the QAH
and THE can be systematically studied as a function of
some easily tuned system parameters. We recently studied the
THE in one such model system, TI sandwich heterostructures
of Cr0.15(Bi,Sb)1.85Te3-(Bi,Sb)2Te3-Cr0.15(Bi,Sb)1.85Te3, re-
ferred as CBST-BST-CBST below [23]. By using a bottom
gate to tune the chemical potential, we showed how a single
sample could be continuously tuned from the QAH effect
regime to the THE regime.

In this letter, we further extend the tunability of this
model system by adding a top gate and demonstrate how a
dual-gating scheme enables the mapping of a phase diagram
of the concurrence of the QAH effect and the THE as a
function of the chemical potential and the asymmetry in
the chemical potential. We find that the THE is enhanced
when top and bottom gate voltages have different signs
and that it is quenched when these gate voltages have the
same sign. We also demonstrate that the THE arises because
the asymmetric potential induced by dual gates leads to a
Dzyaloshinskii-Moriya (DM) interaction.

We used a VEECO 620 molecular beam epitaxy system to
grow three quintuple layer (QL) CBST-5QL BST-3QL CBST
heterostructures on SrTiO3 (111) substrates (MTI Corpora-
tion). The SrTiO3 substrates were first soaked in deionized
water at 90 ◦C for 1.5 h and thermally annealed at 985 ◦C
for 3 h in a tube furnace with flowing oxygen gas. The
heat-treated SrTiO3 substrates were then outgassed under
vacuum at 630 ◦C (thermocouple temperature) for 1 h. Af-
ter outgassing, the substrates were cooled down to 340 ◦C
(thermocouple temperature) for the heterostructure growth.
High-purity Cr (5 N), Bi (5 N), Sb (6 N), and Te (6 N) were
evaporated from Knudsen effusion cells. The cell tempera-
tures were precisely controlled to obtain the desired beam
equivalent pressure (BEP) fluxes of each element. The BEP
flux ratio of Te/(Bi + Sb) was >10 to prevent Te deficiency.
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FIG. 1. The quantum anomalous Hall (QAH) effect in dual-gated magnetic topological insulator (TI) heterostructures. (a) A schematic
structure of the magnetic TI heterostructure. (b) Cross-sectional transmission electron microscope (TEM) image of a dual-gated device.
(c) Temperature dependence of the magnetic field dependence of Hall resistance. (d) Demonstration of the QAH effect at T = 60 mK with
gate voltages Vb = 100 V and Vt = 0 V.

The BEP flux ratio of Sb/Bi was ∼2 to tune the chemical
potential of the heterostructure close to the charge neutral
point. The heterostructure growth rate was ∼0.25 QL/min,
and the pressure of the MBE chamber was maintained at
2 × 10−10 mbar during the growth.

After the growth, the heterostructures were capped with
10 nm Te in situ at 20 ◦C for protection during the fab-
rication process. Heterostructures were then fabricated into
Hall bar devices using photolithography and Ar+ plasma
dry etching. The top gate was defined by a 40 nm Al2O3

dielectric layer and 5 nm Ti/50 nm Au contacts deposited
by atomic layer deposition and electron beam evaporation,
respectively.

We carried out magnetotransport measurements in a com-
mercial He3 fridge (Oxford Heliox) for temperatures >0.4 K
and in a commercial Leiden Cryogenics dilution refrigerator
at T = 60 mK. Bottom and top gate voltages were applied
using the SrTiO3 substrate and the deposited Al2O3 layer as
the dielectric layers. Figures 1(a) and 1(b) show the detailed
schematic structure and a cross-sectional transmission elec-
tron microscope (TEM) image, respectively, of one sample
we studied. The sandwich heterostructure geometry consists
of two ultrathin (3 QL) magnetic TI layers separated by a non-
magnetic TI layer and has been shown to improve the quality
of the observed QAH effect at higher temperatures (up to 2 K)
[12]. More important for the purposes of this letter, since the
magnetic TI layers are separated by a nonmagnetic TI, the
magnetic exchange interaction between top and bottom layers
is weakened. This allows for a significant DM interaction,

which is a requirement for the THE [3]. Figure 1(c) shows
the temperature dependence of the anomalous Hall effect. A
hysteresis loop develops below a Curie temperature ∼20 K.
As the sample is cooled down to the base temperature at
T = 60 mK, a robust QAH effect develops depending on
the values of the top and bottom gate voltages [Vb = 100 V,
Vt = 0 V in Fig. 1(d)].

At the base temperature T = 60 mK, we mapped out the
top and bottom gate voltage dependence of the QAH effect
and the THE. As shown in Fig. 2(a), if the bottom gate Vb is
changed while the top gate Vt is fixed at 0 V, the heterostruc-
ture can be tuned away from the QAH regime, particularly at
negative Vb. Away from the QAH regime, at magnetic fields
larger than the coercive field, a careful examination of the
Hall resistance shows that it is slightly different during the
upward and downward magnetic field sweeps. The excess Hall
resistance after crossing the magnetic reversal transition is a
signature of the THE. Therefore, by tuning Vb, we observe a
crossover from the QAH effect to the THE. This is due to the
formation of chiral domain walls in the presence of a strong
DM interaction [23].

The signature of the THE becomes more obvious if we
apply a positive Vt while keeping Vb fixed at a negative value
[Fig. 2(b)]. If we fix Vb and change Vt , the THE behaves
differently: unlike the case of Vb-modulated THE, it becomes
more pronounced at positive Vt but vanishes under negative
Vt . In Fig. 2(c), we plot the gate voltage dependence of the
magnitude of the THE, obtained by subtracting the Hall volt-
age measured during the upward and downward sweeps of the
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FIG. 2. The topological Hall effect (THE) observed in dual-gated magnetic topological insulator (TI) heterostructures. (a) The deviation
from the quantum anomalous Hall (QAH) regime using the bottom gate. (b) Top gate-voltage-driven THE. The bottom gate voltage Vb is fixed
at −200 V. By applying a positive top gate voltage Vt , the THE becomes more pronounced. On the other hand, applying a negative Vt can make
the THE vanish. (c) Top gate-voltage dependence of the magnitude of the THE ρTHE

yx . The data are obtained by subtracting a constant high-field
Hall resistance.

magnetic field (ρTHE
yx ). This allows us to observe the variation

of the QAH effect and the THE as a function of the chemical
potential. The maximum of ρTHE

yx occurs when Vt and Vb have
different signs. In contrast, when they have the same sign,
ρTHE

yx decreases and vanishes.
To understand the behavior of the THE, we propose a sim-

ple capacitance model [Fig. 3(a)]. The top and bottom gates
act as capacitors that inject or repel electrons in the top and
bottom surfaces, respectively. Therefore, the top gate chiefly
tunes the chemical potential of the top surface, while the
bottom gate principally affects the chemical potential of the
bottom surface. As a result, an asymmetric potential between
top and bottom surfaces is induced, leading to the breaking
of inversion symmetry in the sandwich heterostructure. Due

to the broken inversion symmetry, the overall DM interac-
tion from two surface is nonzero, giving rise to the THE.
To more easily visualize the behavior as a function of the
top- and back-gate voltages, we plot a THE “phase diagram”
[Fig. 3(b)]. (Note that the color plot is generated by linear
interpolation from the discrete measurement points shown as
black dots. Thus, the finer features in the plot should be ig-
nored.) As shown in this figure, the sandwich heterostructure
enters the QAH effect regime in the dark blue area. In this
region of the phase diagram, conduction from surface and bulk
carriers is minimized; thus, the sample shows a perfect QAH
effect with no THE signal. Away from the QAH regime where
surface carriers start to contribute, a finite DM interaction is
induced, and the THE appears. Furthermore, by creating an
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FIG. 3. The gate voltage dependence of the topological Hall effect (THE). (a) Capacitance model of the gating effect. The top gate mainly
tunes the chemical potential of the top surface, while the bottom gate mainly tunes the chemical potential of the bottom surface. Dual gates
can induce an asymmetric potential between top and bottom surfaces. (b) The THE phase diagram. THE is absent in the quantum anomalous
Hall (QAH) effect regime (dark blue area). Away from the QAH regime, when the top- and back-gate voltages have different signs, the THE
becomes more obvious (red area). When dual gates have the same sign, the THE is quenched (lower left corner). The actual measurement
points are shown as black dots, and the rest of the plot is the result of linear interpolation.

asymmetric potential by Vb and Vt , ρTHE
yx reaches maximum,

shown in the red area.
We now theoretically evaluate the DM interaction and

the bulk carrier concentrations in magnetic TI heterostruc-
tures based on the model developed in Ref. [23]. This
model involves both the topological surface states and the
bulk valence band quantum well states, both of which have
been shown to be crucial in understanding the temperature
and chemical potential dependence in the previous report
[23]. The topological surface states can be described by
the effective Hamiltonian HSS = vF (kyσx − kxσy)τz + Uτz +
m0τx + HSS,ex, where σ is the Pauli matrices for the spin,
while τ stands for two surfaces. Here, vF is the Fermi
velocity, U is the asymmetric potential, and m0 describes
the hybridization between two surface states at the top
and bottom surfaces. The exchange coupling between sur-
face states and magnetic moments can be described by the
Hamiltonian HSS,ex = −Mt · σ

1+τz

2 − Mb · σ
1−τz

2 , where Mt

and Mb label the magnetization at the top and bottom sur-
faces, respectively. The valence band quantum well states
are described by the effective Hamiltonian HQW = ε0(k) +
N (k)τz + A(kyσx − kxσy)τx + Uτx + HQW,ex, where σ still la-
bels spin, and τ stands for two orbitals instead. Here,
ε0(k) = C0 + C1k2, N (k) = N0 + N1k2, and C0,C1, N0, N1, A
are material-dependent parameters, while U is still for the
asymmetric potential. The exchange coupling between quan-
tum well states and magnetic moments is given by HQW,ex =
−M · σ , where M is the magnetization. We assume the mag-
netization is uniform throughout the whole system, and thus,
Mt = Mb = M. As the strength of the DM interaction is
directly determined by the off-diagonal components of the
spin susceptibility [23], particularly the components χxz and
χyz, we next discuss the behavior of χxz in our model (χyz

can be directly related to χxz due to the rotation symmetry of
our model). The zero-frequency spin susceptibility is given by

χαβ (q) = 1
β

∑
iωm,k Tr[G0(q + k, iωm)σαG0(k, iωm)σβ], with

β = 1
kBT , and T is the temperature. Figure 4(b) shows χxz as a

function of asymmetric potential and chemical potential. The
behavior of χxz can be understood from the energy dispersion
in Fig. 4(a), which shows that the surface Dirac cones are
close to the top of valence band quantum well states [24,25].
The asymmetric potential can split the two spin states of the
valence band and the surface states at the opposite surfaces.
These splittings generally give rise to nonzero χxz, as shown
in Fig. 4(c) for two different chemical potentials. We also
notice that, when the Fermi energy lies between the two spin
bands of the valence quantum well states, a larger χxz can be
induced, as clearly shown in Fig. 4(c), in which the red line
is for μ = −0.02 eV that crosses the valence band top, and
the blue line is for μ = 0.02 eV that only crosses the surface
state. This is consistent with the experimental observation that
the observed topological Hall (TH) resistance is enhanced for
negative back-gate voltage Vb, which is expected to mainly
tune the chemical potential to the valence bands. The front-
gate voltage Vf is expected to mainly tune the asymmetric
potential U in our model, and one can see from Fig. 4(c) that
a large U can give rise to a strong enhancement on χxz. This
is consistent with the observation in Fig. 3(b).

We note that, when the chemical potential crosses only the
surface states, we still see a finite χxz, but in experiments,
the TH resistance almost vanishes. This is because the TH
resistance can only come from the bulk carriers, and it van-
ishes when the system is in the QAH regime with almost
vanishing bulk carriers. Therefore, we also show the bulk
carrier concentration ρ in Fig. 4(d), and if we assume the TH
resistance is proportional to both spin susceptibility |χxz|2 and
bulk carrier concentration, the behavior of TH resistance is
shown in Fig. 4(e).

To summarize, we have studied the gate dependence of
the THE in dual-gated magnetic TI sandwich heterostructures.
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FIG. 4. (a) The energy dispersion of the surface states and bulk quantum well bands in a magnetic topological insulator (TI). Here, U =
0.02 eV. (b) Spin susceptibility χxz as a function of chemical potential μ and asymmetric potential U . The blue and red dashed lines correspond
to the blue and red plots in (c). (c) Spin susceptibility χxz as a function of U for the chemical potential μ = 0.02 eV (blue line) and μ =
−0.02 eV (red line). (d) Electron or hole carrier concentration ρ as a function of chemical potential μ and asymmetric potential U . Here, ρ is
in the unit of Å−2. The topological Hall (TH) resistance is expected to be proportional to |χxz|2ρ, whose dependence on μ and U is shown in
(e). Here, we choose qx = 0.005 Å−1 and qy = 0.

We observed a crossover from the QAH effect to the THE by
tuning the bottom gate, particularly under a negative bottom
gate voltage. The magnitude of the THE increases with Vb

because this induces an asymmetric potential between the two
opposite surfaces. By applying Vt and Vb, this asymmetric
potential and the magnitude of the THE can be enlarged or
quenched by changing the relative sign of Vt and Vb. Since
the THE in magnetic TI sandwich heterostructures provides
evidence of chiral magnetic domain walls, the manipulation
of the THE by dual gates provides a simple way to investigate
and understand chiral magnetic spin textures in real space. We
note that the good correspondence between our experimental
observations and theory rules against simpler explanations

[26] for the THE signals in our transport measurements. This
letter will also motivate more studies on nontrivial quantum
phenomena in magnetic TI multilayer heterostructures and
facilitate the development of proof-of-concept TI-based spin-
tronic devices.
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