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Experimental evidence for dissipationless transport of the chiral edge state
of the high-field Chern insulator in MnBi2Te4 nanodevices
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We study the dissipationless transport properties of chiral edge state (CES) in the Chern insulator MnBi2Te4

devices. A near-zero longitudinal resistance and a quantized Hall plateau ∼0.97h/e2 up to 22 K are observed.
The CES shows three regimes of temperature dependence, i.e., well-preserved dissipationless transport below
6 K, variable range hopping (6 ∼ 22 K) and thermal activation (>22 K). This indicates nondissipation as well as
the chirality of the edge state, in conjunction with the nonlocal measurements. At 2 K, a current of over 1.4 μA
could break the dissipationless transport. Besides, it is found that a p-n junction has almost no influence upon
the CES of Chern insulator MnBi2Te4. These present a comprehensive picture of the CES transport in this newly
emerging material.
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The Hall resistance can be quantized without the forma-
tion of the Landau level (LL), which is the case of quantum
anomalous Hall effect (QAHE) and also known as the Chern
insulator state [1]. Driven by the coexistence of nontrivial
topology of the electronic structure and ferromagnetism ex-
change, the long-desired QAHE was first observed in the
magnetically doped topological insulator (TI) Cr-(Bi, Sb)2Te3

[2]. However, inhomogeneity due to the presence of mag-
netic dopants may lead to a rather small effective magnetic
exchange gap, and thus the QAHE onset temperature in a
magnetically doped TI is still below 2 K, despite considerable
efforts having been devoted [3–5]. MnBi2Te4 was predicted
and experimentally verified to be an intrinsic magnetic TI
[6–18], where the magnetism originates from long-range or-
dered Mn atoms, rather than stochastically distributed dopants
in previous systems. Thus, it becomes a promising platform
to explore QAHE and Chern insulator state at higher tempera-
ture, as observed in recent experiments in flakes of MnBi2Te4

[19–22]. Even the interesting axion insulator [22] and high
Chern number state [21] can be simulated. Research enthusi-
asm is ignited afterwards on the family of MnBi2Te4.

Besides the quantized Hall plateaus, dissipationless CES
transport deserves investigation and should be demonstrated
to form a complete set of evidence of Chern insulator state.
However, this has been rarely studied and still lacks par-
ticularly in satisfactory devices with consistent temperature
dependence between the CES and Hall plateau. Here, we
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demonstrate the dissipationless transport of the CES in the
Chern insulator MnBi2Te4 devices. The well-defined quan-
tization can survive up to 22 K, with the Hall plateau
∼0.97 h/e2, where h is the Planck constant and e is the elec-
tron charge. The temperature-dependent CES transport are
explored by both the local and nonlocal measurements, which
reveals the transition from well-preserved dissipationless state
to variable range hopping (VRH) and thermal activation. We
also investigate the current dependence of the CES transport
[23–28], which is of great importance for future applications.
Finally, the effect of a p-n junction on the Chern insulator has
been explored as well.

The MnBi2Te4 crystal was grown using the flux method
[13]. After mechanical exfoliation and microfabrication, a
MnBi2Te4 field-effect transistor was obtained [29]. A hexag-
onal boron nitride (BN) flake was transferred to the top of the
device to protect the MnBi2Te4 sample, as shown in Fig. 1(a).
Our first device (labeled as M3, hereafter) is a five septuple-
layers (SLs) MnBi2Te4 [inset of Fig. 1(c)].

Figure 1(b) is the zero-field mapping of Rxx as a function of
back-gate voltage (Vbg) and temperature (T ). The ambipolar
behavior of Rxx (Vbg) can be found [also see Fig. 2(a)], which
indicates that the charge neutral point (CNP) is reachable.
It provides the opportunity to observe the Chern insulator
state. Figure 1(c) shows the CNP resistance (RCNP) versus
temperature extracted from Fig. 1(b). The clear kink around
22 K indicates the Néel temperature (TN) of M3. It is a little
bit lower than that of the bulk crystal (∼ 25 K) because of the
thermal fluctuations as the sample approaches two-dimension
limit [19,30]. Around Néel temperature, RCNP is extremely
large, at more than 100 k�.

Near the CNP, the Chern insulator state is observed. In
Fig. 1(d), Vbg = 47 V, Rxx is almost zero at high magnetic field
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FIG. 1. Observation of the Chern insulator state in MnBi2Te4 thin flakes. (a) Optical micrograph of M3 in the main text and our
measurement configuration. Scale bar, 10 μm. (b) Color map of Rxx as a function of gate voltage and temperature at zero field. (c) The
resistance of the charge neutral point (RCNP) extracted from (b) exhibits a kink around 22 K. The inset is the topography image by atomic force
microscope. (d) At 1.7 K, when the Fermi level is tuned close to the CNP, the Chern insulator state can be observed. (e) Rxy mapping as a
function of Vbg and B at 1.7 K without antisymmetrization. (f) The corresponding Rxx mapping without symmetrization.

FIG. 2. The features of Chern insulator state. (a) The zero-field Rxx and high-field σxx and σxy, from top to bottom. The CNP is located
within the −1 plateau. (b) The magnetoresistance of R12/12, R16/12, R65/12 at Vbg = 45 V, from top to bottom. The inset defines the probe
numbers. (c) The renormalized group flow. (d) The converging points extracted from renormalized group flow at 12 T for different temperatures.
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FIG. 3. The scaling behaviors of the Chern insulator state. (a) The temperature-dependent Rxx minimum (Rxx_min) and Rxy at 12 T. (b) The
well-developed dissipationless CES below 6 K, with Rxx_min around 14 �. (c) The VRH fitting. (d) The thermal activation fitting. (e) The
scaling analysis in the vicinity of a critical magnetic field ∼ –4.36 T. (f) The current-induced breakdown of the dissipationless CES, with a
critical current ∼1.4 μA. (g) The temperature-dependent critical current measured at 12 T.

(B), and the Hall resistance Rxy(= V26/I14) is well quantized
(see Fig. S2 in Supplemental Material [31] for more magneto-
transport at various Vbg). The Vbg-dependent Rxy and Rxx with
B changing from +12 T to −12 T is shown in Figs. 1(e) and
1(f), respectively. It can be found that the quantization appears
when |B| � 6 T, which can effectively polarize MnBi2Te4 thin
films from antiferromagnetic (AFM) to ferromagnetic (FM)
state. In the thick MnBi2Te4 flakes, the transition field from
FM to AFM is ∼ 7.7 T (Supplemental Material, Fig. S1 [31]).
It might be the dimensional effect that the polarization field
in the thin film (∼ 6T, here) is smaller than that in the bulk
crystal [16,32].

In Fig. 2(a), Vbg-dependent zero-field Rxx and high-field
(B = 12 T) σxx and σxy are shown. Obviously, the CNP
is located within the quantization regime. This means that
the quantization plateau retains its sign in both the n- and
p-type carrier regions, which rules out the possibility of
QHE with LL. To verify the dissipationless CES, the two-
probe resistance R12/12 (= V12/I12), three-probe resistance
R16/12 (= V16/I12), and nonlocal four-probe resistance R65/12

(= V65/I12) are shown in Fig. 2(b). The R12/12 always exhibits
a plateau of +1 h/e2 at both positive and negative magnetic
field when it settles into the quantization regime, and R65/12

is always near zero. It is the direct feature of the CES of a
Chern insulator. Differently, R16/12 is +1 h/e2 in the negative
magnetic field, and zero in the positive field, which can be
explained by the Landauer-Büttiker formalism [33,34]. In a
positive magnetic field, clockwise channel chirality is ex-
pected, and the voltage potentials are V1 = V6 = V5 = V4 =
V3, thus V16 should be equal to V65, which is zero. Therefore,

R16/12 = R65/12 = 0. In a negative magnetic field, however,
the voltage potentials are V6 = V5 = V4 = V3 = V2, thus V16

should be equal to V12, showing R16/12 = R12/12 = + 1 h/e2.
The chirality of the edge state is thus shown convincingly.

The temperature-dependent Chern insulator state at
B = 12 T is shown in Fig. S4 (Supplemental Material [31]),
and the quantization regime in the mapping shrinks with in-
creasing temperature. The Fermi-level-derived renormalized
group (RG) flow [35,36] in the (σxy, σxx) space at 12 T and 2 K
is shown in Fig. 2(c). We find that it satisfies the semicircular
scaling law (indicated by the dashed red line) very well. The
temperature-dependent converging point extracted from the
RG flow is shown in Fig. 2(d), which flows to (–1 e2/h, 0)
with decreasing temperature. The temperature- and Fermi-
level-dependent RG flow provide a good description of the
Chern insulator state.

In Fig. 3(a), the temperature-dependent Rxx minimum
(Rxx_min ) and Rxy plateau in the quantization regime are shown
(extracted from Fig. S4 in Supplemental Material [31]). Below
22 K, the quantization value of |Rxy| is larger than 0.97 h/e2,
and the Rxx_min is less than 0.04 h/e2. This is adopted as an
indication of the quantization criterion. Interestingly, we note
that the temperature can be divided into three regimes. When
T � 6 K (regime I), Rxx_min is around 14 �, and it remains
unchanged as indicated by the pink box in Fig. 3(b). Such a
small value of Rxx_min is a hallmark of the well-preserved dis-
sipationless CES transport. When T > 6 K, Rxx_min increases
sharply, which implies the breakdown of the dissipationless
CES. When 6 K < T < 22 K (regime II), Rxx_min changes
from 36 to 1006 �. The linear relationship between lnT ·
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FIG. 4. The p-n junction in the Chern insulator state (M6). (a) The measurement configuration of the p-n junction device (M6 in the
main text). (b) The dual-gate-dependent R16/16 mapping at B = 0 T. The dashed lines separate the p-n, p-p, n-p, and n-n regions. (c), (d) The
dual-gate-dependent R16/16 and R25/16 at B = 9 T. The white circle encloses the region where R25/16 < 0.01 h/e2. (e) R16/16 (B = 0 T), R16/16

(B = 9 T), and R25/16 (B = 9 T) vs Vtg, which are line-cut profiles from (b), (c), and (d) with Vbg = 33 V, respectively. The temperature is
1.7 K.

Rxx_min and T –1/2 in this regime [the dashed red line in
Fig. 3(c)] indicates that the transport behavior can be de-
scribed by VRH [23,37,38]. When T > 22 K (regime III), an
Arrhenius plot with Rxx_min ∝ exp(–T0/T ) reveals the thermal
activation behavior [Fig. 3(d)], where T0 = �E/2kB, �E is
the thermal activation gap, and kB is the Boltzmann constant.
The extracted gap is T0 ∼ 92 K. Although the transition tem-
perature from VRH to thermal activation is ∼22 K, which
seems to be consistent with the Néel temperature, we should
note that this is more like a coincidence for there are no
noticeable features near 22 K in Fig. 3(a), being different from
Fig. 1(c). As it is polarized FM state at high field, the Néel
temperature would have no significant contribution to the tran-
sition here. The VRH to thermal activation transition behavior
is often used to understand the breakdown of CES in many
systems, including the conventional 2DEG [39], graphene
[40], and more recently magnetic doped TI [2]. Nonlocal
measurements are crucial for demonstrating the properties of
CES as well. The temperature-dependent four-probe nonlocal
resistance R23/16 (= V23/I16) exhibits a similar behavior with
the Rxx (see Fig. S5 in Supplemental Material [31]). The
thermal activation gap of the nonlocal measurement from the
Arrhenius fitting is Tnl ∼ 85 K, which is roughly consistent
with T0 ∼ 92 K. Due to the large bulk band gap (∼200 meV)
of MnBi2Te4 [7,18], the bulk carriers would not play a role in

the temperature-dependent CES measurements. and it is the
surface state carriers that contribute to the dissipative transport
when temperature is increasing [19].

Meanwhile, the B-dependent sheet longitudinal resistance
Rsh curves in regime I reveals a critical magnetic field (Bc).
The four curves intersect at about –4.36 T [the inset of
Fig. 3(e)]. In the vicinity of Bc, we plot the scaling behav-
ior [41–44] of lnRsh ∼ ln(|B–Bc|/T κ ), as shown in Fig. 3(e).
These curves would merge into one single curve, with the crit-
ical resistance being ∼ 1.2 h/e2 and the exponent parameter κ

∼ 0.35. The two parameters are similar to those seen in other
systems, such as the transition from QAH state to Anderson
insulator [41], the transition from axion insulator to Chern
insulator [42], the quantum Hall plateau transition [44], and
so on. It implies that the transition here also shares the same
universality class [45].

The current (I)-dependent transport has also attracted sig-
nificant interest, especially the current-induced breakdown of
the quantization [24,27]. At 2 K, the values of Rxx_min in the
quantization regime for different currents is shown in Fig. 3(f).
We find that Rxx_min stays around 14 � when the current
is less than 1.4 μA, and starts to increase obviously when
I > 1.4 μA. Thus, the critical current (IC) for the breakdown
of the quantization can be identified as 1.4 μA. The critical
currents at different temperatures are plotted in Fig. 3(g), and
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the value decreases with increasing temperature. Furthermore,
IC exhibits an almost linear relationship with temperature.
Therefore, the effect of current on quantization may be similar
to that of temperature. Two mechanisms can account for the
current-induced breakdown of the dissipationless CES, i.e.,
electric-field-driven VRH [24] and bootstrap electron heating
[25,27]. The breakdown that originates from bootstrap elec-
tron heating in QHE is often characterized by a large critical
current (tens of μA), and there is usually an abrupt increase in
the resistance [28,46,47]. However, the critical current for the
Chern insulator state is relatively small (∼ 1μA) here, and
an abrupt jump is not seen. Therefore, the current-induced
breakdown cannot be explained by electron heating in this
case. In our work, the current-induced breakdown resistance
is a few tens of ohms [Fig. 3(f)], and it is as small as the
Rxx_min in the VRH region in Fig. 3(a). The small breakdown
resistance, together with the linear relationship between the
critical current and the temperature, suggests that the electric-
field-driven VRH is likely to be the origin. The area shaded
orange in Fig. 3(g) roughly restricts the parameter space for
the well-preserved dissipationless CES.

In another device (M6, see Fig. S7 in Supplemental Ma-
terial [31] for more details), the effect of a p-n junction to
the CES in Chern insulator is studied. Figure 4(a) is the
configuration of the dual-gate device. A local top gate (Vtg),
in addition to the back gate, is applied to form a p-n junc-
tion. At B = 0 T and T = 1.7 K, the dual gate mapping of
R16/16 is shown in Fig. 4(b). Guiding by the dashed lines,
there are four quadrants according to the junction type, i.e.
p-n, p-p, n − p, and n-n. Here the left letter represents the
carrier type of the left part under top gate, and right one
represents the right part of the device. In the Chern insulator
state of M6, the R16/16 and R25/16 are plotted as a function of
Vtg and Vbg [Figs. 4(c), 4(d)]. We find that the quantization
exists in all the four regions. Figure 4(e) are line-cut profiles
from Figs. 4(b)–4(d) with a certain Vbg of 33 V. Specifically,
from the zero field R16/16 [Fig. 4(e), top], it is in p-n region

when Vtg < –0.2 V, and n-n region when Vtg > –0.2 V. R25/16

[Fig. 4(e), bottom] is vanishingly small near Vtg = –0.2 V at
9T, and R16/16 [Fig. 4(e), middle] is quantized to h/e2 at the
same time. This result means that a p-n junction would not
affect the CES of the Chern insulator. In the QHE system with
LL, a p-n junction would induce new plateaus, as reported
in graphene [48,49]. Thus, it can be an important distinction
between Chern insulator and QHE.

In summary, we realize the Chern insulator state in
MnBi2Te4 devices with a well-defined Hall plateau main-
tained up to 22 K. The temperature- and current-dependent
transport of the CES are studied systematically by both local
and nonlocal measurements. An increase of temperature leads
to three different regions, i.e., well-preserved dissipationless
CES, VRH, and thermal activation. An increasing of current
can induce the breakdown of the dissipationless CES, which
is attributed to the electric-field-driven VRH. A p-n junction
served as an extra dimension to modulate the CES provides
meaningful insights. Our work forms a complete set of ev-
idence and provide a comprehensive understanding on the
Chern insulator state in MnBi2Te4.
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