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図は Bestwick et al. Phys.Rev.Lett. 114(2015)187201 より。

tip to scratch the film into a Hall bar shape, and form
Ohmic contacts by placing indium metal onto each terminal.
The region between the voltage leads is 1.1 mm long and
0.45 mm wide [Fig. 1(a)]. Four-terminal resistances are
measured via standard lock-in amplifier techniques [26] with
the sample in a dilution refrigerator with its mixing chamber
cooled to 38mK.We calibrate the aggregate amplifier gain of
the setup using a conventional ν ¼ 1 quantumHall plateau on
a separate high-mobility graphene sample [26].
At base temperature we reproduce the ferromagnetic

hysteresis loop measured by the anomalous Hall effect in
Kou et al. [23] [Fig. 1(b)]. The sign of the transverse (Hall)
resistivity ρyx reflects the device’s magnetization direction
Mz, which we can set to positive (“þ1”) or negative (“−1”)
by applying a field μ0H with a magnitude greater than the
125 mT coercive field. As we sweep H toward zero, ρyx
reaches its quantized value #h=e2 ≈#25; 813 Ω while the
longitudinal resistivity ρxx decreases precipitously (as low

as 15 Ω). After crossing zero field, ρxx increases to a
few kilohms before spiking higher at the coercive field as
ρyx changes sign. Both measurements settle toward their
quantized values as jHj increases, but only reach full
quantization on the return arm of the hysteresis loop, again
just before zero field.
Although the resistivity tensor takes on the expected

values, the hysteresis loop does not directly verify that edge
conduction dominates in this regime. Nonlocal measure-
ment configurations, such as that shown schematically in
Fig. 1(c), are one way to establish this [35]. In the limit
of chiral, ballistic edge transport, the chemical potential
along the chirality direction only changes at leads that act as
current sources or drains, as prescribed by the Landauer-
Büttiker formalism [36] and demonstrated in the QHE [37]
(though not explicitly, to date, in the QAHE). For example,
while flowing current between adjacent contacts (labeled 1
and 6), the remaining four contacts shouldmaintain the same
voltage as either the current source or drain, depending on
whether the QAHE chirality is clockwise or counterclock-
wise, respectively. In Fig. 1(c) we measure the voltage drop
from a contact on the opposite side of the device (contact 3)
to the drain (contact 6), and plot the resulting three-terminal
resistance R16;36 compared to the two-terminal value R16;16.
At negative magnetization (left panel), corresponding to
clockwise equilibration, both quantities approach the bal-
listic value h=e2, indicating that contact 3 is nearly equili-
bratedwith the source. At the oppositemagnetization, where
voltages are propagated counterclockwise (right panel),
R16;16 approaches h=e2 while R16;36 approaches zero due
to the equilibration of contact 3 with the drain. Near zero
field, the deviations from idealized behavior (in all cases
under 200 Ω) likely reflect contact resistances and possibly
the presence of extra dissipative helical edge modes [25].
Using one of the remaining contacts in the role of contact
3 results in the same behavior [26].
Returning to four-terminal measurements, we find that

the best quantization can be obtained by maintaining the
film’s magnetization (i.e., keeping jμ0Hj smaller than the
coercive field) but following the “hysteresis loops” shown
in Fig. 2(a). Starting from any combination of magnetiza-
tion and field polarity, sweeping H toward zero suppresses
the longitudinal conductivity σxx ¼ ρxx=ðρ2xx þ ρ2yxÞ to as
low as 0.0003e2=h while the transverse conductivity
σxy ¼ ρyx=ðρ2xx þ ρ2yxÞ remains quantized to within 0.01%
of e2=h. Passing through zero and then increasing jHj
destroys this quantization, which we can recover by waiting
at constant field for 80 min and then sweeping back
toward zero.
These reported conductivity values have undergone one

correction for imperfect device geometry. Uneven spacing
between the voltage probes of the Hall bar can add a
small component of ρxx to themeasured value of ρyx. (In non-
magnetic samples, this is conventionally corrected by anti-
symmetrizing ρyx about zero field.) In a parametric plot of
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FIG. 1 (color online). Device demonstrating quantum anoma-
lous Hall effect. (a) Photograph of 10-nm-thick film of
ðCr0.12Bi0.26Sb0.62Þ2Te3 on a GaAs substrate, scratched by hand
into a Hall bar shape, with indium metal Ohmic contacts.
Schematic measurement setup included. (b) Longitudinal resis-
tivity ρxx and transverse resistivity ρyx of the device at base
temperature as a function of the applied magnetic field μ0H in
each sweep direction, forming a ferromagnetic hysteresis loop.
As the field approaches zero from either starting point, ρyx
reaches its quantized value h=e2 and ρxx approaches zero.
(c) Nonlocal and two-terminal measurements verifying edge-
dominated transport. The insets show the measurements per-
formed and chirality at each magnetization.
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