
n = 0 insulator is larger than even the gaps for
the states at n = ±4, which are much smaller
than typical (fig. S10) (29). Second, the quan-
tum oscillations are highly anomalous, with
hole-like quantum oscillations originating at
n = 2, again in contrast to all prior reports (fig.
S11) (23–26). Additional Landau fan features
also appear consistentwith an hBNalignment
of 0.6° (fig. S6); however, twist angle varia-
tions within the tBLG preclude unambiguous
determination of the hBN-tBLG twist angle.
Although no detailed theory for these observa-
tions is available, the extreme sensitivity of the
detailed structure of the flat bands to model
parameters, combinedwith observations that
hBN substrates can produce energy gaps as
large as 30 meV in monolayer graphene (33),
point to the role of the substrate in tipping the
balance between competing many-body ground
states at n = 3 in favor of the QAH state. These
observations together suggest that hBN-aligned
samples constitute a different class of tBLG de-
vice with distinct phenomenology.
Figure 2, A and B, shows the temperature

dependence of major hysteresis loops in Rxx

and Rxy, respectively. As T increases, we ob-
serve both a departure from resistance quan-
tization and a suppression of hysteresis, with
the Hall effect showing linear behavior in field
by T =12 K. In our measurements, we observe
resistance offsets of ~1 kilohm from the ideal
quantized value, which vanish when resist-
ance is symmetrized or antisymmetrizedwith
respect to magnetic field (or, for B ≈ 0, with
respect to field training). For quantitative
analysis of the T-dependent data, we thus study
field-training symmetrized resistances, denoted
!Rxy and !Rxx . Figure 2C shows !Rxyð0Þ. Finite
hysteresis is observed up to temperatures of
8 K (Fig. 2C), which is consistent with the
Curie temperature TC ≈ 7.5 K determined from
an Arrott plot (fig. S12). !Rxy remains quan-
tized up to T ≈ 3 K, with the average value of
ð1:0010 T 0:0002Þ # h

e2 between 2 and 2.7 K.
To quantitatively assess the energy scales

associatedwith theQAH state, wemeasure the
activation energy at low temperature. Figure 2D
shows both the measured !Rxx and the devia-
tion from quantization of the Hall resistance,
d!Rxy ¼ h=e2 % !Rxy, on an Arrhenius plot. We

assume that the Hall conductivity sxy is ap-
proximately T-independent and the longi-
tudinal conductivity sxx e e%△=ð2TÞ, where D is
the energy cost of creating and separating
a particle-antiparticle excitation of the QAH
state. Under this assumption, inverting the
conductivity tensor gives dRxy e e%D=ðTÞ and
Rxx e e%D=ð2T Þ (29). We find the activation gaps
extracted from fitting d!Rxy and !Rxx to be D =
26 ± 4 K and D = 31 ± 12 K, respectively, with
the large uncertainty in the latter arising from
the absence of a single simply activated re-
gime (29). The activation energy is thus several
times larger thanTC, in contrast tomagnetically
doped topological insulator films, for which
activation gaps are typically between 2% and
10% of TC (5, 6, 29).
Ferromagnetic domains in tBLG interact

strongly with applied current (27). In our de-
vice, this allows deterministic electrical control
over domain polarization using exceptionally
small direct currents. Figure 3A shows Rxy

at 6.5 K and B = 0, measured using a small
alternating current excitation of ~100 pA, to
which we add a variable direct current bias.
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Fig. 1. Quantized anomalous Hall effect in twisted bilayer graphene at 1.6 K.
(A) Longitudinal resistance Rxx and Hall resistance Rxy as a function of carrier
density n at 150 mT. Rxy reaches h/e

2 and Rxx approaches zero near n = 3.
Data are corrected for mixing of Rxx and Rxy components by symmetrizing with
respect to magnetic field at B = ±150 mT (29). (B) Rxx and Rxy measured at
n = 2.37 × 1012 cm−2 as a function of magnetic field B. Data are corrected for

mixing using contact symmetrization (29). Sweep directions are indicated by arrows.
(C) Rxy as a function of B and n. Hysteresis loop areas are shaded for clarity.
The rear wall shows field-training symmetrized values of Rxy at B = 0. Rxy(0)
becomes nonzero when ferromagnetism appears, and it reaches a plateau of h/e2

near a density of n = 2.37 × 1012 cm−2. (D) Schematic band structure at full filling
of a moiré unit cell (n = 4) and n = 3. The net Chern number Cnet ≠ 0 at n = 3.
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Dynamical Stark shift in solids

Stark shift in solids
Application 1: 

Optical control of orbital magnetization 

Application 2: 

Inducing DC current by AC fields  

Sergey Pershoguba       University of New Hampshire       
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We find that the applied direct currents drive
switching in a manner analogous to that ob-
served in an appliedmagnetic field, producing
hysteretic switching between magnetization
states. Direct currents of a few nanoamperes
are sufficient to completely reverse the mag-
netization, which is then indefinitely stable
(29). Figure 3B shows deterministic writing
of a magnetic bit using current pulses, and
its nonvolatile readout using the large result-
ing change in the anomalous Hall resistance.
High-fidelity writing is accomplished with
20-nA current pulses, whereas readout re-
quires <100 pA of applied alternating current.
Assuming a uniform current density in

our micrometer-sized, two-atom-thick tBLG
device results in an estimated current den-
sity J < 103 A·cm−2. Although current-induced
switching at smaller direct current densities
of J ≈ 102 A·cm−2 has been realized in MnSi,
readout of the magnetization state in this ma-
terial has so far only been demonstrated using
neutron scattering (34). Comparedwith other
systems that allow in situ electrical readout,

such as GaMnAs (J = 3.4 × 105 A·cm−2) (35)
and Cr-(BiSb)2Te3 heterostructures (J = 8.9 ×
104 A·cm−2) (36), the applied current densities
are at least one order of magnitude smaller.
What is more relevant to device applications
is that the absolute magnitude of the current
required to switch the magnetization state of
the system (~10−9 A) in our device is, to our
knowledge, considerably smaller than that re-
ported in any other system.
Figure 3C shows the Hall resistance at T =

7 K, just below the onset of hysteresis, mea-
sured as a function of magnetic field and
current. At zeromagnetic field, opposite signs
of direct current stabilize opposite magnetic
polarizations. Furthermore, when a static field
is present, direct currents can stabilize con-
figurations disfavored by the applied field.
Current breaks time-reversal symmetry, but
mirror symmetry across the plane perpendic-
ular to the sample and parallel to the net cur-
rent flow precludes an injected charge from
favoring a particular out-of-plane polarization.
We propose (29) a simple mechanism for the

low-current switching that arises from the
interplay of edge-state physics and device
asymmetry. In a QAH state, an applied cur-
rent generates a chemical potential difference
between the chiral one-dimensional modes
located on opposite sample edges. Owing to
the opposite dispersion of a given edge state
in opposite magnetic states (which have oppo-
site C), the DC current I changes the energy of
the system by dE ∼ T 8p2

3
ℏ2

me3v3 LI
3 for a C = ±1

state, where ℏ is the reduced Planck’s constant,
m and v are the edge-state effective mass and
velocity, e is the elementary charge, and L is
the length of the edge state. When the edges
have different lengths or velocities, the current
favors one of the two domains, with the sign
and magnitude of the effect dictated by the
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Fig. 2. Temperature dependence of the quantum anomalous Hall effect. (A) Rxy and (B) Rxx as a function
of B measured at various temperatures for n = 2.37 × 1012 cm−2. Rxx and Rxy mixing was corrected using
contact symmetrization (29). (C) Temperature dependence of the field-training symmetrized resistance !Rxy at
B = 0, as described in the main text. The Curie temperature was determined to be TC ≈ 7.5 ± 0.5 K using an
Arrott plot analysis (fig. S12). Inset shows detailed low-temperature dependence of the deviation of !Rxy from the
quantized value at B = 0. Error bars are the standard error derived from 11 consecutive measurements. !Rxy
saturates below ≈3 K to a value of ð1:0010 T 0:0002Þ # h

e2, determined by averaging the points between 2 and

2.7 K. (D) Arrhenius plots of field-training symmetrized resistances !Rxx and d!Rxy ¼ h=e2 % !Rxy at B = 0.
Dotted lines denote representative activation fits. Systematic treatment of uncertainty arising from the absence
of a single activated regime gives D = 31 ± 12 K and 26 ± 4 K for !Rxx and d!Rxy, respectively (29).
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Fig. 3. Current-controlled magnetic switching.
(A) Rxy as a function of applied direct current,
showing hysteresis as a function of direct current
analogous to response to an applied magnetic field
at 6.5 K. Insets show schematic illustrations of
current-controlled orbital magnetism. (B) Nonvolatile
electrical writing and reading of a magnetic bit at
T = 6.5 K and B = 0. A succession of 20-nA current
pulses of alternating signs controllably reverses the
magnetization, which is read out using the Hall
resistance. The magnetization state of the bit is stable
for at least 103 s (29). (C) Rxy as a function of both
direct current bias and magnetic field at 7 K. Opposite
directions of direct current preferentially stabilize
opposite magnetization states of the bit. Measure-
ments presented in Fig. 3 are neither field nor Onsager
symmetrized, which is why there is an offset in Rxy.
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Tc = 7.5 ± 0.5 K

Orbital Chern insulators in twisted graphene 

Serlin et al., Science 367, 900 (2020)  
UCSB, also Stanford, Cornell, Barcelona

Anomalous quantum Hall effect  
= Topological Memory 

= Orbital Ferromagnetism

The energy shift of a Chern insulator  
depends on the helicity h of light  
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Berry curvature

Bare and renormalized energy dispersion 

Stirred optical lattice 
filled with bosons 
Jotzu, …, Esslinger, 
Nature 515, 237 (2014)
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