
Optical control of orbital magnetizationVictor Yakovenko

Optical control of topological memory in 
Chern insulators realized in moiré multilayers 

Victor Yakovenko  and Sergey Pershoguba1 2

• Energy shift in atoms and solids in an oscillating electric field: 
the dynamical Stark shift 

• Application to transition-metal dichalcogenides 

• Optical control of the sign of magnetization in a Chern insulator 
by circularly polarized light, PRB 105, 064423 (2022) Erratum 
PRB 108, 059904(E) (2023) 

• Optical control of the order parameters in other materials

Joint Quantum Institute, Department of Physics, University of Maryland 
Department of Physics, University of New Hampshire

1
2

1



Optical control of orbital magnetizationVictor Yakovenko

ε3

ε1

ε2

Energy levels of an atom

In a crystal, Bloch wavefunctions  have energies , denote ψn,k = eikr un,k(r) εn(k) εnm(k) = εn(k) − εm(k)

Shift of the energy bands in an oscillating electric field (Pershoguba-Yakovenko 2022):
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Dynamical Stark shift in atoms and solids
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An oscillating electric field ,E(t) =
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and the Stark shift of the n-th energy level to the 2nd order
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Symmetric and antisymmetric, 
time-reversal even and odd terms

ε̃n(k) = εn(k)+ε(2)
n (k)

bare second-order 
correction

Renormalized energy:

ε(2)
n (k) = ε(s)

n (k)+ε(a)
n (k)

Energy shift splits in two terms

symmetric antisymmetric

3

Re [E*α (ω)Eβ(ω)] = Re [E*β (ω)Eα(ω)]
Im [E*α (ω)Eβ(ω)] =

1
2

ϵαβγhγ

symmetric                         even                   

antisymmetric                    odd

Permutation of indices Time reversal

The helicity  of the incident light 
represents its angular momentum

h
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The symmetric energy shift

4

Newton’s law for the electrons  

The momentum  oscillates around its average value   

d k̃(t)
dt

=
e
ℏ

E(t)

k̃(t) = k + δk(t) k = ⟨k̃(t)⟩t

Expanding in small  and averaging over time   δk ∼ eE(ω)/ω
⟨εn[k + δk(t)]⟩t ≈ ⟨εn(k) + δkα(t)

∂εn(k)
∂kα

+
1
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t

= εn(k) + e2Re[E*α (ω)Eβ(ω)]
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4(ℏω)2
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Oscillating electric field leads to 
flattening of energy spectrum.  

Flatness controls emergence of strongly-
correlated phases in moire’ materials. 
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The bare  and renormalized  
energy dispersions for a two-band model

ε(kx) ε̃(kx) The full symmetric term for a two-band model   
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Ωz(k)

The antisymmetric energy shift in the presence                        
of circularly polarized light     

Antisymmetric energy shift for 2-band model 
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ε2
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Circularly polarized light causes the 
momentum  to move 
on a circular orbit with 

k̃(t) = k + δk(t)
|δk | = eE/ℏω

The Berry phase accumulation over 
one loop per time period 

 

results in the energy shift 
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Total energy shift due to helicity h of light 
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1
2
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 requires (spontaneous) time-reversal 
symmetry breaking by orbital (ferro)magnetism
ℳ(ω) ≠ 0

Area  𝒜
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Energy shift in transition-metal dichalcogenides

6

Our prediction for free electrons 

 

Both intra and interband terms

Δεc,v = ± 1
ω2

|evEσ(ω) |2

2Δ − sσℏω

Energy shifts near the massive Dirac 
points K and K’ ( ), induced 
by circularly polarized light ( ) 
of a subgap frequency .

s = ± 1
σ = ± 1

ω < 2Δ

The MIT experiment for excitons in WS2

 

Only interband, but no intraband terms

Δεexc = 2 ( ℏ
2Δ )

2 |evEσ(ω) |2

2Δ − sσℏω

polarized along the xy plane of the monolayer
sample (z = 0), which can also be expressed as

EðtÞ ¼ 1
2
E0½ðx̂ − iŷÞexpð−iwtÞþðx̂ þ iŷÞexpðiwtÞ&

ð2Þ

where the field is decomposed into two terms ac-
cording to their time-evolution factors exp(±iwt).
The interaction Hamiltonian can then be ex-
pressed as

Hab ¼ hbjeE⋅rjai ¼
1
2
eE0hbj½ðx− iyÞexpð−iwtÞ þ

ðxþ iyÞexpð−iwtÞ&jai ð3Þ

where the first term, (x – iy) exp(–iw t ), in-
duces a transition with Dm = –1 (corotating
field), and the second term, (x + iy)exp(iwt),
induces a transition with Dm = +1 (counter-
rotating field). Owing to the unique valley se-
lection rules in monolayer WS2, these two terms
are thus coupled exclusively to the K (Dm = –1)
and K ′ (Dm = +1) valleys, respectively (Fig. 3,
C and D), with their valley-specific interac-
tions expressed as

HabðKÞ ¼ expð−iwtÞ mKE0

2

HabðK 0Þ ¼ expðiwtÞ mK 0 E0

2
ð4Þ

Here, mK and mK 0 are the dipolematrix elements at
the K and K ′ valley, respectively, and they have
equalmagnitudes m ¼ jmK j ¼ jmK 0 j. However, they
are associated with opposite time-evolution fac-
tors, which leads to a more general theory of
valley selection rules in monolayer TMDs. Under
the resonant absorption condition (ħw ¼ E0), the
left-circularly polarized light couples only to the
K-valley. By contrast, under the off-resonance
condition (ħw < E0), the coupling to theK ′-valley
can become appreciable through the time-reversed
process, giving rise to a noticeable energy shift.
The induced energy shifts at the respective val-
leys can be evaluated by the time-dependent per-
turbation theory as

DEK ¼ m2E2
0

2
1

E0 − ħw

DEK 0 ¼ m2E2
0

2
1

E0 þ ħw
ð5Þ

The two energy shifts have different energy de-
pendence, from which we can readily identify
DEK to be the optical Stark shift and DEK 0 the
Bloch-Siegert shift. When plotted as a function of
their respective energy denominators (E0 − ħw or
E0 þ ħw), both shifts exhibit an identical slope.
The prediction of common slope and opposite
valley indices agrees well with our experimental
observation (Fig. 3, A and B). From our data, we
can deduce the dipole matrix elements to be m =
55 debye, in excellent agreement with previous
measurements (23). In addition, the ratio be-
tween DEK 0 and DEK is predicted to be ðE0 − ħwÞ=
ðE0 þ ħwÞ, the same as DEBS=DEOS for a generic
two-level system. By plotting the average shift
ratio measured for each pump photon energy, we
find good agreement between our experiment
and theory (Fig. 3B, inset).
The physics of this valley-exclusive energy

shift can be illustrated in the energy diagrams
shown in Fig. 3, C and D. The corotating field
generates a Floquet state ħw above the ground
state in both valleys, with energy separation
E0 − ħw from the excited state. Because of the
matching condition of angular momentum, re-
pulsion between the Floquet state and the ex-
cited state only occurs at the K valley, giving rise
to the ordinary optical Stark shift (Fig. 3C). On
the other hand, the counterrotating field gen-
erates a Floquet state ħw below the ground state,
with energy separation E0 þ ħw from the excited
state (Fig. 3D). The matching condition of an-
gular momentum forbids the level repulsion at
the K valley but allows it at the K ′ valley. This
gives rise to the Bloch-Siegert shift at the oppo-
site (K ′) valley. In other words, the left-circularly
polarized light can be understood as stimulat-
ing the s– absorption (Dm = –1) and s– emission
(Dm = +1) processes at the K and K ′ valleys,
respectively. This makes it possible for the cir-
cularly polarized light with a given helicity to
couple to both valleys in a distinct manner, thus
enriching the valley selection rules.
The Bloch-Siegert shift we observed exhibits

valley selection rules opposite from those of the

Sie et al., Science 355, 1066–1069 (2017) 10 March 2017 3 of 4

Fig. 3. Fluence and detuning dependences of the Bloch-Siegert shift. (A) Energy shifts at the K
and K′ valleys (solid and open symbols) as a function of fluence F=ðE0 − ħwÞ. The data are extracted
from the Da spectra in Fig. 2 and fig. S1.The K-valley shift exhibits a rigorous linear dependence (solid
blue line), but the K′-valley shift spreads out (red region). (B) Energy shift at K′ valley as in (A), but
plotted as a function of fluence F=ðE0 þ ħwÞ. The linear dependence becomes obvious. The inset at
upper left shows the predicted ratio DEBS=DEOS (blue line) when the detuning energy ðE0 − ħwÞ
increases from zero to the resonant energy (E0 = 2 eV for monolayer WS2). The open circles are our
averaged experimental data obtained from Fig. 2 and fig. S1. (C) Energy diagram before and after
optical pumping for the optical Stark shift, which occurs only at the K valley. (D) Energy diagram for
the Bloch-Siegert shift, which occurs only at the K′ valley.
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The band edge shift can be measured by tuning the Fermi energy  by an electrostatic gate.εF
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Anomalous quantum Hall effect  
= Topological Memory 

= Orbital Ferromagnetism

7

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.

Serlin et al., Science 367, 900–903 (2020) 21 February 2020 2 of 4

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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Chern insulator in twisted bilayer graphene on BN

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

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.

Serlin et al., Science 367, 900–903 (2020) 21 February 2020 2 of 4

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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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.

Serlin et al., Science 367, 900–903 (2020) 21 February 2020 2 of 4

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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Spontaneous valley imbalance at v=3 produces Chern number C=+1 or -1

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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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
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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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Optical control of orbital magnetizationVictor Yakovenko

Optical control of orbital magnetism in Chern insulators
Circularly polarized light 
incident on Moire superlattice 

Spontaneous valley polarization 
induced by electron interactions 

Graphene “Chernburgers”,  
Song et al., PNAS 112, 35 (2015) 

Quantum Hall conductivity σH = −
e2

ℏ ∫
d2k

(2π)2
Ωn(k)

8

Optical writing of 
topological domains

For a Chern insulator with two bands, occupied n and empty m:

Energy shift where light helicity h couples to “optical magnetization”   ℳ(ω)

U(a) = −
1
4

h ⋅ ℳ(ω), ℳ(ω) = 𝒜e2 ∫
d2k

(2π)2

ε2
mn(k)

ε2
mn(k) − (ℏω)2

Ωn(k)
ℏω

Orbital magnetization , Energy M = −
e

2ℏ ∫
d2k

(2π)2
[εm(k) + εn(k) − 2εF] Ωn(k) U = − B ⋅ M

The coupling to the helicity h is linear in M and dominates 
over the Landau energy  near Tc U ∼ (T − Tc) M2 + M4
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Chern insulator in other materials
AB-stacked MoTe2/WSe2 bilayers, experiment 
Tingxin Li, …, Kin Fai Mak, Nature 600, 641 (2021)

• Currents due to three charge-density/bond-density 
waves with relative phases: a Chern insulator? 

• Some experimental evidence for time-reversal 
symmetry breaking at T*~80 K, but controversial

642 | Nature | Vol 600 | 23/30 December 2021

Article

We perform magneto-transport measurements on dual-gated Hall 
bar devices of AB-stacked MoTe2 /WSe2 heterobilayers down to 300 mK 
(Methods). Figure 1c, d shows, respectively, the longitudinal resistance 
(Rxx) and the Hall resistance (Rxy) of device 1 in the zero magnetic field 
limit as a function of top gate voltage (Vtg) and bottom gate voltage 
(Vbg) at 300 mK. The two gate voltages independently tune the filling 
factor (ν) and the vertical electric field (E ≡ ( − ),

V

d

V

d
1
2

bg

bg

tg

tg
 with dtg and dbg 

denoting the thickness of the top and bottom gate dielectrics, respec-
tively). Extended Data Figure 2 shows the resistances as a function of 
ν and E. At small E, we observe two prominent resistance peaks at ν = 1 
and ν = 2, corresponding to the Mott and the single-particle moiré band 
insulating states, respectively. As E increases, Rxx of both states drops 
by orders of magnitude. These behaviours are similar to that observed 
in the AA-stacked devices11. However, there is a peculiar region at large 
electric fields at ν = 1 (marked by the dashed circle), in which Rxx is down 
to 1 kΩ or less. This region is absent in the AA-stacked devices. Con-
comitantly, the region exhibits large Hall resistance close to 26 kΩ 
(Fig. 1d). This signals the emergence of a new state with broken time-
reversal symmetry.

Quantum anomalous Hall effect at ν = 1
We characterize the state in depth in Fig. 2 by choosing one point from 
the region in Fig. 1c with minimum Rxx (additional data at other points 
can be found in Extended Data Figs. 4 and 5). Figure 2a, b shows Rxy and 
Rxx, respectively, as a function of out-of-plane magnetic field at a tem-
perature ranging from 300 mK to 8 K. At low temperatures, we observe 
sharp magnetic hysteresis with coercive field around 10 mT. At zero 
magnetic field, the Hall resistance (Rxy ≈ 26 kΩ) is nearly quantized at 
h/e2 and the longitudinal resistance (Rxx ≈ 1.3 kΩ) is substantially smaller 

(h/e2 ≈ 25.8 kΩ is the resistance quantum). As temperature increases, we 
observe both a suppression of hysteresis and a departure from resist-
ance quantization in Rxy. This is accompanied by a rapid increase in Rxx, 
which also exhibits negative magnetoresistance. By 8 K the hysteresis 
vanishes; Rxy depends linearly on magnetic field and Rxx becomes nearly 
field independent. We summarize the temperature dependence of 
the zero-field magnitude of Rxy and Rxx in Fig. 2c to better identify the 
phase transition. In particular, the Hall resistance remains quantized 
up to about 2.5 K, and it stays finite up to 5–6 K (the Curie temperature 
for magnetic ordering).

These observations are distinctive experimental signatures of the 
QAH effect28–31. The slight imperfection (in both Rxy quantization and 
residual Rxx) arises presumably from remnant dissipation in the bulk and 
spatial inhomogeneity of the sample that leads to spatially non-uniform 
gate voltages required to induce the QAH state. Such inhomogeneity 
can give rise to QAH and non-QAH puddles and percolation transport 
to destroy perfect Hall quantization. The transition temperatures in 
AB-stacked MoTe2 /WSe2 for both resistance quantization and magnetic 
ordering are comparable to that in twisted bilayer graphene17. The QAH 
effect here is robust and reproducible. We have studied a total of five 
devices. All show similar behaviours: three devices exhibit the QAH 
effect at ν = 1 (Extended Data Fig. 3); the remainder of the devices show 
quantized Hall resistance under a moderate magnetic field of about 
1 T, which is probably due to higher levels of sample inhomogeneity.

The electrical transport of the QAH insulator is dominated by chiral 
edge states31. It possesses non-trivial band topology with a total Chern 
number of occupied bands, c| | = 1, inferred from the quantized Hall 
resistance (R =xy c

h

e

1
| | 2 ). This is further verified by studying the disper-

sion of the state in doping density and magnetic field and invoking the 
Streda formula, which relates the Hall resistance to the derivative of 
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Figure 1 | AB-stacked MoTe2/WSe2 heterobilayer. a, Top, triangular moiré 
superlattice with high-symmetry stacking sites MM, MX and XX (M = Mo or W; 
X = Se or Te). The interlayer distance increases from the white to the blue 
region. MM and XX form a honeycomb structure (dashed line). Bottom, orange 
and yellow balls denote X atoms; green and blue balls denote M atoms;  
dashed lines show vertical atomic alignment. b, Schematic illustration of 
electric-field-induced topological phase transitions. Topological moiré bands 
with valley contrasting Chern numbers (c = ± 1) emerge after band inversion.  
A band insulator–topological insulator transition is expected for the Fermi 

level (dashed line) in the gap (ν = 2). A Mott–QAH insulator transition is also 
possible for half filling of the first moiré band (ν = 1) in the strong correlation 
limit. c, d, Longitudinal (c) and Hall (d) resistance at 300 mK as a function of top 
and bottom gate voltages. Rxx is measured under zero magnetic field; Rxy is the 
antisymmetrized result under an out-of-plane magnetic field of ±0.1 T. The two 
gate voltages vary the filling factor (ν) and electric field (E) independently 
along the white arrow directions. The dashed circles mark the region of a QAH 
insulator. The black regions are very insulating and experimentally 
inaccessible.
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doping density with respect to magnetic field32. Figure 2d shows Rxx as 
a function of density ν (in units of nM) and magnetic field B at 300 mK. 
We identify the QAH state by the resistance minimum growing out of 
B = 0 and ν = 1 (dashed line) and determine c n= = − 0.95 ± 0.05h

e
ν
B M

d
d  

from the slope of the dashed line. (A Landau fan with level degeneracy 
of 1 is also observed to emerge from ν = 1 above 3 T.) The result is fully 
consistent with the quantized Hall resistance.

Mott-to-QAH quantum phase transition
Next, we examine the transition from the topologically trivial Mott 
insulator to the topologically non-trivial QAH insulator at ν = 1. Figure 3a 
shows the electric-field dependence of Rxx under zero magnetic field 
for varying temperatures. No hysteresis is observed down to 300 mK 
(Extended Data Fig. 4). We identify three distinctive regions for E.  
The temperature dependence of Rxx for one representative electric 
field from each region is shown in Fig. 3b. For small E (shaded in orange 
in Fig. 3a), we observe large Rxx which diverges rapidly as temperature 
decreases. This is the Mott insulating state, in agreement with a pre-
vious study11. At large E (shaded in pink Fig. 3a), resistance drops to 
about 10 kΩ at the highest E available in this study; it weakly depends 
on temperature and is finite in the zero-temperature limit. This cor-
responds to a metallic behaviour; further investigations are required 
to understand the nature of this metallic state. In the middle region 
(shaded in blue Fig. 3a), Rxx exhibits an insulating behaviour above 
approximately 5 K, below which it drops rapidly as the QAH insulator is 
stabilized and transport is dominated by the chiral edge states. These 
results show that the Mott-to-QAH insulator transition precedes the 
insulator-to-metal transition.

We determine the charge gap energy of different phases by perform-
ing electronic compressibility measurements33 (Methods), which can 
assess the bulk charge gap across the topological phase transition 
without the influence of the chiral edge states. Figure 3d shows the 
gate voltage dependence of the differential capacitance, C, between 

the top gate electrode and the sample at 300 mK and zero magnetic 
field (device 6). The capacitance is normalized by the geometrical 
capacitance, Cg, defined by the sample–gate distance and the dielec-
tric constant of the gate dielectrics. The capacitance map resembles 
that of Rxx (Fig. 1c for device 1), minus the signature of the QAH state 
because compressibility is not affected by edge transport. We observe 
that C/Cg ≈ 0 when the sample is charge neutral (not shown) and C/Cg ≈ 1 
when the sample is heavily doped and behaves like a metallic plate34. 
The dips in C/Cg at finite filling factors correspond to incompressible/
insulating states. The charge gap can be evaluated by integrating the 
dip area34. The charge gap at ν = 1 is shown in Fig. 3c (blue squares).  
It decreases monotonically as E increases.

We identify the QAH region (shaded in blue in Fig. 3a and 3c) by 
its characteristic dispersion in doping density and magnetic field 
as in Fig. 2d (Methods and Extended Data Fig. 7; the Hall resistance 
measurement is not compatible with this device). The electric-field 
span for the QAH state (approximately 10 mV nm–1) is similar to that 
in other devices. Within our experimental resolution, we do not 
observe any bulk charge gap closure across the Mott-to-QAH insula-
tor transition (see Extended Data Fig. 7e for further evidence). This 
is further supported by the charge gap from an activation fit of the 
temperature dependence of the resistance of device 1 (orange circles 
in Fig. 3c) (see Extended Data Fig. 6 for analysis). The charge gaps 
from two different devices are also largely consistent after aligning 
the critical field for either the Mott-to-QAH or the QAH-to-metal 
boundary.

Band inversion at ν = 2
Next, we propose a mechanism for the observed QAH state in AB- 
stacked MoTe2 /WSe2 heterobilayers. We characterize the moiré 
bands and the associated wave functions by density functional theory 
calculations (Methods and Extended Data Figs. 8 and 9). The wave 
functions of the first and second dispersive moiré valence bands 
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Figure 2 | Quantized anomalous Hall effect at νν == 11. a, b, Magnetic-field 
dependence of Rxy (a) and Rxx (b) of the QAH insulator at varying temperatures. 
Quantized Hall resistance (R ≈xy

h

e 2 ) and small longitudinal resistance 
≪R R( )xx xy , accompanied by a negative magnetoresistance, are observed at the 

three lowest temperatures. There is also a clear magnetic hysteresis with a 
sharp magnetic switching near ±10 mT. c, Temperature dependence of the 

zero-magnetic-field values of Rxy and Rxx. The onset of magnetic ordering is at 
approximately 5–6 K and quantization of Rxy happens below approximately 
2.5 K. The dependences of Rxy and Rxx are perfectly correlated. d, Rxx as a 
function of magnetic field and filling factor at 300 mK. The filling of the Rxx 
minimum (dashed line) disperses with magnetic field with a slope 
corresponding to Chern number -1.

Kagome metals AV3Sb5 (A=K,Rb,Cs), theory 
Denner, Thomale, Neupert, PRL 127, 217601 (2021)

the kagome structure consists of three sublattices that arise
from placing atoms on Wyckoff position 3g with site-
symmetry group D2h. The symmetry representations of
Bloch states depend on the irreducible representation of the
orbitals placed on these Wyckoff positions, as described by
the topological quantum chemistry framework [18]. Two
sets of orbitals contribute: First, a linear combination of the
dxy, dx2−y2 , dz2 orbitals forms a Wannier state in the Ag

irreducible representation of D2h. We focus on the dxy
orbitals as their representative [see Fig. 1(a)]. They induce
the well-known kagome band structure with a p-type
van Hove singularity [19] at the M point [blue bands in
Fig. 1(b)]. Second, the dxz=yz orbitals in theB2g;3g irreducible
representations of D2h, indicated as two red tones in
Fig. 1(a), form a set of bands with opposite mirror
eigenvalues along the Γ-M line. These bands give rise to
a mirror-symmetry-protected Dirac cone on the Γ-M line
and additional p- as well as m-type van Hove singularities
[red bands in Fig. 1(b)]. Crossings between the dxy and the
dxz=yz bands are also protected by mirror symmetry.

P-type bands discussed above are subject to the sub-
lattice interference [15]: at eachM point, the Bloch states at
van Hove filling have support on only one of the three
sublattices [see Fig. 1(c)]. This effect is not an artifact of a
simplified effective model, but is also seen in the first
principles calculation to very high accuracy (corrected only
by a small admixture from p orbtials of the other sub-
lattices). It has a crucial influence on the character of Fermi
instabilities [13,15,20].
In order to unravel the origin of the observed Fermi

surface instability, we focus on nesting effects which are
most apparent in the dxy bands [see the nesting wave
vectors Qj, j ¼ 1, 2, 3, indicated in Fig. 1(c)]. We therefore
focus on the dxy orbitals exclusively in the following,
while keeping in mind that dxz=yz bands share their
important features—van Hove singularity and sublattice
interference—and can thus be expected to support the
ordering tendencies arising from the dxy bands (see Sec. I
in Ref. [21]).
The tight-binding description of the dxy orbital band

structure is H0 ¼
P

k;α;β c
†
k;αHk;α;βck;β, where c

†
k;α creates a

Bloch electron with momentum k in and support on
sublattice α ¼ 1, 2, 3. The Bloch Hamiltonian matrix
reads

Hk ¼ −2t

0

B@
μ cos ðka3Þ cos ðka2Þ

cos ðka3Þ μ cos ðka1Þ
cos ðka2Þ cos ðka1Þ μ

1

CA; ð1Þ

where we use the lattice vectors connecting sublattices as
a1;3 ¼ ð1=4;∓ ffiffiffi

3
p

=4ÞT, a2 ¼ ð1=2; 0ÞT, t ¼ 0.3 eV as the
overall hopping strength and μ as the chemical potential.
The corresponding band structure presented in Fig. 1(b)
shows an enhancement of the density of states around the
three M points at the van Hove filling n ¼ 5=12.
Charge density wave instability.—The emergence of the

charge density wave in AV3Sb5 has been experimentally
observed to break the translational symmetry of the kagome
lattice to a 2 × 2 unit cell [4,6,8–12], thereby necessitating
an instability with Q ≠ 0, specifically Q1;3 ¼ ðπ;∓ ffiffiffi

3
p

πÞT,
Q2 ¼ ð2π; 0ÞT [see Fig. 1(c)]. Experimental evidence in
AV3Sb5 is indicative of an electronically driven charge
order [5,22]. This is why we consider a mean-field treat-
ment of the kagome Hubbard model, realized by the
Hamiltonian

H ¼ H0 þHint

¼ μ
X

r;σ

c†r;σcr;σ − t
X

hr;r0i;σ
ðc†r;σcr0;σ þ H:c:Þ

þ U
X

r

nr;↑nr;↓ þ V
X

hr;r0i;σ;σ0
nr;σnr0;σ0 ; ð2Þ

(a)

(b)

(c)

FIG. 1. Electronic features of AV3Sb5. (a) Kagome lattice with
basis of three sublattices, occupied by vanadium dxy (blue) and
dxz=yz (red) orbitals. (b) Corresponding band structure induced by
dxy (blue) and dxz=yz (red) orbitals and corresponding nature of
van Hove singularities. Higher-lying bands of dxz=yz are not
displayed for simplicity. (c) Schematic of Fermi surfaces in the
hexagonal Brillouin zone. The V dxy Fermi surface, which is
nested by the ordering wave vectorsQj, j ¼ 1, 2, 3, has weight on
distinct sublattices at each M point, giving rise to the sublattice
interference mechanism. Dirac cones slightly above the Fermi
energy are indicated in red according to their orbital origin.
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The emergence of a complex charge bond order induces orbital currents on the kagome lattice, displayed in Fig. 3(b) of
our Letter. This current pattern shows certain lattice sites having either only currents flowing in or only currents flowing out
of them. This would correspond to a violation of current conservation, which requires all ingoing and outgoing currents to
vanish at a given lattice site. The currents in Fig. 3(b) of our Letter were calculated as jr;r0 ∝ ℑðhψGSjc†rcr0 jψGSiÞ, with r, r0
being nearest-neighbor sites, ψGS the single Slater determinant ground state wave function, and c†r (cr) the respective
creation (annihilation) operator. The violation of current conservation originates in the fact that the above formula is valid
only for homogeneous hopping strengths. In the case of a bond order modulating hopping integrals in their magnitude, one
has to consider the continuity equation for the mean-field Hamiltonian HMF

∂
∂t hψGSjρrjψGSi ¼ ihψGSj½HMF

r ; c†rcr%jψGSi

¼ −i
X

r0
ðhψGSjc†rcr0 jψGSiHMF

r;r0 −HMF
r0;rhψGSjc†r0crjψGSiÞ

¼ 2ℑ
!X

r0
hψGSjc†rcr0 jψGSiHMF

r;r0

"
ð1Þ

which allows us to obtain the current between lattice sites as

jr;r0 ¼ 2ℑðhψGSjc†rcr0 jψGSiHMF
r;r0Þ: ð2Þ

Using (2), we obtain the new panel (b) in Fig. 3. Additionally, we now use the bond correlation in a gauge invariant form,
presented by jhψGSjc†rcr0 jψGSij, with r, r0 being nearest-neighbor sites and ψGS the single Slater determinant ground state
wave function. The change in Fig. 3(b) does not alter or invalidate the results or statements presented in our Letter.

(a) (b) (c)

FIG. 3. Ginzburg Landau free energy and resulting current pattern. (a) The second order coefficient α1 as a function of temperature T
signals the second order phase transition of the emerging charge bond order by a sign change at kBTCDW ≈ 1.011 eV, whereas the
coefficient α2 is purely positive, requiring an imaginary order parameter Δj, breaking time-reversal symmetry (V ¼ 1 eV,
μ ¼ −35 meV). (b) The bond correlation pattern jhψGSjc†rcr0 jψGSij in this setting (Δj ¼ 0.1i) shows a star of David arrangement
of strong and weak bonds, equipped with a nonzero current. The current is varying in size on the lattice, highlighted by the thickness and
direction of arrows (thin small, thick large current). Additionally, the order parameter modulates the on-site occupation within and
between the hexagons. (c) The resulting band structure in the reduced Brillouin zone shows a gap opening around theM points, reducing
the density of states (DOS) at the Fermi level (Δj ¼ 0.1i).
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Magnetization switching by strong optical pulses
Zhang, … , Zhang (Berkeley), Nat Mat 21, 1373 (2022) 
All-optical switching of magnetization in atomically thin CrI3 
(odd-layered 2D Ising ferromagnet, optical pulses)
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magnetization switching behaviours indicate that the magneti-
zation switching is related to spin angular momentum transfer 
between excited carriers and localized magnetic moments. This 
all-optical approach of magnetization control offers the basis for 
future ultrafast all-optical magnetic memory and logic processing 
devices based on 2D magnets, as well as for future theoretical and 
experimental investigations of the microscopic mechanisms of the 
observed physical phenomenon.

We prepared trilayer (3 L) CrI3 flakes by mechanically exfoliating 
bulk CrI3 crystal onto 300 nm SiO2/Si substrates and encapsulating 
with hexagonal boron nitride (hBN) in a N2 glove box to prevent 
sample degradation. An optical microscopy image of two 3 L CrI3 
flakes used in this study is shown in Fig. 1b. We utilized reflec-
tance magneto-circular dichroism (RMCD) images (shown in Fig. 
2a–d) to measure the out-of-plane magnetization before and after 
the illumination of the circularly polarized laser pulses. A 633 nm 
He–Ne laser with ~1 μm beam spot and ~5 μW optical power was 
used for all RMCD measurements unless otherwise stated. To study 

the all-optical magnetization switching, a second ultrafast laser 
with ~100 fs pulse duration was used to excite the samples. RMCD 
images were recorded before and after the pulsed laser (either cir-
cularly or linearly polarized) swept through the entire or partial 
area of the sample to study the initial magnetization state and the 
magneto-optical response to the polarized laser pulses. All the mea-
surements were performed at 1.6 K unless otherwise stated.

A representative RMCD signal as a function of an applied 
out-of-plane magnetic field is shown in Fig. 1c. The red (blue) curve 
represents the RMCD signal when the magnetic field is swept from 
a positive (negative) to a negative (positive) direction. For the abso-
lute value of the applied magnetic field |μ0H| > 1.1 T, the magnetiza-
tion of all three layers of CrI3 align in the same direction (upward 
or downward depending on the field direction) as depicted in the 
magnetization configuration schematics (magnetic states 1 and 3). 
When the magnetic field is withdrawn to zero, due to the inter-
layer antiferromagnetic coupling1, the 3 L CrI3 possesses a non-zero 
remnant magnetization, which is solely determined by the spins 

µ0H (T)

µ
0
H (T)

Fig. 1 | All-optical magnetization switching in atomically thin magnetic crystal of CrI3 and sample characterization. a, Schematic representation of 
the all-optical magnetization switching in three-atomic-layer-thin CrI3 (a layered antiferromagnetic semiconductor) with circularly polarized pulsed 
irradiations with different photon energies. The left panel shows the spin configuration of 3!L CrI3 magnetized in the upward direction without an applied 
magnetic field. The middle (right) panel shows the circularly polarized pulsed laser illumination with excitation energy between 1.7 and 2.1!eV (above 
2.1!eV) that is used to switch the magnetization from the up to the down state. The switching of the magnetization from the up to the down state was 
achieved by using light with different circular polarizations for laser energies between 1.7 and 2.1!eV and above 2.1!eV. b, Microscope image of two 3!L CrI3 
flakes. c, RMCD as a function of applied magnetic field on the top 3!L CrI3 flake, red (blue) data points denote the RMCD value while the magnetic field is 
sweeping to the negative (positive) direction. Magnetic states (1–4) at different applied fields are shown as schematic diagrams in the insets. Red (blue) 
colour in the magnetization state schematic diagrams represents that the entire CrI3 layer is magnetized in the upward (downward) direction. In the 
experiment, the magnetic field is withdrawn from positive (negative) fields to magnetize the entire flake to state 2 (4), and a pulsed laser is applied at zero 
applied field to achieve the all-optical magnetization switching. The upper inset shows a zoomed in view of the curves in the black dashed box.
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switching is achieved using RCP light with photon energies above 
2.1 eV (Supplementary Fig. 5). We have studied both 3 L and 5 L 
CrI3 samples. All show similar magnetization switching behaviours. 
(Supplementary Figs. 6 and 7). To better understand the switching 
behaviour for exciting photons with different energies, we performed 
broadband white light absorption measurements on a CrI3 flake with 
the same thickness deposited on a sapphire substrate. The measured 
differential reflectance spectrum is proportional to the absorption 
spectrum24,28,29. Four prominent absorption features labelled as i, ii, 
iii and iv and centred around 1.7, 1.9, 2.4 and 2.6 eV are shown in  
Fig. 4a. The energies of features ii, iii and iv (but not i) are very simi-
lar to previously reported results24,25,30. This is due to the low quan-
tum yield efficiency of the detector used in this study at energies 
below 1.7 eV; it cannot detect the entire feature of the lowest energy 
transition. The transition energy for feature i is at around 1.5 eV, as 
shown in the previous studies24,25. The energy regions for different 
magnetization switching behaviours (Fig. 3) match very well with the 
observed absorption transitions. When the photon energy excites the 
Cr d–d transitions centred at 1.5 eV, the circularly polarized light can-
not flip the magnetization state in CrI3. When the incident photon 
pulses acquire an energy large enough to excite the ligand-to-metal 
transitions at around 1.9 eV and 2.3 eV, RCP and LCP light, respec-
tively, with sufficient power can trigger an up-to-down state magne-
tization switching. This indicates that the all-optical magnetization 
switching in CrI3 has a strong connection to the specific excited elec-
tronic transitions and to the angular momentum transfer between 
the excited carrier spins and the spins of the valence electrons, which 
predominantly contribute to the out-of-plane magnetization.

To better understand the underlying mechanism in all-optical 
control of magnetism in CrI3, we first review the IFE19,31 and 
MCD20,27 mechanisms, which mainly contribute to the previously 
observed all-optical helicity-dependent magnetization switching 
in ferrimagnetic and ferromagnetic thin films. In the IFE mecha-
nism, an alternating electric field in circularly polarized light leads 
to circular electron motion in a material, which will induce an effec-
tive magnetic field and affect the magnetization19,31. However, the 
direction of the induced magnetic field is solely dependent on the  
optical circular polarization regardless of the photon energy. Here in 
CrI3, it is clearly shown in Fig. 3a,b that opposite circular polarized 
photons with different energies (above and below 2.1 eV) have the 

same effect in changing the magnetic state, thus ruling out IFE as 
the dominant factor in magnetization switching in CrI3. The MCD 
mechanism proposes that the thermal energy provided by the first 
circularly polarized laser pulse will cause the temperature differ-
ence among regions with different magnetizations due to MCD. At 
the appropriate laser fluence, the temperature of the hotter regions 
is slightly higher than the Curie temperature Tc, while the cooler 
regions still have a temperature below Tc. After the first laser pulse, 
the temperature will relax back to below Tc and the hotter region 
will experience a paramagnetic to ferromagnetic phase transition 
and have an even distribution of magnetic domains with upward 
and downward magnetizations as a result. Thus, multiple light pulse 
exposures will result in a favourable magnetic state that absorbs less 
with regard to certain circularly polarized photons20. To evaluate the 
thermal contribution of the exciting laser pulses in CrI3 magnetiza-
tion switching, we performed the MCD measurements as a function 
of applied magnetic field with three different laser excitations: 1.58, 
1.96 and 2.33 eV. As shown in Fig. 4c,d, when the field is withdrawn 
to zero from the positive direction (red curve), the MCD (defined 
as (A– − A+)/(A– + A+), where A– (A+) is the absorption of σ– (σ+) 
polarized photons) is positive when exciting with 1.96 eV photons 
and negative when exciting with 2.33 eV photons. This shows that 
the σ– and σ+ circularly polarized absorption is dominant for 1.96 
and 2.33 eV photons, respectively, and is consistent with observed 
switching behaviours and a previous theoretical study25. The MCD 
at zero field is only a few (few tenths of a) percent when using 1.96 
(2.33) eV photons. This indicates that the absorption of two types 
of circularly polarized photons at the same energy is very similar. If 
the MCD mechanism is valid, one would expect that after reaching 
the magnetization switching fluence threshold, further increasing 
fluence would lead to a thermal demagnetization, since regions with 
both magnetizations would have a temperature higher than Tc after 
laser pulse exposure given that the absorption difference between 
different regions with opposite magnetizations for the same type of 
circularly polarized photons is merely ~1.5% for 1.96 eV (~0.15% 
for 2.33 eV) photons. However, as shown in Supplementary Fig. 2,  
a laser fluence of ten times the threshold at 2.03 eV leads to full 
magnetization switching instead of thermal demagnetization. This 
clearly excludes MCD from being the mechanism responsible for 
the observed optical control of magnetization in CrI3.
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Fig. 3 | Fluence-dependent magnetization switching phase diagram for circularly polarized exciting photons with different energies. a,b, Fluence 
threshold phase diagram of all-optical magnetization switching from the up to the down state in 3!L CrI3 using σ– (a) and σ+ (b) circularly polarized pulsed 
photons. Solid and partially filled triangles represent the magnetization of the flake being fully or partially switched, respectively, using the selected 
laser fluence at different excitation energies, while crosses represent no magnetization switching being achieved. Three energy regions with switching 
behaviours are shown: (1) For energies below 1.7!eV, magnetization cannot be switched by circularly polarized light; (2) for energies between 1.7 and 2.1!eV, 
up-to-down-state magnetization switching is achieved by excitation with σ– photons; and (3) for energies above 2.1!eV, magnetization is flipped from an up 
to a down state with σ+ photon excitation. This energy-dependent and polarization-dependent magnetization switching behaviour was not observed in the 
previously studied systems and strongly relates to the various excitonic transitions in semiconducting CrI3.
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The 2D ferromagnet flips 
magnetization in order to 
maximize absorption of 
circularly polarized light.

This behavior agrees with 
the principle of maximal 
entropy production, i.e. 
maximal dissipation, for 
systems driven far from 
equilibrium.
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Conclusions

• We derived the Stark energy shift for solids, where the wave 
functions are delocalized with the momentum .  The prediction 
can be experimentally verified for transition-metal dichalcogenides. 

• The new intraband contributions result in (i) flattening of energy 
spectrum (ii) coupling to the helicity of light. 

• Topological memory based on orbital magnetization in Chern 
insulators can be controlled by circularly polarized light.  

• Optical control also applies to order parameters in other materials. 

• Optical switching of magnetization in 2D ferromagnet CrI3 can be 
explained using the principle of maximal entropy production.

k(t)
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