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We discover an intrinsic dipole Hall effect in a variety of magnetic insulating
states at integer fillings of twisted MoTe, moiré superlattice, including topo-
logically trivial and nontrivial ferro-, antiferro-, and ferri-magnetic configura-
tions. The dipole Hall current, in linear response to in-plane electric field,
generates an in-plane orbital magnetization M along the field, through
which an AC field can drive magnetization oscillation up to THz range.

Upon the continuous topological phase transitions from trivial to quantum
anomalous Hall states in both ferromagnetic and antiferromagnetic config-
urations, the dipole Hall current and M, have an abrupt sign change, enabling
contact-free detection of the transitions through the magnetic stray field. In
configurations where the linear response is forbidden by symmetry, the dipole
Hall current and M, appear as a crossed nonlinear response to both in-plane
and out-of-plane electric fields. These magnetoelectric phenomena showcase
fascinating functionalities of insulators from the interplay between magnet-

ism, topology, and electrical polarization.

In magnetic insulators, in-depth exploration of magnon transport has
unveiled promising opportunities for low-power-consumption infor-
mation technologies'”. As the electrical counterpart of magnon, a
charge-neutral elementary excitation carrying electric dipole can also
transport energy, momentum, as well as electrical polarization in an
insulator®. Such a concept has caught limited attention until very
recently in the context of ferroelectrics where the dipole excitation
corresponds to certain phonon®™. Notably, flow of electric dipole in
directions perpendicular to its moment is detectable via the accom-
panied magnetic stray field’.

Rhombohedral (R) homobilayers of transition metal dichalco-
genides (TMDs) are a versatile platform that hosts ferroelectricity'®",
intrinsic magnetism?, and nontrivial topology”¢. With inversion
symmetry broken, the electron affinity difference between atoms leads
to an interlayer electrical polarization having opposite signs at the MX
and XM stacking configurations that are related by an interlayer sliding
(Fig. 12)'>"'72° Incommensurate and marginally twisted homobilayers,
switching of the polarization accompanied by sliding can be achieved

by a sizable out-of-plane electric field'>"**%, forming the basis of
ferroelectric functionalities.

Twisting the homobilayers by a modest angle results in a moiré
pattern where stacking registries alternate between MX and XM with
few nm periodicities (Fig. 1a). The stacking-dependent electrical
polarization then becomes an antiferroelectric background pinned by
the moiré, in which doped carriers experience a hexagonal superlattice
with two degenerate moiré orbitals at MX and XM regions polarized in
opposite layers respectively***. Berry phase from such layer texture of
carrier manifests as an emergent magnetic field of quantized flux per
moiré cell®?°, which underlies nontrivial topology of low-energy
minibands?. With the intrinsic ferromagnetism from Coulomb
exchange between moiré orbitals', this system has become an exciting
platform for exploring quantum anomalous Hall (QAH) effects, where
both integer and fractional QAH effects were observed in twisted
MoTe, (tMoTe,)" . Through the antiferroelectric nature of the carrier
wave function, both the magnetism and topology can be manipulated
by a modest perpendicular electric field (E,)">. At filling factor v=-1,
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Fig. 1| Schematic of the dipole Hall effect in twisted MoTe,. a Schematic of
twisted R-stack TMDs bilayer, featuring opposite out-of-plane electrical polariza-
tions at MX and XM stacking regions. b FM and AFM insulating states at fillingv=-1
and -2. Dashed circles denote the moiré orbitals of doped carriers, polarized in
opposite layers at MX and XM sites. The colored area signifies both the filling
fraction and spin. ¢, d Dipole Hall response to in-plane electric field E; for (c) QAH
and (d) trivial magnetic insulating state. The red dashed arrows denote the
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interlayer tunneling current due to annihilation of accumulated dipole on edges,
and the red solid arrows denote the layer counter flows corresponding to the bulk
dipole Hall current. Together, they form a current loop that generates the in-plane
magnetization in bulk. Upon the topological phase transition controlled by per-
pendicular field E ;, the dipole Hall current and associated orbital magnetization M
(blue arrows) have an abrupt sign change. e Equilibrium (black) and total (red)
magnetization in an AC field E(w).

i.e., one hole per moiré cell, experiment has reported a continuous
topological phase transition from ferromagnetic (FM) QAH to a trivial
FM, with the increase of E, '*. Hartree-Fock calculations further suggest
the existence of an antiferromagnetic (AFM) state at v=-2, featuring a
topological transition from trivial to an AFM QAH upon the increase
of El27—29‘

Here we discover an intrinsic dipole Hall effect generally present
in a variety of magnetic insulating states at integer filling factors in
twisted R stack TMDs homobilayers. In the insulating bulk, a pure flow
of interlayer dipole excitation of the doped carrier is generated due to
the dipole Berry curvature in superlattice minibands. Such quantum
geometric origin allows linear dipole current response to an in-plane
electric field E, rather than the usual field gradient. On top of the
equilibrium magnetization out-of-plane, the dipole Hall current cor-
responds to an in-plane orbital magnetization M, along E,. Through
this magnetoelectric response, an AC electrical field can thus drive
magnetization oscillations up to the terahertz range. Remarkably,
upon the continuous topological quantum phase transitions tuned by
E, in both the v=-1 FM and v=-2 AFM states, the dipole Hall con-
ductivity and the associated M; have an abrupt change, enabling
contact-free detection of the transitions through the magnetic stray
field. In the v=-1 ferro- and a v=-3 ferri-magnetic configurations
where this linear response is forbidden at E, = O by the C;,T symmetry,
the dipole Hall current and M, appear as a nonlinear response to both
E, and E;.

Results

Quantum geometric origin

For electrons in a coupled bilayer, the dipole current operator reads
Ja=$(¥,,0,). Here 0, is the Pauli matrix in the layer index subspace,

and represents the interlayer charge dipole p = ed,0,Z, where d, is the
interlayer distance. By the semiclassical theory, the dipole current
contributed by an electron is given by (see Supplementary Note 1):

2(K) =ja(k) + Y2, (K)E, 5, D

where n and k are the band index and the wave vector, respectively,
and summation over repeated Cartesian indices a, b is implied. The
first term on the right side is the expectation value ofja. The second
term is the anomalous dipole current induced by field, where

n 32 kv (k)
K)=2ehl - -9 7
a(k)=2e m,,fzﬂ,[esn(k)fs,f(k)]2

can be termed, in the same spirit of the spin Berry curvature®, as
dipole Berry curvature. Here ¢,(k) is the band energy, and the
numerator involves the interband matrix elements of interlayer-dipole
current and velocity operators.

Summing over k in the filled bands of the insulator
yields the total dipole current density. We find an intrinsic
dipole current in linear response to E;: jp=04.E;s Wwhere
0o = n JIAKIfo(K)Y5,(K), fo the equilibrium Fermi distribution,
and [dK] is shorthand for dk/(2m)>. For the off-diagonal compo-
nent of dipole conductivity g,, the threefold rotation symmetry
C3, forbids its symmetric part, thus o, =-0y,, and the transverse

)

transport is described by a Hall conductivity op = (ox - oyx>/2.
The dipole Hall current reads

Jo=0pE, %2, (€)]
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where the dipole Hall conductivity is given by
00=Y" [dkifotloTik), @)
n

with Y3 (K)=¢€,,Y%,(K)/2 being the antisymmetric part of the dipole
Berry curvature. Here € is the Levi--Civita symbol. As a time-reversal
odd pseudoscalar (zz component of a pseudotensor), dp, is allowed by
rotation and primed improper rotations (which are combinations of
time reversal with inversion, mirror, or roto-reflection).

Longitudinal orbital magnetoelectric response

The interlayer-dipole Hall current is also manifested as an in-plane
orbital magnetization parallel to E;, as shown by the schematics in
Fig. 1c and d. This is physically intuitive as a traveling charge dipole can
induce an orbital magnetic moment®.. To see this connection formally,
one notices that the in-plane orbital magnetic moment operator
m=1(pxVv—vxp) can be recast into m= %Oi xj, where j is the
aforementioned dipole current operator (details in Supplementary
Note 2). This form of the in-plane orbital magnetic moment operator
can also be obtained by rigorous quantum mechanical treatment of
magnetic field effect in the continuum model of coupled twisted
bilayers®**, as shown in Supplementary Note 2.

The equilibrium in-plane magnetization is prohibited by the C;,
symmetry. Thus, the in-plane orbital magnetization appears from the
first order of electric field My o= X4sE; 5. For the examples to be dis-
cussed, C5, symmetry renders Y = Xy, whereas M, T symmetry forbids
Xo» Xyxr leaving the magnetoelectric response a longitudinal form,

do
M, = 2

opE,. (5)

Namely, this longitudinal magnetoelectric response is equivalent
to the intrinsic dipole Hall effect (details in Supplementary Note 2).
Therefore, measuring the in-plane magnetization, by magneto-optical
means or via the magnetic stray field, allows a contact-free detection of
the dipole Hall effect. Moreover, an AC E; field will drive an oscillating
M, that adds on top of the equilibrium magnetization (Fig. 1le), such
that the net magnetization can process with a frequency upper bound
by the charge gap, reaching THz range for the examples below.

Before proceeding to specific behaviors of the proposed effects,
some comments are in order.

First, the orbital magnetization in linear response to E field in 2D
insulators is a boundary-independent bulk thermodynamic quantity.
Based on the in-plane orbital moment operator obtained by the
quantum mechanical treatment and perturbation calculations on its
response to in-plane electric field, we determine the in-plane intrinsic
orbital magnetoelectric response unambiguously (see Supplementary
Note 2). Consistently, one can also obtain this response coefficient by
using the Maxwell relation, which states that it also quantifies the linear
response of in-plane electric polarization to in-plane magnetic field.
We have performed direct perturbation calculation of the latter
response and get the expected same result (see Supplementary
Note 2), further corroborating our theory for the in-plane orbital
magnetoelectric response.

Second, the measurable longitudinal orbital magnetoelectric
susceptibility is found to be quantitatively equivalent to the bulk
dipole Hall conductivity in terms of the conventional dipole current
definition employed here, although there can be alternative definition
of dipole current operator in the presence of interlayer coupling
(similar to the case of defining spin current in the presence of spin-
orbit coupling®). On the one hand, it is reminded that our formulated
magnetoelectric response is unambiguous, independent of the defi-
nition of dipole Hall current. On the other hand, the quantitative
equivalence means that the in-plane magnetoelectric response renders
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Fig. 2 | Dipole Hall effect at v=-1in tMoTe,. a Charge (black circles) and dipole
(orange triangles) Hall conductivity as a function of E,. Twist angle 6 = 3. 9.

b-d Berry curvatures (upper panels) and quasiparticle band dispersions (lower
panels) along k path y; to y; (c.f. inset for moiré Brillouin zone). The band dispersion
is color-coded with the layer polarization: P, =1 (-1) for Bloch states fully polarized
on layer T(B). e Dipole Hall conductivity as a function of twist angle and E, where
the abrupt sign changes mark the topological phase boundaries.

away to measure the bulk dipole Hall conductivity of the conventional
dipole current.

Third, the interlayer tunneling plays a critical role in making
relevant an in-plane orbital magnetoelectricity in the context of a
double-layer 2D system. It is the interplay of the interlayer tunneling
and intralayer moiré potentials that underlies this magnetoelectric
response while setting either to zero will lead to a null response
(Supplementary Fig. 3).

Dipole Hall effect in the FM insulator at v= —1

We first demonstrate the dipole Hall conductivity at v=-1 for 3.9°
tMoTe,. Figure 2a shows the variation of Hall conductivities with
interlayer bias, from a Hartree-Fock mean-field calculation. The black-
circle (orange-triangle) curve represents the charge (dipole) Hall
conductivity. At small interlayer bias E, the FM is in a QAH state with
Chern number 1, while the dipole Hall conductivity vanishes at E; =0
due to the C,,T symmetry. A finite E, breaks the C,,T and switches on
the dipole Hall effect. The FM transits from QAH to a topologically
trivial state at a critical E;, upon which the dipole Hall conductivity
undergoes an abrupt change.

The simultaneous abrupt change in the charge and dipole Hall
conductivities is not a coincidence. The band geometric properties
arising from layer pseudospin textures underly both quantities, which
become noncontinuous at the band inversion induced by the inter-
layer bias. To see this, we introduce layer-projected Berry curvature Q.
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Fig. 3 | Dipole Hall effect in the AFMz insulating state at v=-2 in tMoTe,.
a-c Dipole Hall (orange triangles) and charge Hall conductivities (black circles) as
functions of interlayer bias for (a) spin-down, (b) spin-up, and (c) total

CcC 10
0.5 1
<
© 0.01
°
-0.5 1
-1.0 4 : i ,
-400 -200 0 200 400
1 (mV/nm)
d 40
[Fe-+ “ -4 o
3.51 <
s L 00 &
@ i c=0 i
3.0 ] -0.5
] op
25 ’ . .
-200 O 200
E; (mV/nm)

contributions, respectively. The twist angle 8= 3. 9. d Dipole Hall conductivity as a
function of twist angle () and interlayer bias.

(L=T, B) which satisfies Q1 +Qz=Q and Q;-Qg=Y} (see Supple-
mentary Note 1), where Q is the usual k-space Berry curvature.
Figure 2b and c show the Berry curvatures (upper panels) and band
dispersion (lower panels) before and after the topological phase
transition, respectively. Notably, at these positive interlayer biases, the
filled band predominantly occupies layer B, and Qg dominates over Qr
in magnitude. When E; crosses the transition point, band inversion
occurs in the vicinity of -k point, where the Berry curvatures all get
reversed. As a result, an abrupt change of op accompanies the change
of Chern number. The reversal of the associated in-plane orbital
magnetization (Fig. 1c and d) enables contact-free detection of this
topological transition.

The phase diagram for the dipole Hall conductivity as a function
of twist angle and bias is presented as Fig. 2e. One observes that as the
twist angle decreases, the critical bias for dipole-Hall jump decreases.
This is because as the twist angle decreases, the energy band also
narrows, and the critical bias decreases accordingly.

Dipole Hall effect in the AFM insulator at v= -2

Compared to the case of v=-1, the v=-2 AFMz state exhibits a dif-
ferent symmetry, where C,,T is replaced by G, (Fig. 1b). Therefore, a
pronounced dipole Hall effect is present at E;, =0 (Fig. 3c). As the
interlayer bias is increased, the dipole Hall conductivity undergoes a
sudden jump (Fig. 3¢) upon the topological transition to the AFMz
QAH state, reminiscent of the finding in the v=-1 FM configuration. We
separately examine the contributions from the spin-down and spin-up
channels to charge and dipole Hall conductivities, as shown in Fig. 3a
and b, respectively. As the bias increases in the positive (negative)
direction, the transition from trivial to QAH state occurs in the spin-
down (spin-up) channel, whose contribution to the dipole Hall con-
ductivity has a sudden sign change. The underlying picture is similar to
the case of v=-1, where the band inversion in a spin channel leads to
an abrupt change in both op and Chern number (Supplemen-
tary Fig. 2).

The dependence of dipole Hall conductivity on twist angle and
interlayer bias is shown in Fig. 3d. The topological phase diagram
is complementary to that of the v=-1 case, where critical E;
decreases with twisting angle”. With contributions from both spin up

and down carriers, op has larger magnitude here compared to the
v=-1 case. Near zero interlayer bias, we find a modest E;=10"V/m
can generate a sizable in-plane orbital magnetization M, ~ 0.01 of
Hg/nm?,

Crossed nonlinear dipole Hall effect

The study of nonlinear Hall effect is another recent focus of condensed
matter physics® . With op symmetry forbidden in the v= -1 state at
E, =0, its E; dependence in Fig. 2a implies a type of nonlinearity—
intrinsic nonlinear dipole Hall effect (Fig. 4a). We can define
A (k)=0Y((K)/OE, as the dipole Berry curvature polarizability with
respect to E,, which is also a band geometric quantity:

n_€h
A—zl

¥ {21'"”’ Xy (p" — p)
m#n (Sn - Sm)3

j[m x ymn 4 ytm ijn pnf
- ( ) )

o (gn—8&)(en — s,,,)2
(jfﬂ X ym 4 yin xj"’") pmé
+
t#m (gm - Si) (&n — Sm)z

and its flux through filled bands,

aE)= " 1M Fokoapa0. @

Substituting them into Eq. (3), we get a crossed nonlinear dipole
current response,
Jjp=a(O)E xE,. (8)

The concomitant nonlinear orbital magnetoelectric response is
given by

M, = %a(O)ELEH. ©
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Fig. 4 | Crossed nonlinear dipole Hall effect at v=-1and -3 in tMoTe,.

a Schematic of the nonlinear orbital magnetoelectric response to two AC electric
fields in-plane (E;) and out-of-plane (E,), in which d, is the interlayer spacing, a the
flux of dipole Berry curvature polarizability. b The flux of dipole Berry curvature
polarizability as a function of E; at v=-1. ¢ Distinct distributions of dipole Berry
curvature polarizability in the moiré Brillouin zone at three different E, in the QAH
phase. d Quasiparticle band dispersion of v=- 3 ferrimagnetic state, for which the

twist angle 8 =3.5". The blue-solid (red-dashed) lines represent spin-up (spin-down)
bands. The black-dashed line denotes the Fermi level (£f). e Layer-resolved carrier
distribution of this ferrimagnetic state in a moiré supercell. Two spin-up holes
occupy the B and C moiré orbitals respectively, and one spin-down hole occupies
the layer-hybridized A orbital. f Dipole Hall conductivity as a function of interlayer
bias. The black-dashed line is generated using op = a(0)E, .

As shown in Fig. 4a, when the two electric fields are AC, M has
sum-frequency and difference-frequency components.

Surprisingly, Fig. 2a shows the simple scaling of the crossed
nonlinear response given in Egs. (8) and (9) are protected over the
entire QAH phase, until a sudden jump occurs as the signature of the
topological transition. Over such broad range of E,, the variation of
the minibands (from Fig. 2d to b) does lead to significant changes in
the distribution of Af(k) in the moiré Brillouin zone, as shown in
Fig. 4c. Nevertheless, their flux over the filled Chern band remains a
constant in the QAH phase, in stark contrast to that in the topological
trivial phases (Fig. 4b). This protected scaling throughout the QAH
phase is observed at other twisting angles, and also for the AFMz
configuration, while the actual flux can vary modestly with angle
(details in Supplementary Fig. 4).

The nonlinear dipole Hall response is not limited to QAH state. We
showcase another example at filling factor v=-3, which hosts a

topologically trivial ferrimagnetic insulating state, with two spin-up
holes in the layer-polarized B and C orbitals and one spin-down hole in
the layer-hybridized A orbital (Fig. 4d and e). Details of the Hartree-
Fock calculation are given in Supplementary Note 4. Possessing C,, T
symmetry as well (Fig. 4e), the linear dipole Hall effect is forbidden at
zero interlayer bias, whereas the crossed nonlinear dipole Hall
response is anticipated. This is confirmed by the calculated dipole Hall
conductivity as a function of E; given in Fig. 4f, which shows that the
response is well captured by Eq. (8) for E; range up to 40 mV/nm.

Discussion

We can also provide an alternative picture for the magnetoelectricity
here. The bulk dipole Hall current tends to accumulate interlayer
dipole on the boundary, which will get annihilated through interlayer
tunneling. This tunneling current is inversely proportional to the
dipole relaxation time and proportional to the dipole density. In steady
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state, the interlayer tunneling current on the edges will balance with
the bulk dipole Hall current that corresponds to layer counter flows.
Together they form a current loop that generates the in-plane mag-
netization in bulk.

Compared to the known magnetoelectric phenomena®**’, the
magnetoelectricity from the intrinsic dipole Hall effect here has several
features. The in-plane magnetoelectricity in 2D insulators here is solely
of orbital origin, enabled by the spin-conserved interlayer tunneling
across the twisted interface*>*. As an intrinsic effect in an insulator,
the magnetoelectric response here is protected by a charge gap. This
allows the phenomena to be explored in the AC regime, where the
generated magnetization can adiabatically follow an AC electric field,
generating magnetization oscillations at high frequencies upper
bound by the charge gap. This could potentially provide a mechanism
to induce magnetic oscillations of ferromagnets at faster timescales.
The form of crossed nonlinear magnetoelectric susceptibility further
points to novel device functionalities, where the nonlinearity underlies
logic operations, second harmonic generation, rectification, etc.

In comparison with the magnon-based functionalities also based
on magnetic insulators, the intrinsic dipole Hall effect exhibits several
complementary features. The magnon transport is typically driven by
temperature gradient and magnetic field gradient*’, while the dipole
Hall current is a response directly to an in-plane electric field through
band geometric effect. The response can also be dramatically tuned by
the out-of-plane electric field, including the magnitude of the sus-
ceptibility and the abrupt sign change when tuning across the topo-
logical phase transition point. Exploring the transport of electric
dipole and that of magnon in magnetic insulators represent distinct
and complementary approaches to low-power-consumption informa-
tion technologies, which could potentially be combined to exploit the
advantages of both.

Methods

Hartree-Fock mean-field method

To determine the ground magnetic states of tMoTe, at different fill-
ings, we employed a self-consistent k-space Hartree-Fock mean-field
approach. Starting from the continuum model for twisted R-stacking
MoTe,, Coulomb interactions were incorporated at the mean-field
level”. Self-consistent solution of the mean-field Hamiltonian yielded
the ground state for each filling factor. A detailed exposition of the
methodology is provided in Supplementary Note 4.

Data availability

The numerical data generated by the custom codes for this study that
support the findings are available from the corresponding author on
request.

Code availability
The custom codes prepared for this study that support the findings are
available on Code Ocean (https://doi.org/10.24433/C0.0067402.v1).
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