Imaging the valley and orbital Hall effect in monolayer MoS,
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The topological properties of a material’s electronic structure are encoded in its Berry curvature,
a quantity which is intimately related to the transverse electrical conductivity. In transition metal
dichalcogenides with broken inversion symmetry, the nonzero Berry curvature results in a valley
Hall effect. In this paper we identify a previously unrecognized consequence of Berry curvature in
these materials: an electric field-induced change in the electrons’ charge density orientation. We
use first principles calculations to show that measurements of the electric field-induced change in
the charge density or local density of states in MoSs can be used to measure its energy-dependent

valley and orbital Hall conductivity.

Introduction — Transition metal dichalcogenides
(TMDs) exhibit a wide array of novel phenomena related
to their valley degree of freedom [I]. The valley index la-
bels one of multiple degenerate energy extrema in the
conduction or valence band. Phases of TMDs which lack
inversion symmetry possess nontrivial Berry curvature -
a quantity that determines the transverse electrical con-
ductivity and which describes the topological properties
of the electronic structure [2]. States in different valleys
have opposite sign of Berry curvature and therefore flow
in opposite directions transverse to an applied electric
field. This results in vanishing net transverse charge cur-
rent (or Hall current), but a nonzero valley Hall current
[1]. The valley Hall effect is accompanied by accumula-
tion of orbital angular momentum at sample boundaries,
which has been measured with the magneto-optical Kerr
effect [3]. Other experimental probes of the valley Hall
effect use an applied magnetic field [4] or circularly po-
larized light to generate a valley-polarized state [5HT7],
enabling a nonzero transverse Hall current. The valley
Hall effect has also been detected with nonlocal voltage
measurements [8], [9].

In this work we introduce a new observable associated
with the valley Hall effect in TMD’s: an electric field-
induced change in the bulk charge density distribution.
More generally, we demonstrate that in a specified class
of lattices, the electric field-induced change in a state’s
charge density distribution is directly related to its Berry
curvature. Using first principles calculations of MoS, as
a representative example, we show that measurements
of the electric field-induced change in density provide
a quantitative estimate of the valley Hall conductivity.
We also propose that spectroscopic measurements of
the electric field-induced change in the local density of
states enables a measurement of the energy-resolved
valley Hall conductivity.

Formalism — We first present the general relation be-
tween a state’s Berry curvature and the electric field-
induced change in its real space density. This analysis ap-

plies to lattices composed of a monoatomic unit cell with
orbitals of the same character (e.g., p-like or d-like). Al-
though these are restrictive assumptions, they pertain to
cases of practical interest, such as near-band edge states
of TMDs in the 2H phase [I]. We begin with the relation
between a state’s real space density p(r) and its velocity.
The periodic lattice Hamiltonian is represented in a ba-
sis of real localized orbitals, such as Wannier functions
or atomic orbitals, which are a product of a radial func-
tion and angular function: ¢ur(r) = Ry (r) VM (6, 9),
where R, ,(r) is a radial function for states in the n'®
shell with angular momentum /. y}/[ is the real-valued
spherical harmonic, with 2¢ 4+ 1 distinct M labels (e.g.,
for ¢ =1, M = {x,y, z}). Note that M is sufficient to la-
bel the basis states since we assume all orbitals have the
same value for n and £. In this basis, the tight-binding
crystal field Hamiltonian is:

Z cos(k - R) t3; yr(R) (CR/ICM/ + h.c.) ,
R,M, M’
(1)

where k is the crystal momentum, and the sum R in-
cludes the primary unit cell (R = 0) and all other Bravais
lattice vectors. Typically the sum is truncated up to the
n'" nearest-neighbor. c}r\/[(cM/) is the electron creation
(annihilation) operator for orbital M (M’) located in the
primary unit cell. ¢3, ,,, (R) is the o-hopping parameter
between orbital M of the primary unit cell and orbital
M’ centered at lattice site R. Eq. [1] includes only o-
hopping, however generally m and § hopping amplitudes
are smaller, so that the above model is typically ade-
quate (see Supp. Info for a comprehensive assessment of
the model’s validity).

The velocity operator v = dH/dk derived from this
Hamiltonian is:

v(k)=— Z Rsin(k - R)t7, 1 (R) (C}L\/ICMI + h.c.) .
R,M, M’
(2)

Each term in the sum over R represents the current flow-
ing between the atom at R = 0 and the atom at R.

Ho(k) =



Note that a current between sites separated by R re-
quires nonzero overlap between k and R, and overlap
between orbitals. The orbital overlap is closely related
to the shape of the wave function density po(r):

po(I‘) = Z (C;r\/[CM/ + hC) (ﬁ]\/[ (I‘) ¢]\/jl (I') . (3)

M, M’

po corresponds to the density contribution from “on-site”
orbitals centered at R = 0, and omits contributions from
overlap between neighboring sites in the lattice. In the
Supp. Info we show that the differences between the total
and “on-site” densities are small in the regions of inter-
est for this work. The form of the orbital basis implies
that pg is the product of a radial function and an an-
gular function: po(r) = pid(r) p5"8(£), where the atom
center is at r = 0, and p5*d(r) is normalized such that
IS r2prd(r)dr =1 (so that pg"®(#) is dimensionless).
In the Supp. Info, we show that the angular part of the
density pg"#(F) is related to the hopping parameters and
wave function coefficients of Eq. [2| (the last two factors
in that equation). This leads to the following relation

between a state’s velocity and density:
v(k) = - Y Rsin(k - R) #(R)p™(k, R). (1)

where t7(R) = t°(R)/Y;"=°(0,0)? is the o-hopping pa-
rameter normalized by a (known) constant factor. Note
that we added a k label for p; we explicitly include this
argument for all k-dependent quantities in the paper.
t?(R) is the R-dependent o-hopping function whose form
is semi-universal and taken as known a priori [10]. In the
sum over neighboring atom positions R, a positive cur-
rent corresponds to a state propagating outward from
r = 0 to r = R, while a negative current corresponds to
a state propagating inward from r = R to r = 0.

Eq. [ is one of our primary results, and provides an
intuitive relationship between a state’s charge density
and current: the velocity along R is the product of the
wave function phase change along R (given by the factor
sin(k - R)) and the density along R (given by the factor
p3"8(k,R)). This representation of velocity is a substan-
tial simplification of the general form given in Eq. [2]
which requires knowledge of the full hopping elements
(encoded in Slater-Koster tight-binding tables[I1]) and
the complex wave function coeflicients.

Armed with this density-velocity connection, we next
turn to the relation between a state’s Berry curvature and
its velocity. The z-component of the Berry curvature Q7
of an eigenstate 1, is [12]:

<¢nk|vijmk> <wmk|v |1/]nk>
P =, (5

Q(k)=-2Im »

m#n

where ¢, is the energy of the n'! eigenstate |1,k ), and

Ugy = dH/dkgy,. The intrinsic contribution to the
anomalous Hall conductivity ocagg in the clean limit is

given by the sum of the occupied states’ Berry curvature.
In this work, we also consider the valley Hall and orbital
Hall effects. The expression for the valley Hall conductiv-
ity oonp is the same as Eq. [5] with an additional factor
of £1 depending on the state’s valley index (e.g., the lo-
cation of the k-point in the Brillouin zone, see Sec. II).
We also compute the orbital Hall conductivity, which de-
scribes the electric field-induced flow of orbital angular
momentum, oriented in the z-direction and with velocity
transverse to the applied field [I3H16]. The orbital Hall
conductivity is also given by a Kubo formula expression
like Eq. [5, with the replacement v, — (v, L. + L.vy) /2,
where L, is the atomic orbital angular momentum op-
erator. Finally, we note that the Berry curvature may
be nonzero only in the presence of time reversal and/or
inversion symmetry breaking [17].

A state’s Berry curvature can also be understood in
terms of perturbation theory. An applied electric field
perturbs the eigenstates and may change their veloc-
ity. The linear-in-F change in velocity dv determines
the Berry curvature: Q,(k) = E x (6v,(k)). We invoke
Eq. [ to relate the change in velocity to a change in the
charge density. Using this expression for the Berry cur-
vature, we conclude that the real space density response
of the n*" state is related to its Berry curvature:

Q,(k) = ~Ex Y Rsin(k-R) #(R) (0p5"¢(k, R)). (6)
R

Eq. [f] is another primary result, which provides the con-
nection between a state’s Berry curvature and the E-field-
induced change in its density distribution. We emphasize
that this relation is valid for lattices with monoatomic
unit cells and orbitals with the same character.

It’s straightforward to show that the net changes in
velocity and density are derived from mutually exclusive
sets of states. The net change of any observable is ob-
tained by summing over k. The sin(k - R) factor on the
right hand side of Eq. [4]indicates that v(k) and §po (k, R)
have opposite parity under k — —k. The anomalous
Hall conductivity is derived from states with even-in-
k Q(k). However these states’ dpp(k) is odd-in-k, and

therefore make no contribution to dp{°*. The converse

also holds: states which contribute to dpi°* do not con-
tribute to ocAuE.

We finally note recent work which formulates the
anomalous Hall conductivity as a local property without
reference to Bloch wave vector k [I820]. The formal
structure of this theory includes the response of the
second order cumulant of the charge density, resembling
the picture we describe of a change in the charge density
distribution. The present work straddles between the
limiting cases of the more standard formulation of Berry
curvature strictly in k-space and the work [I8] [T9] which
resides entirely in real space.
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FIG. 1. (a) depicts the 2H-MoS2 monoloayer. (b) shows
the band structure and Berry curvature along high symmetry
lines. (c) and (d) show the Berry curvature and the orbital
Hall conductivity in the Brillouin zone (units of nm?).

Imaging the valley Hall effect in insulating TMD — As
an application of our formalism, we consider a monolayer
of MoSs in the 2H phase. We’ll show the relation between
the electric field-induced change in density and the valley
Hall effect for three cases of increasing complexity: the
response at a single k point, the net response in the insu-
lating phase, and the energy-resolved response. MoS; is a
nonmagnetic direct band-gap semiconductor [21], and its
crystal and electronic structure are shown Fig. a) and
(b), respectively. It has a direct band gap of A = 1.7 eV
(computed value) located at k = +K = +47/3a (1,0),
where a is the in-plane lattice constant. (Note that —K
is often labeled K’.) Figs. 1 (c) and (d) show the k-
dependent Berry curvature and orbital Hall conductivity,
respectively. For energies away from the band edge, the
valley index of a state can be associated with the nearest
valley, but the label becomes less well-defined.

The unit cell contains 2 S atoms and 1 Mo atom, and
there is significant p-d orbital hybridization in some re-
gions of the band structure. The states near the band
gap at K and —K exhibit the largest contribution to
the Berry curvature. These states are composed primar-
ily of d-orbitals localized on the Mo atoms, which form
a hexagonal lattice, and which do approximately satisfy
the assumptions of our analysis. The conduction band is
composed of L, = 0 states, corresponding to |d,z), while
the valence band is L, = +2 states at k = +£K, corre-
sponding to (|dy2_y2) +i|dsy)) /V2 [1]. These essential
features are shared by other 2H TMD’s [I], so that our
formalism is applicable to this family of materials.

In the vicinity of +K, the conduction and valence
bands are described by a massive Dirac Hamiltonian [I].
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FIG. 2. Depiction of how intrinsic charge current is formed
at K point. The green arrows along the 3 unique nearest-
neighbor bonds show the sign of sin(K-R). In (a), the valence
band unperturbed charge density is isotropic. The bond cur-
rents add equally and sum to zero. (b) With an E-field in the
y-direction, the change in density (with red (blue) is positive
(negative)) leads to a net current in the z-direction. (c) With
an E-field in the z-direction, the change in density is along
the 45° direction, leading to a net current in the y-direction.

Letting q = k + K, we have:

A
5T (7)

where 7 is the Pauli matrix in the space of conduction
and valence band states, and v = %1 is the valley index.
We ignore the spin degree of freedom, as it doesn’t play
an essential role and makes quantitative contributions
on the order of A\/A, where A is the atomic spin-orbit
parameter [I5]. In MoS, this ratio is approximately 10~2.
For TMD’s composed of heavier elements, the larger spin-
orbit splitting will change some details of the analysis
that we present here.

We first consider the currents and charge densities of
the equilibrium states at ¢ = 0 (or k = K). The eigen-
(1) and ¢, = (1) . The Rsin(K-R)
factor of Eq. [4] contributes to the bond currents as indi-
cated by the bond-aligned arrows Fig. a). The charge
density of both conduction and valence band equilibrium
states is isotropic in the z-y plane, so that the bond cur-
rents are weighted equally and the net current vanishes.

Applying an electric field in the y-direction perturbs
the valence band wave function: 1!, = 1, +(eEta/A%)1),,
where e is the magnitude of the electric charge. The mix-
ing of valence and conduction band states leads to an
anisotropic p(r) which overlaps unevenly with the near-
est neighbor bonds. This in turn breaks the balance of
bond currents between nearest neighbors and enables a
nonzero net current, corresponding to the transverse con-
ductivity or Berry curvature 2(K). The modification of
the density for electric fields along x and y-directions is
depicted schematically in Fig. b) and (c), and provides
an intuitive rationale for the formation of Hall current at
the K point [3] [7].

To test the quantitative validity of Eq. 4] for MoSs, we
compute the electric field-induced change in charge den-
sity of the conduction band state at K using the first
principles tight-binding Hamiltonian and real space or-
bitals obtained with Quantum Espresso [22] and Wan-

H, =ta (l/quw + quy) +

states are ¥, =
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FIG. 3. (a) Isovalue contours of change in density per elec-
tric field of 4, (K) (units of (nm? - V) ™), for an applied field
in the y-direction. Change of density integrated along z di-
rection is projected along the yz plane (similarly for cyclic
permutation of direction indices). (b) Change of density in
plane of Mo atoms. (c) Change of density along line connect-
ing nearest neighbors along the z-direction. The normalized
radial function obtained from the total change of density is
also shown. (d) Change of total density of the insulating state,
along the line y = z = 0.

nier90 [23]. We can independently compute both left and
right-hand sides of Eq. [6] in a model with no approxima-
tions beyond those found in density functional theory.
This provides a stringent test on the applicability of our
formalism to real materials, and yields a prediction for
the observable quantity dp(r). Fig. [3|(a) shows isosurface
contours of the electric field-induced change in density for
the conduction band state at k = K, for an applied elec-
tric field along the y-direction. Fig. [3|b) shows dp(K,r)
in the plane of the Mo atoms, and Fig. c) shows the
density dp(K,x) along a line connecting nearest neigh-
bors. From the dp(K,x) profile, we extract the (nor-
malized) radial part 6p™d(K,r) to obtain dp**2(K,R).
Applying Eq. [4] leads to
 0p™E (K, %)
QUK) = —at B (8)
We use a value of t7 = 1.09 eV obtained by fitting the
conduction/valence bands to the effective model near K.
Plugging in numbers we obtain a predicted value Q(K) =
0.074 nm? from the real space density analysis, compared
to the directly computed value Q(K) = 0.094 nm?. We
find semi-quantitative agreement between the two values,
validating the applicability of our approach to real mate-
rials. The difference between the two quantities is traced
back to the nonzero contribution of the p orbitals of the
wave function at K.

We next extend our analysis to the full, k-integrated

response for the insulating system. The Berry curvature
at finite ¢ is given by:

2At2a?

Q) =v—rrs -
(@) (422 + A2)3/2

(9)

The valley Hall conductivity oyyg of the effective model
is obtained by integrating over ¢ and summing over v,
which results in ovug = cour = 1/(27). (We omit fac-
tors of €2 /h in reporting conductivity values.) The values
for oyyg and ooug obtained with first principles calcu-
lations, which are given by 0.71/(27) and 1.05/(27), re-
spectively. The deviations between conductivities obtain
with the effective model and first principles reflect the
difference between the two models’ band structure. In
the Supp. Info, we show that the g-dependent perturbed
density is proportional to the Berry curvature:

dpu(g.r) _ Cw(q)

el \/ita

where ¢.2(,2_,2) is the d-like atomic wave function for
the conduction (valence) band state. Importantly, the
change in charge density and the Berry curvature have
the same g-dependence. Integrating Eq.[10|over ¢ relates
the total change in charge density dp*° to the valley Hall
conductivity. Fig. d) shows the line cut of the total
change in charge density along x. We can derive the
following relation between the extrema of the change in
charge density along = and valley Hall conductivity:

§ptot (.’L‘ . )
_ftaxiineTm

where f = 37/32,/3/2exp(4). Using the change in
density obtained from first principles and Eq. [II} we
obtain an estimated value for oyyg of 0.95/(27). This
compares well with the directly computed value of valley
Hall conductivity. The comparison with the orbital Hall
conductivity is more favorable, which is a consequence
of the close relationship between the valley and orbital
Hall conductivity in this material, and because the
orbital Hall conductivity is more strongly concentrated
near the +K points (see Fig. [[{d)). The good agreement
between the directly computed oypg and the value
predicted with our real space analysis again demon-
strates the applicability of our approach to real materials.

¢z2 (r)¢x2—y2 (I‘) (10)

— OVHE (].1)

Valley/orbital Hall spectroscopy — We next consider
the energy-resolved valley /orbital Hall conductivities and
change in density. We again focus on a linecut along the
z-direction, and assume that the measured local density
of states is proportional the integral of the density along
the z direction (e.g., the integral of Eq. [10] along z). In
the Supp. info we show that:

. 2.
—/dZ 6pV(anmm7ovz) % taxy;,
el 0.065
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FIG. 4. (a) The change in local density of states
O0LDOS(g, r)/eE integrated along the z-direction for three en-
ergy values. The important features are the position of Zmin
and dLDOS(e,z)/eE at this position. (b) Energy-resolved
valley Hall (black dashed line) and orbital Hall (blue line) con-
ductivity near the valence and conduction band edges. The
red line shows the value inferred from the local density of
states measurement using Eq. (note break in the z-axis).

where i, is the position of the minimum in the change
of density (see Fig. [4[a)). The proportionality between
the g-dependent change in charge density and the Berry
curvature implies that the two quantities are also pro-
portional when integrating over ¢. In particular, the
energy-resolved quantities are proportional. Denoting
the energy-resolved density, or local density of states, as
LDOS, we find:

tax? <5LDOS(€, xmin)

~0.065 eE

) = UVHE(E) (13)

Fig. a) shows the energy-resolved change in density
for three energies below the valence band edge. Fig. b)
shows a comparison between the directly computed val-
ley Hall/orbital conductivity and the predicted value
based on Eq. [I3] We see semi-quantitative agreement
up to 500 meV away from conduction and valence band
edges. We observe that the change in density adheres
more closely to the orbital Hall effect at energies away
from the band edges. This is due to the fact that the
change in density and orbital Hall effect are dominated
by states near K for most energies, whereas the valley
Hall conductivity acquires contributions from states near
I’ (k =0) at energies away from the band edges.

To summarize, we show that the real space density re-
sponse of TMD’s such as MoSs provides a direct estimate
of the intrinsic valley Hall conductivity. This is a conse-
quence of a relation we derive between the Berry curva-
ture and the charge density response of a specific class
of lattices. Experimentally, various probes attain the re-
quired sub-Angstrom spatial resolution, such as X-ray
diffraction [24], electron beam diffraction [25], and scan-
ning tunneling microscopy [26]. We estimate a fractional
change of the local density of states on the order of 10~%
at the breakdown electric field of MoSy [27]. The mea-
surement can be calibrated with the ground state density
or LDOS, as described in the Supp. Info, enabling the
quantitative estimate of the valley Hall conductivity.
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RELATION BETWEEN DENSITY AND CURRENT

In this section we derive the derivation of the relation between a state’s charge density distribution and its velocity
in a tight-binding model. This relation holds only for a lattice composed of a monoatomic unit cell, with orbitals
of the same character (e.g., p or d orbitals), and a crystal field Hamiltonian with only o-hopping. This analysis is
therefore qualitatively valid for cases in which ¢™,° are sufficiently less than ¢ bonding. This is often the case, and
in the next section we provide an explicit description of the validity of this assumption.

The tight-binding model is represented in real-valued spherical harmonics. We denote these by y}/[ , which are
linear combinations of Y, and Y,”™. Letting m = |M|:

L(yom s (ymy) M <o,

2
V=Y M =0, (1)
S - nmye) Mo

The specific forms of the real spherical harmonics for a given ¢ can be found in various references. Generally the
M label is expressed in terms of the cartesian factors corresponding to the form of the spherical harmonic (e.g. for
¢=1, M ={-1,0,1} is labeled as {z, z,y}).

In the tight-binding formulation, the o-bonding hopping parameter t° is defined as the hopping between m = 0
orbitals displaced along the z-direction.

t°(R) = / dr V(r) Y2 (r) Y (r — RZ) R, 4(r) Rye(r — Rz) (2)

The t° hopping between orbital o and S displaced along the n direction is then determined by projecting each
orbital along the |[¢,m = 0); (see Fig. [[a) and (b)). This projection is obtained by rotating the |[¢,m = 0); into the
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FIG. 1: Depiction of the how hopping between a pair of p, orbitals is decomposed into o and 7 contributions.

fi-direction (see Fig. [I) We review this procedure next.

We denote the axis of quantization # for the spherical harmonic in the subscript of the ket: |¢,m);. The operator
which rotates |¢,m); into |¢,m); is denoted by R(7):

[€;m)s = R(R)|€,m)s 3)

The rotated spherical harmonic |¢,m); can be written as a linear combination of unrotated spherical harmonics with
the same value of ¢, written in terms of the Wigner D-matrix:

R(0)|6,m)z = |6,m)n =Y Dy, s (A)]6,m) (4)

Crucially, for m = 0 the elements of D? , are equal to the value of the spherical harmonic |¢,m’) evaluated at

m=0,m
i =(6,0).

[6,m = 0)s =Y (Y™ (0,0))" |€,m)s (5)

m

The projection of |¢; m = 0); onto orbital |¢,m); is then given by Eq. |5l As described in the previous paragraph, this
quantity provides the angular dependence of the hopping between orbitals displaced by R.

S(ml,m =0y, = (Y7™(0,9) (6)
The o-hopping contribution between orbital o and 3 displaced by R is therefore equal to ya(f{) and ya(f{):
A M R) M (R)
T (R) =t | ——F=—"=]. 7

The denominator of Eq. [7]is a normalization factor that ensures that Eq. [2]is recovered for hopping between m = 0
orbitals displaced along the z-direction (i.e., for § = ¢ = 0).
This form of ¢ leads to the relation between current and density. We write the general form of the current:

vk)=— 3 Rsin(k-R) 5,/ (R) (c;rwa/-i-h.c.) (8)
R,M,M’

Next we write the equation for the density from primary unit cell orbitals:

polr) = 3 (chrenr +he) @) VI (E) Ruo(r) R (r) (9)
M, M’
= Rao(r)* Y (chenr +ne) Y @) 3 (&) (10)
M, M’

As described in the main text, the charge density is the product of a radial function and an angular function

po (r) = 5" ()™ (F) (11)
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FIG. 2: Comparison of the total hopping (left side of each subplot) to o-hopping (right side of each subplot) as a function of
the relative orientation (parameterized by polar angles (6, ¢) for all unique pairs of p-orbitals.

where pi2d(r) = R,, ¢(r)? and

o @) = Y (chear +he) W EVM (). (12)

M,M’

)

Combining Egs. [7] B} and [I2] we obtain:

7 R . ang (P
v(k) o — %: Y;(((),O))Q Rsin(k-R) pg ¢ (R) (13)

t?(R) is the R-dependent value of the sigma-bonding hopping integral, whose generally parameterized form can be
found in the following section.

LIMIT OF VALIDITY FOR ¢-HOPPING TIGHT-BINDING

The previous derivation applies for o-hopping. Generally 7 and é-hopping can be quantitatively, and even qual-
itatively as important as o-hopping. The relative importance of different hopping terms depends on the type of
inter-orbital hopping and the relative orientation of the two orbitals. Fig. [3| shows both the o-hopping and total
hopping amplitudes for all of the unique interorbital hopping for £ = 1, as a function of relative orientation (parame-
terized by polar angles (6, ¢)). The form of the tight-binding matrix elements are taken from [I]. For p-orbitals, the
parameterization is: Vjpe = 3.24, V,pr = —0.81, and the hopping is [I]:

h2
= ‘/pp(x 2 2

mR
Fig. [2] shows that for p-orbitals, the o-hopping is always a good semi-quantitative estimate of the total hopping for

all configurations.
For ¢ = 2 (d-orbitals), the parameters are taken to be Vi, = —16.2, Vygr = 8.75, Vygs = —2.3, and the hopping is

:

tppa () (14)

2R3
2mR5
where Ry is another parameter, and is typically element-specific. A similar conclusion of the predominance of o-
hopping is reached for d orbitals(Fig. , with one notable exception: the d., — d,2,2 total hopping and o-hopping

are off by a minus sign for most orbital configurations. However for all other orbital pairs, the o-hopping at least
qualitatively, and often semi-quantitatively provides a representation of the total hopping.

tdda (R) = Vada (15)

REAL SPACE DENSITY CALCULATIONS

We describe the procedure used to obtain the real space density associated with the perturbed eigenstates. We first
obtain the real space orbitals from Wannier90, extending out 2 unit cells away from the atom center ¢, (r) (so that
the density is represented in a 5 x 5 supercell). The wave function is expressed as a linear combination of these basis
orbitals:

i) = D calk)lga(r)) (16)
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FIG. 3: Comparison of the total hopping (left side of each subplot) to o-hopping (right side of each subplot) as a function of
the relative orientation (parameterized by polar angles (6, ¢)) for all unique pairs of d-orbitals.

The k-dependence of the wave function coefficients is given by Bloch phase factors. We form the perturbed state as:

(5| S i)

(i) = |¢3) +ieE ) 5% (17)
J#i (EZ —Ej )
where FE is a small parameter.
Given a set of occupied states, the associated density matrix is given by the outer product of the states:
P = Zfz|¢z><¢z| (18)
The real space density associated with the density matrix is:
pt) = " pap da(r—R)ds (r - R)exp (k- (R-R)) (19)

a,8,R,R’

RELATION BETWEEN TOTAL DENSITY VERSUS PRIMARY UNIT CELL DENSITY

The density which enters into the relation between velocity and charge density is not the total density, but the
density contribution from “on-site” orbitals pg(r). The operator form is as given in the main text:

> (CLch+h.c.) éum (r) o (r)

M, M’

po(r) = (20)
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FIG. 4: Comparison between electric field-induced change of charge density for all charge (dp of Eq. , versus charge only
from “on-site” contributions (dpo of Eq. for electric fields aligned to the x and y directions in monolayer MoS2. The
difference between the two is minimal near atomic centers. Units for all figures are (eV - nm?)™*.

In terms of the density matrix, this quantity is:

po(r) = pas ba(r) ds (r) (21)
B

po corresponds to only including terms R = R’ = 0 in Eq. The charge density in the interstitial regions is
quite different for p(r) and po(r). However in the vicinity of the nuclei, these densities are quite similar. We show
this explicitly in Fig. 4} where we plot dp(r)/eE and dpo(r)/eE for applied field in x and y directions in MoS2. As
expected, the quantitative difference is quite small near the nuclei. This can be generally anticipated for states with
high Berry curvature: Berry curvature is related to the formation of orbital moments, which requires higher values of
£. These states are more localized than, for example, s-like states.

REAL SPACE CALCULATION FOR MOS;

We begin our analysis of MoS, by considering the effective model near the +K points. We let q = (k F K) be the
Bloch momentum vector measured from the £K point. The effective model Hamiltonian is:

_ A2 ttqaeTi®
Hy—y = (itqaeii‘f’ —-A/2 (22)

where v = %1 is the valley index and a is the lattice constant. The eigenvalues for both valleys are given by:
1/2
e(q) = £1/2 (A2 +4q2a2t2> . (23)
It’s straightforward to show that the Berry curvature is given by:

26262 A

Q.(q) = v .
(@) (4t2¢%a? + A2)3/2




We next record the full form of the wave functions of conduction and valence bands (denoted by . and ,,
respectively) at k = +K, which form the Hilbert space for nonzero ¢:

¢c($7 Y, Z) = @2 (25)
= A, exp (3:;) Ay (—:c2 — %+ 222) (26)
(o8 (Iv Y, Z) = L (¢z27y2 + Z¢aﬂ/) (27)

V2
— A exp (;;) % (z‘A2 (zy) + As <x2 - y2>) (28)

where r = \/22 + 92 + 22. ag is the effective Bohr radius of the orbital. The various normalization factors A are:
3/2
2 2/ 1 1
A, = z 29
<27\/;<3a0> a%) (29)
1 /5 1 /15 1 /15
S 2 Ag =22 Ay =4/ 2
Vo 22V P gV g (30)

Notice that the radial wave function has a prefactor of r2 in the numerator, while the spherical harmonic has a factor
of 2 in the denominator, the two of which cancel each other.

Ay

To determine the form of the perturbed wave functions, and resulting real space density away from the +K point
(v = +1), we return to the effective model:

_ AJ2  tqae™™
H = (tqaei‘l5 —A/2 > (31)

The unperturbed eigenstates are spinors oriented along the direction of the pseudo effective field
Begr = (2tqacos(¢),2tqasin(¢),A).

(6/2)e=i¢
¢c(Q) = (Cozin(o/Q) ) (32)

ot = () )

where § = tan~! (mft). Recall that the psuedospin basis functions are combinations of the d-orbitals:

(é) = d. (34)
= Ay (22— 2% ) (35)
< (1)) - % (dya_yz + iday) (36)
= (4s(a® — y?) + iAzay) (37)
The perturbed wave function is:
[0) = [t} + ie AL uln) ) (35)

(Ec - Ev)2



Let’s consider ¢ = 0.
o sin(6/2) eaEt cos(6/2)
o) = ( —cos(0/2) ) + 4g2a%t? + A2 ( sin(0/2) ) (39)

If we evaluate the 15¢ order change in the wave function, we find that following expression, where we include the
functional form of the angular part of the orbitals:

Spveia(qr) 1o (20at(6u(x) = 16.()[%) + 24 60 (r) Re [6,(x)] )

= 4
ek (4q2a2t? +A2)3/2 (40)
Since gta < A, we can approximate the above as:
0py=+1(q,r) - 2taA ¢.(r) Re [d)v(r)] (41)
ek (4¢2at? +A2)3/2
- 2taA (;522 (I‘)Qﬁzz_yz (I‘)
o 3/2 (42)
(420212 + A2)% V2

Note that the unit for §p(g,r) is the standard unit for density, 1/m3. We find an identical expression for v = —1, so
that the net density is nonzero when summing over valleys.

INSULATING CASE: RELATING ovug AND 65" (r) /e E

We integrate over k (or q) to find the total valley Hall conductivity in the insulating case:

OVHE = Z 27r/0°° dg q v Qu(q) (43)

2

St (27a)

A o 2t2a2 A
= 5/ d 44
(27ra)2/0 €4q (412q2a2 + A2)*/? (44)
1
= 5 45
27 (45)
The total (integrated) change in density is given by:
5ptot(r) B D2 (I‘)(bzz,yz (I‘) 2 X 2w / 2atA (46)
eE V2 (2ma)? e (4¢%at? +A2)3/2 :

A factor of 2 in the above is the result of summing over v. Note the units of p(r)t°t, the “total” density, are 1/m?®,
which include a factor of 1/m? from the standard density unit, and an additional factor 1/m? from the Brillouin zone
integration.

Next we connect the two quantities by picking out a specific point r. The natural point is the maximum of the
density along the z-direction, for y = z = 0. Letting y = z = 0:

2x
optt(z) P (_ 3ag ) SR / 2atA n
eE 131226alr (2ma)? T ez 1 a2
In the above ag is the effective Bohr radius The minimum value of p(z) is located at = 6ag. At this point:
3o (T min 32 /2 exp(—4 A7 2atA
P >:_\[ Gl e _ )
el 3tV 3 x| (2ma) (420212 + A2)*/

We use Eq. to rewrite the term in brackets on the right-hand-side of the above as:

(5,0t0t(xmin) o _32\/5 eXp(_4) OVHE (49)
el 37 V3 g3 at ’

min



equivalently:

3m /3 3 0p(Zmin)
OVHE — 32\/; exp(4) l’minateT . (50)

We can test this picture by separately computing the two sides of Eq. [50, which is presented in the main text.

CHANGE IN LOCAL DENSITY OF STATES

For the local density of states calculation, we focus on y = 0 and will integrate the density over z. Re-writing Eq.
42

2 _ 2 2
Splo.00.2) _ 2Dat Mty < —2iTE e ) 2 (—a? +227) G1)

eE  (4g2a22 + A2)Y? V2 3ag

Here we omit the v label for dp(g,r), as the density is equal for both v values as described earlier. Generally, a
two-dimensional map of charge density obtained with scanning tunneling microscopy (STM) involves a convolution
over the depth z. The precise form of this convolution function f(z) depends on the experimental details. For
the sake of simplicity, we choose f(z) = 1 in the analysis presented here. Generalizing to other forms of f(z) is
straightforward, and will result in different numerical prefactors whose precise value is important for quantitative
data analysis. Proceeding with f(z) = 1, we obtain:

p(g,,0,2) 2Aat T E us
/ ‘ el (4q2a2t2 + A2)>/? \[ 1433 €Xp 34 x ( 7+ z) (52)
(53)

To determine the position of the absolute value of the maximum of this function, we first make integral dimensionless
with 2z’ = z/x. We also include the numerical prefactors explicitly:

2A -2 \/1 2
dz q,a: 0) = at \/§ x d2 ex TVIHET) e (—1 + 22’2> (54)
(4q2a2t? + A?) 3/2 273 22r af

Next write  in dimensionless form, 2’ = z/ag.

2A 2z'v1 2
d Q7l‘ 0 Z) — a/t — 3 \/E Xp 1‘7“ (_1 +22l2> dZ/ (55)
(4q2a2t? + A?) / 27 2 27a 3

The integral in Eq. must be evaluated numerically for each value of z’. The resulting dimensionless form of the
function in brackets is shown in Fig. [} The position of the minimum is at = &~ 8.3ag, and the value of the function

2
there (in dimension-ful form) is —9.39 x 1074 x (%) . We combine these two facts to obtain:

) min, 0, 2Aat 1
/ gz 2@ Tmin: 0.2) a 5 0.065 x | — (56)
ek (4¢2a?t? + A2)3/ Zinin
Using the expression for (g) in Eq. we arrive at Eq. 14 of the main text:
op(q, Tmin, 0,2) _ atal;
o d min __ Qu
/ : 5 * oes W@ (57)

Energy-resolved Hall conductivity

We next discuss the energy-resolved Berry curvature, and the energy-resolved change in charge density distribution.
We will find a simple relationship between these two quantities. The general expression for the energy-resolved valley
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FIG. 6: Comparison of band structure and Berry curvature of valence band computed with density functional theory, and
with the effective model. The parameters of the effective model are chosen to reproduce the band dispersion near K, and are
t=1.09 eV, A=17¢eV.

Hall and orbital Hall conductivity are:

UVHE(S) = 2 Im/de(fmk — fm,k) Tk m 1) (E — En,k) (58)
7 T Lz
oia(e) = 2Tm / S (fse = fnsd) % 5 (e — Bus) (59)

where vZ, = (|0 [Um), vEZ = (n| (L.0y + 0yL2) /2[¢y,), and 0, = dH/dk,. In Eq. Tk is +1 according to the
state’s valley index.

Using Eq. [56] we obtain:

(Sp(q,xmin) atx?nin _ 2A(at)2 (60)
eE 0.065 — (4q2a2t2 + A2)%/?

Next we make the connection between the real space density and the Berry curvature. To do so, we note that the
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FIG. 7: (a) Equilibrium local density of states at the valence band edge energy. (b) 1-dimensional cut through the local density
of states through the maxmimum, which is located on the Mo atom. (c) is a replot of the data from Fig. 4(d) of the main text,
normalized by the maximum value of the equilibrium density of states.

expression on the right-hand-side of Eq. [60]is equal to the g-dependent valley Hall conductivity, Eq.

_atxh, 2 dp(q, Tmin, 0, 2) 1\/ﬁ

So that:

OVHE (5) = (62)

B atx?. [ SLDOS(g, Tmin)
0.065 eF

CALIBRATION OF THE LOCAL DENSITY OF STATES MEASUREMENT

The differential conductance measured in an STM experiment is proportional to the local density of states, and the
constant of proportionality may depend on experimental details and may be unknown. However, Eq. (13) of the main
text relies on the absolute value of the local density of states. In order to calibrate the measurement, we provide the
equilibrium local density of states at the valence band edge energy in Fig. [7] As before, we assume that the measured
signal is proportional to the integral over the z coordinate. The local density of states exhibits a maximum value at
the center of the Mo atom, with a value of 53 (eV - nm?)~1. Fig. c) shows the electric field induced change in the
density of states, normalized by this maximum value. By normalizing the data this way, the unknown constant of
proportionality between the signal and the local density of states factors out of the data.

The unit of the normalized change in LDOS is inverse electric field, and provides the fractional change of the local
density of states for a given applied electric field. To achieve a fractional change of 10~ requires an applied field of
10% V/nm. As mentioned in the main text, this is on the order of the breakdown field measured for MoSs [2], so that
the effect we describe is quantifiable for measurements with signal to noise ratio of less than 10~%.

[1] W. A. Harrison, FElectronic structure and the properties of solids: the physics of the chemical bond (Courier Corporation,
2012).
[2] D. Lembke and A. Kis, ACS nano 6, 10070 (2012).
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