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Carrier dynamics acquire a new character in the presence of Bloch-band Berry curvature, which
naturally arises in gapped Dirac materials (GDMs). Here we argue that photoresponse in GDMs

with small band gaps is dramatically enhanced by Berry curvature.

This manifests in a giant

Hall photoconductivity when illuminated by circularly polarized light, which can feature appealing
characteristics including a saturable behavior. Unlike Hall motion arising from a Lorentz force in
a magnetic field, which impedes longitudinal carrier motion, Hall photoconductivity arising from
Berry curvature can boost longitudinal carrier transport. In GDMs, this yields helicity-dependent
photoresponses in the Hall regime, where photoconductivity is dominated by its Hall component.
We find that the induced Hall conductivity per incident irradiance increases by up to six orders of
magnitude when moving from the visible regime (with corresponding band gaps) to the far infrared.
These results suggest that narrow-gap GDMs are an ideal test-bed for the unique physics that arise
in the presence of Berry curvature, and open a new avenue for infrared and terahertz optoelectronics.

Hall motion and its associated Hall conductivity al-
low currents to flow in a direction transverse to an ap-
plied electric field. A signature of time reversal symmetry
breaking in electronic systems, this transverse motion has
its most dramatic impact in the Hall regime, where the
Hall conductivity overwhelms the longitudinal conduc-
tivity. As a result, a number of novel behaviors manifest,
including deformed current flows [1], and a quantized Hall
effect in quantum Hall systems [2].

Recently, gapped Dirac materials (GDMs), character-
ized by an energy gap 2A [3-12], have been found to
exhibit a valley Hall effect [6-8, 12-17]. GDMs include
transition metal dichalcogenides [11, 12], dual-gated bi-
layer graphene (BLG) [7-9], and graphene on hexago-
nal boron nitride heterostructures (G/hBN) with broken
A/B sublattice symmetry [3-6]. In these, valley-specific
Hall motion arises at zero magnetic field due to Bloch
band Berry curvature [13-17]. When the valley carrier
population is imbalanced (“valley polarized”, see Fig.
la), a charge Hall effect manifests [12-17]. For example,
a small Hall voltage at zero magnetic field was observed
in monolayer molybdenum disulfide (MoSs), a wide-gap
GDM with 2A = 1.9eV [11], when valley polarized [12].
However, the corresponding Hall conductivities measured
in Ref. [12] were small, and the system was far from the
Hall regime.

Here we argue that narrow-gap GDMs possess a gi-
ant photoinduced Hall conductivity o7 when the val-
ley carrier populations are imbalanced (Fig. 1la), which
can be achieved via the absorption of light with non-
zero helicity [14]. In particular, we find oP¢ in these
narrow-gap GDMs can reach values as high as Ne?/h,
(Fig. 1b) even at small photoexcited carrier densities in
a single valley nffe. Here N is the spin/flavor degeneracy;
in G/hBN, N = 2 accounts for spin degeneracy. Narrow-
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FIG. 1: a) Population imbalance between valley K and K’
in a gapped Dirac material (GDM) with energy gap 2A. The
imbalance can be achieved via absorption of circularly polar-
ized light. [inset] Berry curvature Q(p) distribution in valley
K (blue) and K’ (dashed). b) Giant photoinduced Hall con-
ductivity, 0%y, as a function of photoexcited carrier density in
a single valley, nf,{e. Note that the green curve, A = 950 meV
(corresponding to MoSz), is almost flat in comparison with
those for narrow-gap GDMs. Parameters used: nfe/ =0, ini-
tial carrier concentration ng =0, and v = 10% cms™ 1.

gap GDMs can be realized in G/hBN heterostructures
and dual-gated BLG, where the gap can take on small
values 2A S tens x meV [3, 6-10]. In contrast to their
wide-gap counterparts, oby in narrow-gap GDMs exhibit
a saturation behavior (Fig. 1b), and can be observed at
moderate temperatures (Fig. 3).

Giant values of o}y arise from Berry curvature, Q(p),
peaking near band edges. In graphene with broken A/B
sublattice symmetry [16, 17],
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where ¢ = &1 denote valley K, K', £ denote conduc-



tion and valence bands, v is the Dirac particle velocity,
and p are momenta taken relative to the K and the K’
points. Importantly, Q(p) decays quickly with increasing
Ip| (see Fig. la), exhibiting a peak height (width) that
gets higher (narrower) as A decreases. Since Q(p) de-
termines the anomalous Hall motion, states close to the
band edge dominate the Hall response [17].

Strikingly, oby in narrow-gap GDMs can exceed the
longitudinal photoinduced conductivity, oP5. For GDMs,

we find Hall ratios, tan 0y = oby /o7, as

AAR ~1/2 ~1/2
tan 9H - An - T = ) -’4 = L~7
Tpe \/ﬁ N % \/ﬁ 4 anfc 4hnn
2)
where A is the maximal Hall ratio, npe = nffe + nffe

is the total photoexcited carrier density (per spin),
n=A2/ 4702h? is a gap-dependent characteristic density
scale (for A # 0), n is the mobility of electrons and holes,
and h is Planck’s constant. When the GDM is maximally
polarized, e.g. nffe #+ nffe' = 0, tanfy approaches A for
small nfS. As a result, ob¢ > oP¢ in narrow-gap GDMs
for a fairly large range of mobilities n (shaded region,
Fig. 2a), providing access to the Hall regime.

We emphasize that transport arising from Berry cur-
vature in Eq. (1) contrasts starkly with that achieved
in a magnetic field, with important qualitative conse-
quences. In a magnetic field, Hall motion arises from a
Lorentz force, which impedes the longitudinal motion of
charge carriers. In contrast, ofy in GDMs resulting from
Eq. (1) can enhance longitudinal transport. As we show
below, of7 suppresses bulk longitudinal photoresistivity
(Fig. 2b), and enhances global two-terminal photocon-
ductance (Fig. 2d). This underscores the dichotomy be-
tween magneto-transport, and anomalous transport aris-
ing from Bloch band Berry curvature, exhibiting new
means of manipulating carriers at zero magnetic field.

Hall photoconductivity in GDMs - We begin with
the simplified GDM hamiltonian H = H g+ H g, describ-
ing the low energy excitations in graphene with broken
A /B sublattice symmetry (e.g. G/hBN), as:

Hg g =7-d(p), d(p)= (vpz,Cupy,A)  (3)

where Hpy, Hyg: describe electronic states in the val-
leys close to the K and K’ points, and 7 = 7,x +
TyY + 7.2. Here 7., . are the Pauli matrices operat-
ing on the sub-lattices, and p = (pg,p,) lies in z-y (in-
plane). The eigenfunctions of Eq. (3) are the pseudo-

spinors: [ty (p)) = (cosfe ¢ sing), and |[¢_(p)) =
(sinfe¢¢ —cosf) [18] with energy eigenvalues et =
+/0?|p|? + A2, where tanf = wv|p|/A, and tang =
py/Pe. Here v is the relativistic velocity of Dirac parti-
cles when particle energy e, > A. We note that Eq. (3)
captures the essential long-wavelength physics of a broad
range of GDMs. In particular, a similar analysis also

applies for dual-gated BLG (see SOI).
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FIG. 2: a) The Hall regime in GDMs can be accessed when
ohy > 0ks, indicated by the shaded area. The black line cor-
responds to A = 1 [Eq. (2)], where A is the maximal Hall
ratio. (inset) The Hall ratio can be controlled by nJ,. Here
we plot Hall ratio for A = 10meV and n = 10* cm?/(Vs),
with shaded region indicating the Hall regime. b) Longitu-
dinal (bulk) photoresistivity, pz. = V/(ID), experiences a
large suppression in the Hall regime. Parameters used are the
same as in the inset to (a), and D = Li/W is a geometri-
cal factor. ¢) Equipotentials in a finite rectangular geometry
(length and width, L and W) are deformed in the presence
of large oy, shown for 04y/0z: = —10,0,—10 respectively.
Current flow lines (black arrows) are normal to equipotentials
when 04y /0z: = 0 (center panel). In contrast, current flow
lines follow the equipotentials resulting from the absorption
of LCP/RCP light in GDMs (top/bottom panels, see text).
d) Enhanced two terminal photoconductance, G = I/V, for
a square geometry L = W (inset) exhibiting a non-linear nf,{c
dependence. Here n = 1, 0.5, 0.25 x 10* cm?/Vs for blue, ma-
genta, and green curves respectively, with parameters same
as (a) inset. Dashed lines correspond to G with oy = 0. The
above analysis is valid in the semiclassical limit, where the
mean free path is larger than the electron wavelength.

Electrons wavepackets formed out of the Bloch wave-
functions with |¢4(p)) possess an intrinsic angular mo-
mentum that skews the electron velocity, Xp as [16]

dep L. + :
=gp Ve Ve=pPx (@), p=dB ()

Xp
where Jep,/0p is the group velocity, and ¢ is the carrier
charge. In the presence of anomalous velocity, v,, Xp is
no longer parallel to its momentum. As a result, Bloch
electrons in each of the valleys experience a Hall effect
even without the application of a magnetic field [16, 19],
albeit of opposite sign. In our analysis below, we do not
consider extrinsic disorder-related mechanisms which can
contribute to the anomalous Hall effect [19]. Instead, we
concentrate on the intrinsic mechanism in GDMs, arising



from v,, to clearly illustrate the features in the photo-
induced Hall regime.

We proceed by writing the current density j =
4 pic fL(P)%, yielding j; = oy;E;. Here f3(p) is
the distribution function with =4,{ denoting conduc-
tion/valence bands and valley K/K' respectively. Fo-
cussing on the Hall conductivity, and using Eq. (4), we
have
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We note that at zero magnetic field, QX = —QI [16]. As
aresult, at equilibrium, the distribution functions fx + =
fK’ +, giving equal carrier densities in each of the valleys,
ng = ng/, and a oy, that vanishes. However, when
pushed out of equilibrium, fx # fk-, yielding o4y # 0.
Assuming fast relaxation of the photoexcited carriers
to the band-edge [20, 21], the steady-state carrier popula-
tion in each of the valleys can be modeled by distribution
functions with split electron and hole quasi-Fermi levels:

f—f-(p) — [1_;'_6[?(63—%1,()]— fE (p) = [1+65(€;—#h,<)]_
where fie1,¢c # ptn,¢ are the electron and hole quasi-fermi
levels induced by photoexcitation, and 8 = 1/kgT with
T the temperature.

We first examine the degenerate limit, pe1n, A > kpT.
Writing the initial carrier density per flavor before irradi-
ation as nxg = ng: = ng, and using Eq. (5) and Eq. (6),
we obtain a photo-induced Hall conductivity as

o N€2 ’
oty = —— | Fr(nfe/2) + Fie (n /2)],

1/2
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where F¢ with ¢ = £1 denote contributions of the K
and K’ valleys respectively, and 7i = A2 /47rv2h2 is the
characteristic density. Here we noted that the photoex-
cited electron and hole densities can be written as ne n =
TR /4mh*v? — 71, and neglected finite T' corrections by
setting T' = 0 (see below for discussion of temperature de-
pendence). We have also taken nfj = nf = nf,/2, and
ng "= nff "= nffc/ /2, where ng and ny, are the photoex-
cited electron and hole populations in the K, K’ valleys.

Crucially, 7 = A2/47v?h? determines the charac-
teristic scale with which valley population imbalance,
on = nffe — nffe, yields appreciable o,,. For example,
for A = 10meV, we find 7 = 1.8 x 10°cm ™2 (setting
v=10%cms1). As a result in narrow-gap GDMs, only
small imbalance dn is needed to achieve sizable o}y. This
unusual behavior is a result of states close to the band
edge contributing the maximum amount to Hall conduc-
tivity in GDMs [17] (Fig. 1a).

Taking ng = 0, we find a giant photoinduced Hall

conductivity ofy, shown in Fig. 1b. Here we have set
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FIG. 3: a) At finite temperature, both K and K’ possess
thermally excited carriers. b) Photoinduced Hall conductiv-
ity, 0%y, decreases as a function of temperature. Shown are
plots obtained numerically integrating Eq. (5) for kT /A =
0.1,0.5,1,2,5 (top to bottom); dashed curve is Eq. (7) where
T = 0 and we have set the chemical potential before photoex-
ciation to be in the gap.

nffe/ = 0, with only carriers in the K valley excited. The
maximum achievable o®¢ is Ne?/h as shown in Eq. (7),
when n . > n. Since N can be small in GDMs with
narrow gapb, this saturation behavior can be easily ac-
cessed. An opposite sign of Hall conductivity is obtained
when instead K’ carriers are photoexcited, e.g., by ab-
sorption of light with opposite helicity. of; can be di-
rectly measured in a four-terminal Hall-type geometry,
as in Ref. [12].

Interestingly, oby [Eq. (7)] can be tuned by ng (and
gate) exhibiting an even behavior in ny and reaching a
maximum when ng = 0 (charge neutrality). Due to its
even-ness, oby is robust to density inhomogeneity. This
contrasts with that of ordinary Hall conductivity, which
changes sign with carrier type, and vanishes for charge-
neutral systems.

At finite temperature, both K and K’ valleys possess
thermally excited carriers (Fig. 3a). We plot the tem-
perature dependence of o} in Fig. 3b. Here we have
integrated Eq. (5) numerically using Eq. (6). Photoex-
cited carrier density was also obtained numerically via

= Ep fe,+(p). In our plots, we characterized
temperature dependence via the dimensionless parameter
kpT/A. As shown in Fig. 3b, ob¢ decreases as tempera-
ture increases. In particular, temperature dependence of
ob, becomes pronounced only when kpT/A 2 1. This
arlses since Q(p) in Eq. (1) only varies appreciably when
vlp| ~ A. As T is increased7 the typical square-root type
dependence of o}y on n ., straightens out, approaching a
nearly linear dependence for large temperatures (see e.g.
kgT/A = 5 in Fig. 3b). In plotting Fig. 3b, we have
chosen the chemical potential before photoexcitation to
lie inside the gap, so that ng =0 for T'= 0.

Photoinduced Hall regime - To give a sense of
scale, it is useful to compare o} to the longitudinal
photoconductivity, obS. We use a simple model for

pe _ _ K K’
oby = eNnnpe, where npe = ng, + ng,, is the photoex-



cited carrier density (per flavor/spin N), and ng = 0.
Here 7 is the mobility of electrons and holes. Taking the
ratio of oy and oPf in Eq. (7), we obtain the Hall ra-
tio in Eq. (2). Setting the maximal Hall ratio to unity,
A =1, we obtain the black curve in Fig. 2a. This indi-
cates that a large range of mobilities yield o}y > o%7, see
shaded region. The Hall ratio can be controlled via the
photoexcited carrier density, and is maximized at small
values of nf5, (Fig. 2a inset). We note that when A = 0,
the terms inside the brackets of Eq. (2) vanish.

For G/hBN, gap sizes 2A ~ 10 — 40meV and mobil-
ity that ranged n ~ 5 x 10% — 10° cm~2/(Vs) have been
inferred [3-6]. We anticipate that for the smallest gap
sizes, A ~ few x meV [3-6], and the lowest mobilities
Hall ratios of order ten may be obtained.

Access to the photoinduced Hall regime invites a com-
parison with magneto-transport of charge carriers. In
the latter, aside from yielding a Hall conductivity, the
Lorentz force due to the presence of a magnetic field im-
pedes the longitudinal motion of charge carriers. For ex-
ample, for a single carrier type in a homogeneous system,
a simple Drude model yields bulk o,, that is suppressed
with increasing magnetic field; it also yields a longitudi-
nal resistivity that is unchanged with magnetic field [1].

In contrast, in the photoinduced Hall regime in GDMs,
we find that (bulk) longitudinal photoresistivity, pz., be-
comes suppressed. Writing j(r) = o [-V¢(r)], and in-
verting o, we obtain a

Oxx C 1

R R S
Paz 02, +o2, oix 1+ (tanfp)?

(8)
where we have set 0,, = 025 to accentuate the contribu-
tion of the photoexcited carriers. In the Hall regime in
Fig. 2b, we find C < 1 leading to a suppressed p;.. (solid
line) as compared with o,, = 0 (dashed line). For exam-
ple, A = 10meV and 7 = 10* cm?/(V's), we find C ~ 0.1
yielding a large suppression. This can be measured via
non-invasive local probes in long Hall bars (Fig. 2b in-
set), so that the probes are far away from distorted fields
near contacts.

The dichotomy between magneto-transport and the
photoinduced Hall regime in GDMs arises from the dif-
ferences in the origin of their Hall motion. In magneto-
transport, the Lorentz force alters the force balance on
charge carriers, and diverts momentum transversely; this
impedes longitudinal motion. In the photoinduced Hall
regime, v, appears in addition to longitudinal flow in
Eq. (4), and does not obstruct longitudinal motion since
it does not enter into the force balance. As a result, for
j flowing along equipotential lines in the photoinduced
Hall regime, smaller electric fields are sustained giving a
suppressed pg, in Eq. (8) [27].

The Hall regime can also change the “global” pattern
of current flow [1, 22-24], as shown in Fig. 2c. Here
we have contrasted ¢(r) for |ogy| > 042 (top/bottom
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panels) with o, = 0 [28]. In the former case, current
flow is non-uniform. Indeed, when the sign of o, is
changed, e.g. by changing between left- (LCP) and right-
(RCP) hand circularly polarized irradiation, the location
of “hot-spot” regions of largest electric field can switch.

As a result, the two-terminal conductance G = I/V,
acquires a sensitivity to o, [22-25]. Here I = fOW Jydx,
and V' = ¢source — Pdrain (Fig. 2d inset). In an arbitrary
geometry, G can be obtained numerically [24, 25]. How-
ever, for a conducting square L = W [22, 23],

G = [(0uy)® + (020)%] % = 025\ /T+ 1/ (tan b1)?, (9)

where in the last line we have set o,, = oPS, and
0wy = oby (realizable for ng = 0 and kpT/A < 1). For
brevity, we focus on this geometry. Using 0,y = 0%y ob-
tained for GDMs in Eq. (7), we obtain the two-terminal
photoconductance in Fig. 2d.

In the Hall regime, o}y provides the dominant contri-
bution to two-terminal conductance G (Fig. 2d), which
displays a non-linear nffe dependence that resembles that
of oby in Fig. 1b. This is particularly pronounced at low
n{fe, where G displays a “universal” profile that is insen-
sitive to mobility, boosting G. At large n{fe > n, the Hall
ratio diminishes, and G loses its sensitivity to the helicity
of the incident light (dashed line). In that regime, o,
dominates G.

The boost to G in the photoinduced Hall regime in
GDMs contrasts with that of magneto-transport. In the
latter, G decreases in the presence of a magnetic field
in the semiclassical limit [29]. The dependence of G on
the degree of circular polarization in the former, and the
boost to longitudinal carrier motion [Eq. (2), Eq. (9)], are
striking signatures of the unique Hall regime accessed in
narrow-gap GDMs.

Enhanced valley-imbalance rate - We now turn
to valley-imbalance, én = nf — nKe/, induced by the
absorption of circularly polarized light [12, 14]. As we
argue below, narrow-gap GDMs can experience an en-
hanced rate of imbalance between the valleys don/dt (as
compared with their wide-gap GDM counterparts) when
irradiated by light of non-zero helicity. We model the rate
of electron-hole pair creation in each valley, Wi k), via
Fermi’s golden rule

2 K(K'
W) = 2 ST IMETO RS (e — hw/2),  (10)
k

where the matrix elements are Mf(K/) =L (0 |EyTy +
CEyTy|t_) [26], and the incident light electric field is E
with photon energy fiw > 2A. Eq. (10) arises from writ-
ting p — p — eA/c in Eq. (3), with the vector potential
satisfying A = %E

Using the pseudo-spinor states |4 (p)) for GDMs

given above, we have (1y|m,[¢_) = sin®fe™"



cos?8ei?, (1hy |y lv_) = i(sin®Ge~? + cos?8ei¢?). For
normally incident circularly polarized light, E = |E|(X +
idy)/\/2, where d = +1 for LCP and RCP polarizations,
and gives the rate (per spin N)
2A

Wi = Wo(% +d)®, Wik = Wo(% —d)®, (1)
where Wy = €2|E[?/(16h°w), and hw > 2A. Eq. (11)
describes valley selective electron-hole transitions result-
ing from the absorption of light with non-zero helicity, in
agreement with Ref. [14].

Importantly, the K and K’ asymmetry in Eq. (11)
yields a valley population imbalance rate (per spin N)

2A

d 2 2
i GRS,
dt héw hw

where Aw > 2A, and the factor of 2 in the second
line accounts for both electron and hole populations.
The rate don/dt grows quickly for decreasing w, and
reaches a maximum at iiw = 2A, yielding max(dén/dt) =
e?|E|? /4hA; dén/dt vanishes for hw < 2A As a result,
large K/K' carrier density imbalance rates, ddn/dt, can
be achieved for narrow-gap GDMs when irradiated with
circularly polarized light on resonance with the gap.
Combining the enhancements for narrow-gap GDMs
in both Eq. (7) and Eq. (12) yields a large value of oby
per incident light irradiance, Pi, = c|E|?/(4m). This is
particularly striking in the low irradiance regime where
we can expand Eq. (7) to lowest order in dn. This gives

a linearized photoinduced Hall conductivity, %7, as

=2(Wik —Wi) =d

. AN e2 2422
6§e:dSOP S = eomhv’
Y (hw)2A h vy

(13)

where o = €2 /hc is the fine structure constant, and we

have estimated dn = vy~*(ddén/dt) d, with ~+ the net re-
laxation rate which may include electron-hole recombi-
nation as well as inter-valley scattering; we have taken
doping density ng = 0. For incident LCP/RCP light with
frequency above the gap, G2¢ /P, scales as [(hw)?A] ™",
reaching a maximum for fiw = 2A where it scales as
GPe/Pin o< 1/ A3. As a result, we find %4/ Pin can vary
over six orders of magnitude from A ~ 1eV (e.g. MoSz2)
to A ~ 10meV (e.g. G/hBN). This large scaling clearly
underscores how the effect of Berry curvature on pho-
toresponse is maximized for narrow-gap GDMs.

In conclusion, GDMs with small gaps are an ideal sys-
tem in which to probe and utilize the anomalous motion
of carriers resulting from the presence of Berry curva-
ture. The giant Hall photoconductivity in such narrow-
gap GDMs results in unique phenomena that can be
observed at room temperature, including access to the
Hall regime in the absence of a magnetic field. Unlike
in the case of conventional Hall effect due to a magnetic
field, which impedes longitudinal motion, Hall photocon-
ductivity arising from Berry curvature in GDMs boosts

it. This demonstrates the contrast between conventional
magneto-transport, and Berry curvature induced trans-
port, and unveils new means of controlling carrier trans-
port at zero field.

The implications for far-infrared and terahertz opto-
electronics are intriguing. While the Hall photoresponse
of GDMs with large gaps — e.g. molybdenum disulfide
(MoS,) — is likely too small for practical optoelectronics
applications, the corresponding photoresponse in small-
gap GDMs, such as graphene on hexagonal boron nitride
(G/hBN), can be significant. In a simple two-terminal
photoconductor, the anomalous conductance boost can
provide additional sensitivity at low input powers. Com-
bining such a valley Hall photoconducting detector with
a traditional photodetector can yield a measurement of
the degree of circular polarization of an incident wave,
without the need for wave-plates or other polarization-
conversion schemes. Furthermore, direct measurements
of the Hall photocurrent in a four-terminal Hall-bar ge-
ometry may yield a photoconductor-like detection mech-
anism that exhibits zero net dark current, even in the
presence of a large voltage bias. This unusual character-
istic, when combined with the giant Hall photoconduc-
tivity of narrow-gap GDMs, provides a new route toward
high-sensitivity long-wavelength detectors.
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0zz and constant pz,. This displays the duality between
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Here we have solved current continuity V-j = 0 in steady
state, with boundary conditions <Z>(1‘)|r:61C = const and
j(x)- ﬁ‘r:bk = 0, where ¢, and bx label boundaries with
metallic contacts (e.g., source and drain) and without
metallic contacts (e.g., sample boundaries) respectively.
Here n is the unit normal vector to the boundary, and
we have used uniform o.

This can be seen by writing for a single carrier Drude
model: 0z = oo/(1 + wETQ), and ozy = ocoweT/(1 +
w27?), and substituting into Eq. (9). Here o is longitu-
dinal conductivity at zero magnetic field, w. is the cy-
clotron frequency, and 7 is the scattering time.



Supplementary Information to “Giant Hall photoconductivity in narrow-gapped Dirac
materials”

Justin C. W. Song!?, and Mikhail A. Kats3*
! Institute of High Performance Computing, Agency for Science, Technology, and Research, Singapore 138632
2 Division of Physics and Applied Physics, Nanyang Technological University, Singapore 637371
3 Department of Electrical and Computer Engineering,
University of Wisconsin-Madison, Madison WI 53706, USA and
4 Department of Materials Science and Engineering,
University of Wisconsin-Madison, Madison WI 53706, USA

In this supplement we discuss Berry curvature and Hall
photoconductivity in dual-gated Bilayer graphene which
can host an energy gap tunable by an inter-layer electric
potential.

oby in dual-gated bilayer graphene

For small inter-layer biases, the low energy hamiltonian
of dual-gated bilayer graphene can be approximated in
the compact fashion similar to Eq. (3) of the main text
as Hi g = d(p) - 7 but with d(p) written as [1-3]

d(p) = (v*[p3 — pil/7, 2V papy/m, A),

where y; is the nearest-interlayer-neighbor hopping am-
plitude, and ¢ = +1 for electron in the K and K’ valleys
as in the main text. This hamiltonian is valid so long
as y1 > A, and v|p| > A. Since 11 =~ 0.38¢V [4], and
2A =~ few — 100meV have been reported [5-8], Eq. (S-
1) captures the low-energy physics of dual-gated bilayer
graphene in the density range n > n we are interested in.
Here 7 = 7,X+ 7,y + 7.2, where 7., . are the Pauli ma-
trices which act on the A/B sub-lattice space in alternate
layers [i.e. the spinor is written as (¥ top, ¥4, bottom))-
Diagonalizing Eq. (S-1) yields energies

ex = £/vip|t/77 + A2

The Berry curvature for dual-gated bilayer graphene
in Eq. (S-1) can be written as [2, 3, 6]

(S-1)

(S-2)

2(h* Ayiv?|p|?
(v4p|* + 77 A2)3/2

0% =+ (S-3)
Interestingly, while peaked near the band edges, 2(p) for
dual-gated BLG vanishes for p = 0, in contrast to Eq. (1)
in the main text for gapped single layer graphene.
Following the same procedure as the main text, we can
write the initial carrier density per spin before irradiation
as ng = ngs = ng. Using Eq. (5) and Eq. (6) of the

main text, we obtain a photo-induced Hall conductivity
in dual-gated BLG as

Ne? /
oy = = [Gx (i /2) + Gio (S /2)]

fing 1/2
g¢<x>=<<l—[ )

(’FL’I’Ll)l/Q
Va2 +nng \/(g:+n0)2+fm1} ’
(5-4)

where 7 = A?/(47h?v?) is the same as in the main text
and ny = 42/(4rh?v?), and N = 2 is the spin degeneracy.
We note that the large Berry flux per valley in dual-gated
bilayer graphene yields a large maximal value of oy =
2Ne?/h. Eq. (S-4) yields a o®¢ similar to that discussed
in the main text, exhibiting a saturation behavior, and
can also be tuned by carrier doping ng.
In contrast to gapped single layer graphene, the char-
acteristic density scale in dual-gated bilayer graphene is
Ny = /N7 (S-5)
We note that n, > 7 since v > A. However, large
values of o}y can still be achieved for small gap sizes
in Eq. (S-4), and for relatively low photoexcited carrier
density. Taking A = 10meV and v; = 0.38¢eV, we find
relatively low n, = 6.8 x 101 cm™=2. Here we have used
v =10%cm s~ ! as in the main text.
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