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Dynamic Hall Effect Driven by Circularly Polarized Light in a Graphene Layer
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We report the observation of the circular ac Hall effect where the current is solely driven by the crossed
ac electric and magnetic fields of circularly polarized radiation. Illuminating an unbiased monolayer sheet
of graphene with circularly polarized terahertz radiation at room temperature generates—under oblique
incidence—an electric current perpendicular to the plane of incidence, whose sign is reversed by
switching the radiation helicity. Alike the classical dc Hall effect, the voltage is caused by crossed E
and B fields which are, however rotating with the light’s frequency.
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For more than a century, the Hall effect has enabled
physicists to gain information on the electronic properties
of matter. In Hall’s original experiment [1], a clever com-
bination of static magnetic and electric fields allowed to
determine the sign and density of charge carriers, opening
the door to a more thorough understanding of electronic
transport in metals and semiconductors. The circular
ac Hall effect (CacHE), in contrast, driven by the crossed
ac E and B fields of circularly polarized light, delivers
information on the underlying electron dynamics. The
effect remained so far undiscovered as electromagnetic
radiation incident upon low-dimensional structures causes
all sorts of photocurrents stemming from both contact
and band-structure specifics. With respect to the latter,
the newly discovered graphene [2] is an ideal model system
as symmetry prevents other helicity-driven photocurrents
like the circular photogalvanic [3] or spin-galvanic effect
[4] to occur. These effects require the lack of spatial
inversion and are therefore forbidden in the honeycomb
crystal lattice of graphene having the symmetry Dy, [5].

Two types of graphene were investigated: large area
graphene prepared by high temperature Si sublimation of
semi-insulating silicon carbide (SiC) substrates [7] and
exfoliated graphene [2] deposited on oxidized silicon
wafers. While both types of samples showed the effect,
the micron sized exfoliated samples displayed an addi-
tional edge contribution (discussed in Ref. [6]) as the
spot size of the terahertz (THz) laser of 1 mm? was larger
than the graphene flakes. Hence, we focus on the large area
SiC based samples having areas of 3 X 3 and 5 X 5 mm?.
We studied both n- and p-type layers with carrier concen-
trations in the range of (3—7) X 10'?> cm~2 and mobilities
about 1000 cm?/V's at room temperature. The experi-
mental geometry is sketched in Fig. 1. The graphene
samples were illuminated at oblique incidence, where the
incidence angle 6, was varied between —40° and +40°.
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The resulting photocurrent was measured at room tempera-
ture for wavelengths between 90 um and 280 wm using
either a continuous-wave (cw) CH;OH laser or a high
power pulsed NHj laser [8,9]. For these wavelengths the
condition w7 < 1 holds, with @ the angular frequency of
the light and 7 the momentum relaxation time of electrons
(holes) in graphene. The resulting photocurrent is mea-
sured by the voltage drop across a load resistor between
pairs of contacts made at the edges of the graphene square.
To prove that the signal stems from graphene and not, e.g.,
from the substrate, we removed the graphene layer from
one of the exfoliated samples and observed that the signal
disappeared. The degree of circular polarization, P, =
sin2¢, is adjusted by a quarter-wave plate, where ¢ is the
angle between the initial polarization vector of the laser
light and the ¢ axis of the plate.

The photocurrent for the transversal geometry, Jys is
shown in Fig. 2 as a function of ¢. The principal observa-
tion made in all investigated samples is that for circularly
polarized light, i.e., for ¢ = 45° and 135°, the sign of j,
depends on the light’s helicity and the charge carriers’
polarity. The overall dependence of j, on ¢ is more com-
plex and, at small 8, well described by

Jy = Abysin2¢ + B sindp + £. (1)

FIG. 1. Experimental configurations showing the plane of
incidence of the radiation and the arrangement of contacts at
the edges of graphene. Both (a) transverse and (b) longitudinal
arrangements were used to measure the photocurrents.
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FIG. 2. Transverse photocurrent j, as a function of the angle ¢
for p- and n-type graphene. The ellipses on top illustrate the
polarization states for various ¢. Dashed lines show fits to the
calculated total current j, + jz comprising the circular contribu-
tion j, (CacHE, full line) and the linear contribution jp (dotted
line). An offset £, 2 times smaller than j,, was subtracted.

Here, ¢ is a polarization independent offset, ascribed to
sample or intensity inhomogeneities. It does not change
with the angle 6, and is subtracted from the data of Fig. 2.
The fit parameters A and B describe the strength of the
circular contribution j, « sin2¢ and of the contribution
Jjp o sind¢ caused by linear polarization. Both contribu-
tions are shown together with the resulting fit of the data in
Fig. 2. Note that for purely circularly polarized light, the
linear contribution jz vanishes.

In the longitudinal geometry [Fig. 1(b)], only linearly
polarized light gives rise to the ¢ dependence of j,:

j. = BO,(1 + cosde) + CO, + &. )

This is shown in the inset of Fig. 3 for both n- and p-type
graphene. A sizable fraction of j, stems from the polariza-
tion independent contribution j- = C#,,, whose sign does
not reverse with helicity. Both currents j,, and j,, however,
change their signs upon reversing the direction of inci-
dence (Fig. 3).

The experimental data are well described by the theo-
retical model, outlined below. While the longitudinal cur-
rents can be explained along similar lines, we focus on the
transverse helicity-driven current j,. The basic physics
behind the CacHE is illustrated in Fig. 4. Here, we consider
the classical regime, where the photon energy is much
smaller than the Fermi energy, ho < |Ef|, fulfilled in
the experiment as |Ep| is ~100 meV while the photon

energy hw is typically ~10 meV. For circularly polarized
radiation, the electric field rotates around the wave vector
q, sketched in Fig. 4(a) for o, circularly polarized light.
This leads to an orbital motion of the holes (electrons)
illustrated in Fig. 4. The CacHE comes into existence due
to the combined action of the rotating electric and mag-
netic field vectors E and B, respectively. At an instant of
time, e.g., at #, the electron is accelerated by the in-plane
component E| of the ac electric field. At the same time, the
electron with velocity v is subjected to the out-of-plane
magnetic field component B,. Note, that the velocity v
does not instantaneously follow the actual E)-field direc-
tion due to retardation: There is a phase shift equal to
arctan(w7) between the electric field and the electron
velocity v. Only for w7 <1 the directions of v and E|
coincide. The effect of retardation, well known in the
Drude-Lorentz theory of high frequency conductivity
[10], results in an angle between the velocity v and the
electric field direction E|, which depends on the value of
wT. The resulting Lorentz force F; = e(v X B_), where e
is the positive (holes) or negative (electrons) carrier charge,
generates a Hall current j, also shown in Fig. 4. Half a
period lateratt, = #; + T/2, both v and B, get reversed so
that the direction of F; and, consequently, the current j
stay the same. The oscillating magnitude and direction of
B, along the closed trajectory leads to a periodical modu-
lation of the Lorentz force with nonzero average causing a
nonzero time-averaged Hall current with fixed direction.
If, as shown in Fig. 4(c), the light helicity is reversed, the
electric field rotates in the opposite direction and, thus, the
carrier reverses its direction. Hence, the y-component of
F; att; and t, is inverted. Consequently the polarity of the
transverse, time-averaged Hall current changes. This is
the circular ac Hall effect. On the other hand, we obtain
the longitudinal current j,, which does not change direc-
tion when the helicity flips. This current is also observed in
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FIG. 4 (color). Schematic illustration of the circular ac Hall
effect. For simplicity we assume positive carriers, i.e., holes.
(a) E and B field vectors of o, polarized light with wave vector
g under oblique incidence in the (xz) plane. The solid orbit
represents the hole’s elliptical trajectory caused by the ac E field.
The relevant vectors are shown for two instants in time, ¢, and t,,
shifted by half a period; v; and v, are the hole velocities at t;
and t,, respectively, taking retardation into account. The direc-
tion of the Lorentz force F; due to the ac B field determines the
direction of the Hall current j. (b) Top view of (a). (c) Same as
(b) but for o_ light.

our experiment, displayed in Fig. 3. Obviously, flipping
the angle of incidence, 8, — —#6,, results in a change of
the relative sign of E) and B; so that both j, and j, flip
directions.

While the explanation of the CacHE has been given in
a pictorial way above, we resort now to a microscopic
description based on the Boltzmann kinetic equation for
the electron distribution function f(p, r, t), with the free-
carrier momentum p, in-plane coordinate r, and time #:

g—i—va—f-}-e(E—i-vXB)g:Q{f}. 3)
ot Jar ap

Here, Q{f} is the collision integral described in terms of
momentum relaxation times 7, (n = 1,2...) for corre-
sponding angular harmonics of the distribution function
[6,11]. The electric current density is given by the standard
equation j = 4ey ,vf(p), where a factor of 4 accounts for
spin and valley degeneracies. In order to solve the kinetic
Eq. (3), we expand the solution in powers of electric
and magnetic fields, keeping linear and quadratic terms
only. This is described in more detail in Ref. [6] closely
following previous work [11]. In the calculation of f(p)
and j, we used the energy dispersion &, = *vp of free
carriers in graphene and the relation v=wv,=vp/|p|
between the velocity and the quasimomentum (v =
¢/300, with ¢ being the speed of light). Contributions to

the photocurrent appear not only from a combined action
of the electric and magnetic fields of the light wave,
illustrated in Fig. 4, but also due to the spatial gradient of
the electric field [11]. As final result we obtain for the
helicity-driven current

] . T 1—r
= ABysin2¢ = gOoxPere 1 + 2)———, (4
JA 0SmMz@ = qUpx mrc( Tl)l + a)QT% )

flowing in y-direction, and the ¢-independent current

. q6ox 1- w27’17'2:|
= Co, = 20+ + (1~ ,
je=con =T [20 40+ 0= 0700

(&)

flowing along x (for light propagating in the (xz) plane).
Here g = w/c, gsinfy = g6, r = dInt,/dIne and y =
(v E?/[2mh2(1 + o’17)].

The results of the calculation are shown in Figs. 3 and 5.
The used fitting parameters only depend on details of
the underlying scattering mechanism discussed below.
Equation (3) provides in addition to j, and j. also currents
Jpx * qOp(1 + cosde) and jp, = g,sinde, for details
see [6]. However, for circularly polarized light (¢ = 45°
or 135°), the degree of linear polarization is zero and the
corresponding currents vanish leaving the undisturbed
CacHE contribution.

As seen in experiment the polarity of the photocurrents
is opposite for n- and p-type graphene samples. This is
expected from theory since (i) the ac Hall current j, as well
as the longitudinal current j, are proportional to e and
(i1) the conduction- and valence-band, in the massless
Dirac model, are symmetric with respect to the Dirac point.
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FIG. 5. Frequency dependence of A = j,/6, (dots) and C =
Je/ 0o (squares) as function of w7 for circularly polarized light.
Data are shown for wavelengths 90, 148 and 280 um with the
power ranging from 10 to 30 kW. The photocurrent j- is
obtained from the current in x direction, which for o,
o_-light reads j, = C6,. The calculated frequency dependence
of j4 [Eq. (4), solid line] and j- [Eq. (5), dashed line] describe
the experiment quantitatively well. The inset shows j,/j- both
for experiment and theory. This plot, independent of the absolute
values, shows that the helicity-driven current j, vanishes for
or K 1.
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In contrast, in typical semiconductors conduction-band and
valence-band states have different symmetry properties
and the relation between values and polarities of the ac
Hall photocurrents is more involved.

Equations (4) and (5) suggest a nonmonotonous fre-
quency dependence of the photocurrents. In Fig. 5 the
calculated frequency dependence of both A = j, /6, and
C = jo/0, are compared quantitatively to experimental
data. For the momentum scattering time we used the
relation 7, = 27, « 8;1, valid for short range scattering
[12] and relevant for our low mobility samples (7; = 2 X
10~ s). Apart from the above assumption of short range
scattering, no fit parameter was used. Figure 5 shows that
the theory describes the frequency dependence and the
absolute value of the photocurrent very well. Both j, and
Jc contribute to the photocurrent for circularly polarized
light. It is remarkable that the helicity-driven current j,
and the polarization independent photocurrent j- show
completely different frequency dependencies. While j.
does not change much for wr < 1, j, increases with
growing w7 at low frequencies. For large w7 well above
unity both photocurrents decrease with increasing w. This
property agrees with the model addressed above. The
CacHE, i.e. j,, disappears for w — 0, since no cir-
cular polarization exists for static fields and the required
retardation vanishes. With increasing o the retardation
becomes important and the current increases < w7. For
o7 =1 the current gets maximal and decreases rapidly at
higher w, j, « 1 /w*. In contrast, the longitudinal current
Jc does not depend on the frequency at w7 < 1 and dis-
plays its maximum at @ — 0. The effect of retardation is
just opposite to that on j,: Increasing w reduces the
y component of the velocity (Fig. 4) and hence the
x component of the Lorentz force. As a consequence, j.
drops with increasing w, see Fig. 5. The ratio of j and j4
is plotted in the inset of Fig. 5 showing that the role of the
circular effect substantially increases with wr. The excel-
lent agreement of theory and experiment shows that the
model covers the essential physics of the circular ac Hall
effect.

The photocurrents j- and j, are both proportional to the
wavevector ¢ and may, therefore, also be classified as
photon drag effect. In fact, the polarization independent
longitudinal current j. is the well-known linear photon
drag effect, which was first treated by Barlow [13] in 1954,
observed in bulk cubic semiconductors [14,15] and re-
cently discussed for graphene [6,16]. The effect, described
here, can be considered as the classical limit (hw <K Ep
and w7 =< 1) of the circular photon drag effect. As it can be
described in terms of the Lorentz force [see Eq. (3)], we
call it the ac Hall effect. The circular photon drag effect,
which takes over at higher frequencies, i.e., for w7 > 1,
was discussed phenomenologically [17,18] and observed
in GaAs quantum wells in the midinfrared range [19]. In
this pure quantum mechanical limit the picture above is

inapplicable and involves asymmetric optical transitions
and relaxation in a spin polarized nonequilibrium electron
gas. The drag effect in metallic photonic crystals, generat-
ing a transverse current due to microscopic voids, was
reported recently [20].

The appearance of a helicity-driven Hall current is a
specific feature of two-dimensional, even centrosymmet-
ric, structures like graphene. CacHE is a general phenome-
non and should exist in any low-dimensional system. It is,
however, more readily observable in a monoatomic layer
like graphene, as in multilayered low-dimensional systems,
e.g., quantum wells, the CacHE is masked by the circular
photogalvanic effect [3].
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