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We report on the observation of the circular transversal terahertz photoconductivity in monolayer
graphene supplied by a back gate. The photoconductivity response is caused by the free carrier
absorption and reverses its sign upon switching the radiation helicity. The observed dc Hall effect
manifests the time inversion symmetry breaking induced by circularly polarized terahertz radiation
in the absence of a magnetic field. For low gate voltages, the photosignal is found to be proportional
to the radiation intensity and can be ascribed to the alignment of electron momenta by the combined
action of THz and static electric fields as well as by the dynamic heating and cooling of the electron
gas. Strikingly, at high gate voltages, we observe that the linear-in-intensity Hall photoconductivity
vanishes; the photoresponse at low intensities becomes superlinear and varies with the square of
the radiation intensity. We attribute this behavior to the interplay of the second- and fourth-order
effects in the radiation electric field which has not been addressed theoretically so far and requires

additional studies.

I. INTRODUCTION

Optoelectronic phenomena in graphene, providing a
highly effective means for the manipulation and control of
carriers by radiation from the visible to terahertz (THz)
frequency range, are subject of enormous current interest,
see e.g. [1-18]. In the last decade it was demonstrated
that a circularly polarized radiation can produce a dc
electric current whose direction and magnitude are con-
trolled by the radiation helicity, see e.g. [11, 19-34]. A
particularly intriguing phenomenon is the circular Hall
effect arising in the absence of static magnetic fields.
The Hall current can appear either in unbiased samples,
where it is driven by the crossed electric and magnetic
fields of a circularly polarized wave and is termed the
dynamic circular Hall effect [11, 20, 22, 24-26], or as cir-
cular transverse photoconductivity in the presence of a
dc current, where it is driven solely by the electric field
of the wave and is also termed the photovoltaic Hall ef-
fect [19, 23, 27, 28, 34]. At low intensity I of illumina-
tion, the lowest-order transverse photoconductivity oc I
has two contributions, one coming from the optical align-
ment of electron momenta and the other from the dy-
namic heating and cooling of the electron gas [34]. In
addition, a high-intensity circularly polarized light can
open gaps in the Dirac spectrum, which, as predicted
in Ref. [19] and recently demonstrated by applying mid-
infrared radiation in Ref. [27], also leads to a photoin-
duced dc Hall current governed by the direct interband
couplings. For highly doped samples and/or for tera-
hertz radiation with relatively small photon energies not
exceeding several meV, the spectrum reconstruction ef-
fects [19] driven by the interband couplings should be

less pronounced. In this case, the intraband free carrier
absorption [34] is expected to dominate the circular Hall
effect in photoconductivity.

Here we report an observation and study of the circu-
lar transverse photoconductivity in graphene induced by
terahertz radiation of moderate and large intensity. We
demonstrate that absorption of the terahertz radiation
results in a Hall photocurrent whose direction changes
to the opposite with inversion of either the bias volt-
age polarity or the radiation helicity. The detected Hall
photoresponse is negligibly small at the charge neutrality
point (CNP). At low gate voltages away from the CNP,
the photoresponse is proportional to the radiation inten-
sity I at low intensities sometimes saturating at higher I.
Such behavior is consistent with theory predicting the cir-
cular transverse photoconductivity of second order in the
radiation electric field E, see Refs. [19, 34, 35]. Strikingly,
at high electron densities corresponding to higher gate
voltages, the observed Hall photosignals exhibit a super-
linear intensity dependence and vary as I?. Such behav-
ior is detected for several frequencies ranging from 0.78
to 3.33 THz. Unlike the transverse photoconductivity,
the longitudinal photoconductivity signal measured par-
allel to the bias current was insensitive to the radiation
helicity. We discuss the observed THz radiation-induced
circular Hall effect in terms of intraband electron kinetics
in the presence of static and circular high-frequency elec-
tric fields. The corresponding quasiclassical theory [34] is
consistent with our experimental results at low gate volt-
ages and clarifies why the linear-in-I contributions show
up away from the CNP and can drop down at high gate
voltages. An extension of this theory to higher orders is
required to explain the emergence of strong quadratic-
in-I contributions to the circular Hall effect dominating



the observed THz photosignals at high gate voltages and
high intensities.

II. SAMPLES AND METHODS

The exfoliated graphene/hexagonal boron nitride
stacks [36-38] were prepared as Hall bar structures, see
the microscope picture of sample #A in Fig. 1 (a). All
investigated samples #A, #B, and #C had a Hall bar
width of 2 um and length of L = 9 pum and manifested
similar transport- and photoresponce. By changing the
back gate voltage the carrier density could be tuned in
a wide range and varied symmetrically with the effective
gate voltage, U™, as n,plem™2] = 0.75 x 10 |UT|[V],
where n and p are electron and hole sheet densities at
positive and negative Ugﬁ, respectively. Here U;H =
Uy—U, ;NP was determined separately for every cool down
tracing slight shifts of the gate voltage U, gCNP correspond-
ing to the charge neutrality point (CNP). Figure 1 (c)
depicts the carrier density obtained from classical Hall
measurements at liquid helium temperature in the ab-
sence of THz illumination. For these measurements an
ac current of 10 nA at a frequency of 12 Hz was applied
to the sample. The corresponding Fermi level position e
as a function of U™ is presented in Fig. 1 (d). It was cal-
culated using the conventional relations ep = hvp+/Tn,
er = —hvp,/7p and a standard value vy = 108 cm/s for
the electron velocity in graphene.

For studies of the circular Hall effect we used a high
power pulsed THz molecular gas laser [39-41] pumped
by a transversely excited atmospheric pressure (TEA)
COq laser [42]. As illustrated in Fig. 1 (b) the sample
was illuminated with circularly polarized THz pulses at
normal incidence. The laser operated at frequencies f =
0.78,2.02, and 3.33 THz with pulse duration of about 100
ns and repetition rate of 1 Hz. The laser power, analyzed
by photon drag detectors, was of the order of tens of
kW varying for different frequencies. Taking into account
the diameter of the Gaussian beam profile (1.5-3 mm),
known from measurements using a pyroelectric camera,
intensities up to 150 kW /cm? could be achieved on the
sample position. To control the laser radiation intensity
arriving on the sample we placed two grid polarizers into
the optical path, where the first one was rotatable and the
second one was at a fixed position [32, 43]. The radiation
polarization was modified by placing A/4-plates in front
of the sample, which were rotated by an angle ¢ between
the c—axis of the plate and the electric field vector of
the laser radiation after the second grid polarizer. In
most of the experiments we used angles ¢ = 45° and
¢ = 135° corresponding to the right handed (o) and left
handed (o) circularly polarized light, respectively. The
sample was placed into an optical temperature-regulated
continuous flow cryostat where it was cooled down to T' =
4.2 K. The z-cut crystal quartz windows were covered by
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FIG. 1. (a) A microscope image of the Hall bar struc-
ture (sample #A). (b) The experimental setup. The sample
is irradiated with circularly polarized light along z-direction
at normal to the sample surface. A dc bias voltage V¢ is
applied in x direction along the Hall bar. The transversal
photosignal U, is picked up as a voltage drop over load re-
sistors Rr, = 50€). Subtracting the photosignal for oppo-
site V3¢ polarities yields the photoconductivity signal Upe =
[Uy (V) — U, (=V39)]/2. Bottom panels show characteristics
of the investigated graphene sample obtained from magneto-
transport measurements. (c) The carrier density versus the
effective gate voltage U;ﬁ =U,;— Ugc NP The solid line shows
a linear fit after n,p[em 2] = 0.75 x 10'" |US|[V]. (d) The
Fermi energy e (blue dots) determined from the carrier den-
sity (c). The solid black line corresponds to the linear fit from
panel (c).

a black polyethylene film transparent for THz radiation
preventing the undesired illumination of the sample with
room light.

To change the sample conductivity under THz illumi-
nation a dc bias voltage V.9 was applied between source
and drain contacts, i.e. along the long side of the Hall
bar (z—direction) [44]. The transverse (Hall) photosignal
was picked up between two oppositely placed contacts at
the middle of the Hall bar and measured as a voltage drop
U, (V.4¢) over load resistors Ry, = 50 (2, see Fig. 1(b). For
comparison, we also studied the longitudinal photocon-
ductivity within the two-terminal measurement scheme
in which a voltage drop U, (V') or U,(V,!) was mea-
sured between two contacts biased over a load resistor
either across the Hall bar (Fig. 2 in the main text) or
along the Hall bar (Fig. 8 in the supplementary materi-
als).
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FIG. 2. (a) Transversal photosignal picked up in sample #A
perpendicular to the direction of the applied dc bias voltage
V3¢ which is swept at a fixed gate voltage of Ugelcf =7V
for right- and left-handed circularly polarized light. (b) The
calculated helicity dependent parts Ug™ = (Ug - Ug /2
of the Hall signal (dc bias voltage V¢ along =, full dots) and
of the longitudinal signal (dc bias voltage VydC along y, open
dots). Dashed linear fits are a guide for the eye.

III. RESULTS

Measurements under circularly polarized radiation re-
vealed the helicity-sensitive Hall photoresponse. It was
detected in y direction across the Hall bar perpendic-
ular to the direction of the applied bias voltage V.
Figure 2(a) shows a typical bias voltage dependence of
the photoresponse to right-handed (o) and left-handed
(07) circularly polarized radiation. It demonstrates that
for fixed radiation helicity the signal is proportional to
the applied bias voltage. It vanishes at zero bias voltage,
and changes the sign by switching from negative to pos-
itive Vd¢. These facts reveal that the main signal comes
from the change of the sample conductivity. We also ob-
served that the variation of the signal with bias voltage
remained linear for dec up to £0.2V, with a tendency
to saturate at higher bias voltages, see Fig. 2(a).

Importantly, an inversion of the radiation helicity con-
sistently inverted the sign of the Hall photoconductiv-
ity signal, see Fig. 2(a). Rotating the A\/4-plate we ob-
served that the signal closely follows the degree of circu-
lar polarization Puye = (I° —I° )/(I°" +1° ) so that
Uy « Peire (not shown). Here, I and I° are inten-
sities of the right- and left-handed circularly polarized
radiation. We emphasize that such a helicity sensitive
behaviour was only observed for the Hall photoconduc-
tivity, i.e. for U, detected with the dc bias Vde applied
along the Hall bar. For longitudinal photoconductivity,
in contrast, the signals for right and left handed circular
polarization were almost identical, see Fig. 8 in the sup-
plementary materials. To explore the functional behavior
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FIG. 3. The transversal photoconductivity Uf,icrc excited by
circularly polarized radiation, extracted using Egs. (1) and
(2) from Uy measured by sweeping the gate voltage UgEH from
—30 to +30 V. (a) Gate voltage dependence of U5 measured
in sample #A at a frequency of f = 2.02 THz and with an
intensity of I ~ 80kW /em”. (b) USr® detected in sample #B
at the same frequency. (c) Ugicrc in sample #A as a function of
Ugff for two different frequencies f = 2.02 and f = 1.07 THz
at I =~ 20kW/cm®. (d) U detected after two different
sample cool downs on sample #A under f = 1.07 THz illu-
mination. USr® after Egs. (1) and (2) was calculated using

T = 4.2K measurements at V3¢ = £0.2 V for sample #A
and V3¢ = 40.1 V for sample #B.

of the helicity dependent signal, we write it as
. uct —us
Ueire = %7 (1)
where Uy " and Uy ~ are the photosignals generated by
right- and left-handed circularly polarisation, respec-
tively. The variation of the Hall circular photoresponse
with bias voltage is shown in Fig. 2(b) together with
the results of the longitudinal circular photoresponse ob-
tained for the bias voltage applied in y direction. The
circular longitudinal signal is almost zero, see Fig. 2(b)
and Fig. 8 in the supplementary materials, and, similar
to the Hall signal, changes its sign upon inversion of the
bias voltage polarity.

While the sign change upon switching the bias voltage
polarity was detected in all measurements, the magni-
tude of signals for V4¢ and —V,4¢ were slightly different,
see Fig. 2(a) and Fig. 7 in the supplementary materials.
This observation is attributed to the generation of the
photogalvanic currents [11, 32]. Using that, by defini-
tion, the linear-in-V,4¢ photoconductivity signal should
have opposite sign for positive and negative bias volt-
ages V.9¢ whereas the the photogalvanic current should
be insensitive to the polarity of V¢, we extracted the



photoconductivity contribution Ugicrc as an odd part of
U;lrc(vxdc),
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Figure 3 illustrates the gate voltage dependence of the
corresponding circular photoconductivity signal Ugicrc.
Panels (a) and (b) show USr® obtained in samples #A
and #B under intense f = 2.02THz radiation with
I ~ 100 kW/cm™2. These traces demonstrate that the
circular photoconductivity is negligible at the CNP, and,
for small gate voltages, increases almost linearly and sym-
metrically with Ugff. At higher gate voltages, however,
the dependences become asymmetric: for positive gate
voltages U;icrc increases further and typically saturates
at high gate voltages, whereas for the negative Ugff the
Hall photoconductivity decreases and may even change
the sign. Similar results are obtained for lower intensi-
ties and other frequencies, see Fig. 3(c). The electron-
hole asymmetry of the circular photoconductivity was
detected in all measurements, but was different for dif-
ferent cool downs. Figure 3(d) shows an exemplary gate
voltage dependence of the signal obtained for two differ-
ent cool downs. While for positive gate voltages both
amplitude and functional behavior are similar, for nega-
tive gate voltages in one of the cool downs the signal is
close to zero for all Uge‘cf. Therefore, in the following we
focus on the data obtained for positive gate voltages.

Figure 4 shows the gate voltage dependences obtained
for f = 2.02 THz with different radiation intensities.
It demonstrates that the circular photoconductivity de-
pends non-monotonically on Ugeff: at low intensities it in-
creases almost linearly with raising Ugﬁ, reaches a max-
imum and decreases for large Ugﬁ. The maximum po-
sition depends on the radiation intensity and shifts to
higher Ugeicf with increasing radiation intensity.

While for low gate voltages the circular photoconduc-
tivity linearly increases with increasing radiation inten-
sity I, see Fig. 5, or saturates at high I (not shown), at
high gate voltages it becomes superlinear. In the latter
case, in particular, for the highest gate voltages, the data
can be well fitted by USre = A(f)x I?, where A(f) is a fit
parameter, see Fig. 5(b) and (c) for sample #A and the
inset in Fig. 5(c) for sample #B. The superlinearity at
high gate voltages has been detected for all radiation fre-
quencies, see Fig. 6. The coefficients A(f) increase at low
frequency, for instance, A(0.78 THz)/A(3.33 THz) =~ 70.
Note that in our laser systems the highest available in-
tensities become lower at low radiation frequencies, see
Fig. 6.
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FIG. 4. Gate voltage dependences of the helicity dependent
part of the Hall photoconductivity signal Ugicrc for four differ-
ent intensities I as indicated. Up arrows point to the maxima
of USiCrC(UgCH) . These data were obtained on sample #A at
T =42K and V! = +£0.2 V.

IV. DISCUSSION

We begin the discussion of the observed circular photo-
conductivity by reviewing the results of a phenomenolog-
ical theory based on general symmetry arguments. When
an isotropic system is excited by normally incident spa-
tially homogeneous terahertz radiation, the minimal or-
der dc photocurrent, linear with respect to the dc electric
field E9¢ applied in = direction and quadratic in the ra-
diation electric field E exp(—iwt) + E* exp(iwt), is fully
characterised [35] by three transport coefficients

Jo = (71 + 7251)‘E|2Eg07 (3)
Jy = (7252 +7353) | B[ ES° (4)

where $i = (E2 — B2)/|BP?, S, = (E.E; + E1E,)/|BJ2,
and S = i(E,E; — E;E,)/|E|* are Stokes parameters
describing the polarization of the radiation field. In the
case of circular polarization, the anisotropic terms pro-
portional to S; = S5 = 0 vanish, and the photoresponce
is reduced to

j» = 11| E[PES°, (5)
Jy = s E|PESC, (6)

where the helicity = £1 represents the two possible
values of S3 = +1 for right- and left-handed circular
polarization. The form of the photoresponse given by
Eq. (6) is analogous to the conventional Hall effect, with
the circularly polarized radiation playing the role of the
time reversal symmetry breaking field instead of mag-
netic field and with the diagonal and Hall components
of the photoconductivity tensor being even and odd with
respect to the helicity 7, in accord with our observations,
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FIG. 5. The intensity dependences of USl® for different
effective gate voltages U;E measured on sample #A under
f = 2.02 THz excitation and V,%® = 40.2 V dc bias. Panel
(a) presents the data for low US™; solid lines are linear fits
after Ugicrc = al yielding a = 2, 4 and 6 uV cm?/kW. Solid
lines in panels (b) and (c) are fits after Usr® = AI?. The
inset presents the intensity dependences at Ugﬁ = 24 and
28 V measured on sample #B under f = 2.02 THz excitation
and V3¢ = £0.1 V dc bias. The obtained coefficients are
A =0.1 (b), 0.055 (c), 0.021 and 0.036 (inset), in units of uV
cm® /kW?.

see Figs. 2, 3, 4, and 6 for the Hall photocurrent, and
Figs. 2(b) and 8 for the longitudinal photocurrent. Note
that in Fig. 2(b) the longitudinal current was detected
by applying the bias voltage across the Hall bar, along y
direction, and by measuring the corresponding j, com-
ponent of the photocurrent.

In general, the photoconductivity response to THz ra-
diation may be caused by either direct interband or in-
direct intraband optical transitions, the latter being due
to the scattering-assisted free carrier absorption. In de-
generate graphene at low temperatures, the interband
processes require photon energies larger than twice the
Fermi energy since the final states for optical transition
should be free. Thus the interband photoconductivity re-
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FIG. 6. The intensity dependence of Ugicrc obtained on sample
#A at high gate voltage, UgEH = 30V, and three different
frequencies: (a) f = 3.33 THz; (b) f = 2.02 THz, and (c)
f = 0.78 THz at VydC = 40.2 V. Solid lines are fits after
Ugre = AT? with A = 0.17, 0.25, and 12 pV cm®*/kW? in
panels (a), (b), and (c), respectively.

sponse should be maximal for gate voltages in the vicin-
ity of the CNP and should vanish at large Ugeﬁ. The
fact that in our experiments the signal vanishes at the
CNP (see Figs. 2, 3, and 4) demonstrates that direct
inter-band optical transitions do not contribute to the
observed photoresponce. In addition, in the presence of
a high intensity radiation the interband optical coupling
can lead to significant modification of the excitation spec-
trum of graphene [19]. The corresponding enhanced pho-
toresponce in the vicinity of spectral gaps of the dressed
states is also unavailable in our study with THz pho-
ton energies much smaller than typical Fermi energies.
Therefore, in the following we focus on the scattering-
assisted intraband mechanisms of the photoresponse.

For low gate voltages (< 10 V) we observed that Usicrc
increases linearly with Ugﬂ and is almost symmetric for
positive and negative gate voltages, Fig. 3(a)-(c) [45].
Importantly, for low gate voltages we also detected that
the signal grows linearly with the radiation intensity, i.e.,
in agreement with Eq. 6, is proportional to the square of
the radiation electric field |E|?, see Fig. 5(a).

The kinetic theory of the lowest-order transverse pho-
toconductivity in two-dimensional materials with ar-
bitrary dispersion was recently developed in Ref. 34.
Within the semiclassical kinetic approach based on Boltz-
mann equation it has been shown that the circular Hall



dc, see Eq. (6), contains
two contributions. One of them is caused by the opti-
cal alignment of electron momenta and the second is due
to the dynamic heating and cooling of the electron gas.
These contributions are associated with the excitation
of the second (optical alignment) and zeroth (dynamic
heating) angular harmonics of the Boltzmann distribu-
tion function, both oscillating in time with the radia-
tion frequency. Both harmonics appear at the second
perturbation order from the equilibrium Fermi distribu-
tion via successive perturbation by the THz and static
electric fields. The magnitude of these perturbations is
controlled by the corresponding dynamic relaxation rates
ok = 7,71 —iw, where 7,71 denotes the relaxation rate
for the corresponding nth static angular harmonics. The
explicit result of Ref. 34 for 75 in the case of graphene,
with the linear dispersion € = vp, reads

’ /
Y3 = goe2v?Im {awmw {Tl + < (E) ]
€ 2 \¢
awe? [0 (11\']’ 1\’
"3 [5 (M ~ 2007 () -
E=EFR

Here 0o = e?cp7/mh? is the static conductivity, e the
elementary charge, e the Fermi energy, o, = 1+ (1 —
iwr1)~!, and primes denote derivatives with respect to
kinetic energy € taken at the Fermi surface € = ep.

It is seen that the circular photoconductivity 77y3|E|?
is sensitive to the microscopic nature of scattering, which
determines the energy dependence of the scattering rates
7, 1 (¢) and 75 ! (¢) in the vicinity of the Fermi surface ¢ =
er [46]. In particular, one immediately observes that 3
vanishes in the important case 71 = 275 o< €. This model
represents scattering at the Coulomb centers relevant to
graphene at low carrier densities, and is consistent with
~v3 = 0 at the CNP observed in our experiments.

On the other hand, since the relevant scattering times
To > 71 ~ To ~ 1 ps are much longer than 1/w for the
relevant THz frequencies and low temperatures, we are
mostly interested in the high-frequency regime wr, > 1
of Eq. (7). Interestingly, in this limit the dynamic heating
(o To.,) and optical alignment (x 7o) terms in Eq. (7)
cancel each other in the leading order which can be ob-
tained by setting o, = 1 and 79,700 = iw™!. As a
result of this cancellation, in the high-frequency regime
~v3 scales as w3 unlike individual contributions scal-
ing as w™!. In particular, for the short-range scatter-
ing with 7 = 27 o ¢!, the high-frequency limit of
Eq. (7) reduces to 3 = —6e*v? /rh?w3ep. For the model
71 = 279 o /(2 + %) combining the short-range and
Coulomb scattering, the theory of Ref. 34 thus predicts
the Hall photoresponse 3 which is maximized at some
intermediate carrier density, corresponding to ep ~ &g,
and decreases both towards the CNP and towards higher
carrier densities.

photocurrent, j, = nys|E[>Ede

Qualitatively, the observed circular photoconductivity
at low gate voltages can be well described within the
above mechanisms: the Hall photoconductivity signal
is reversed with the change of radiation helicity, scales
linearly with the square of the radiation electric field,
see Fig. 5(a), is zero at the CNP and almost symmet-
rically increases with increasing electron or hole density,
see Figs. 3 and 4. Moreover, the model described above is
consistent with the data obtained for low radiation inten-
sities and high carrier densities. Indeed, Fig. 4 demon-
strates that for low radiation intensities the signal mag-
nitude increases with increasing Ugeﬁ, approaches a max-
imum, and drops down at higher gate voltages.

While at low intensities the circular photoconductivity
signal strongly decreases at large carrier densities, an in-
crease of the radiation intensity qualitatively changes the
gate voltage dependence, see Fig. 4. The most essential
modification, however, is that the intensity dependence
of the circular photoconductivity at large carrier den-
sities can no longer be described by Egs. (6) and (7),
as the measured signal USr scales as I? o |E[*, see
Fig. 5(b),(c) and 6, while the theory developed so far is
limited to effects of the minimal order, U o< I o |E|?.
Within the semiclassical approach of Ref. 34, our findings
thus require calculation of the higher-order terms in the
expansion

Jy=n (PIER 4B ) B (9

which should involve excitation of a larger number of
different time and angular harmonics of the distribution
function, and result in different combinations of the scat-
tering rates and their derivatives at the Fermi surface.
Such theory should explain the dominance of the 7§4) |E|?
over 73()2) at increasingly lower intensity at higher gate
voltages, consistent with the associated up-shift of Ugﬁ
corresponding to the maximal photoresponse at higher
intensities, see. Fig.4.

The analysis of Eq. (7) above suggests that, in the
high-frequency THz regime, contributions to 'yé4) involv-
ing static angular harmonics that possess slower decay,
7.1 < w, may play the most prominent role in the pho-
toresponse. Especially important can be effects involv-
ing zeroth static angular harmonic which describe the
radiation-induced changes in the energy distribution of
carriers and are also frequently called heating effects. In-
deed, at low temperatures this harmonic possesses the
slowest decay, 7, <« 7.1, n # 0. In our experiments,
a substantial electron heating is confirmed by the ob-
servation of polarization-independent longitudinal pho-
toconductivity, see Fig. 8, which is caused by a decrease
of electron mobility due to the heating effects (nega-
tive photoconductivity). Negative photoconductivity in
degenerate systems is usually associated with enhanced
momentum relaxation of hot electrons due to scatter-
ing processes involving acoustic phonons which yields a



negative addition to 7; growing with the radiation in-
tensity. Similarly, heating effects can enter the circular
photoconductivity (7) via modified intensity-dependent
scattering rates 7,, 1(I). Due to their different micro-
scopic nature, i.e., the phonon-assisted scattering, the
modified rates should also have different energy depen-
dence, which may strongly enhance their contribution
in the Hall photoresponce in situations when the lin-
ear terms 'yéz) are strongly suppressed, for instance, via
cancellations discussed below Eq. (7). The heating ef-
fects are directly related to the radiation absorption that
scales as (w7y)~2. Thus, not only high gate voltages, but
also a reduction of frequency should make the nonlinear
contributions more prominent. This is indeed detected
in experiments, demonstrating that at low frequencies
the superlinear I? photoresponse becomes dominating at
substantially lower intensities, see Fig. 6.

V. SUMMARY

Our experiments demonstrate that excitation of
graphene by circularly polarized terahertz radiation re-
sults in a helicity sensitive transverse photoconductiv-
ity originating from the scattering-assisted intraband ab-
sorption. Depending on the gate voltage, the trans-
verse photoconductivity signal exhibits either linear or
quadratic growth with the radiation intensity I. In the
former case our results are well captured by the recently
developed analytical theory [34] taking into account the
alignment of electron momenta by combined action of
THz and static electric fields as well as the dynamic heat-
ing and cooling of the electron gas. In particular, this
theory is capable to explain a nonmonotonic dependence
of the circular photoconductivity on the gate voltage at
low intensities, with the position of the maximal signal
reflecting the change in the microscopic nature of scatter-
ing at intermediate carrier densities. In our experiments,
the linear-in-I terms in the photoconductivity become
strongly suppressed at high gate voltages. The photo-
conductivity signal here is dominated by contributions
scaling quadratically with I, which consistently brings
the position of the maximal signal to higher gate volt-
ages at higher intensities. We discuss this unusual be-
havior in terms of an interplay between the second- and
fourth-order effects in the radiation electric field, with
emphasis on the heating effects that determine the longi-
tudinal photoconductivity response in our experiments,
and may also play an important role in formation of the
high-intensity quadratic transverse photoresponse.
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VI. SUPPLEMENTARY MATERIALS

A. Comparison of Hall photoconductivity and
photocurrent response

Besides the change of the sample dc conductivity, ex-
citation of graphene with terahertz radiation may also
produce photogalvanic currents [11, 32] which can con-
tribute to the total signal. For the measurements of the
photoconductivity the sample was biased by a positive or
negative dc bias voltage V4, see Figs. 7(a). In this kind
of measurements, the photosignal U, consists of two con-
tributions associated with the generation of photocurrent
and the change of conductivity upon irradiation. The for-
mer one is independent of the bias polarity, whereas the
latter should change its sign upon reversing V¢, Ac-
cordingly, in Eq. (2) we extracted the photoconductivity
signal, Uy, as the odd part of the voltage signal with re-
spect to the bias voltage, Uy = [U, (V,3¢) - U, (—V3)]/2.
Correspondingly, the background even part of the signal,
representing the photogalvanic effect (PGE), is given by

Uy(vzdc) +2Uy(_va:dc) ) (9)

Figure 7(b) shows the corresponding even and odd parts
of the Hall photosignal as a function of the gate voltage.
It demonstrates that in this example for f =2.2 THz ra-
diation the transverse photoconductivity signal is about
two times larger than that of the PGE. Note that in the
present paper we focus on the photoconductivity and
thus do not further discuss the data representing the
photogalvanic currents. Experimental results and mech-
anisms of the PGE were presented in Ref. [32] where the
THz radiation-induced PGE in similar graphene samples
was studied.

Upce =

B. Longitudinal photoconductivity

Figure 8(a) shows the longitudinal photoconductivity
detected in two-terminal measurements using two con-
tacts along the Hall bar in sample #C, see Fig. 1 (a)
and (b). Here the longitudinal photoconductivity signal
Upe,zx = Uz (V) — U, (—V,3)]/2 is shown, calculated
using the voltage drops U, measured at V3¢ = +0.3 V
for two circular polarizations. Measuring the intensity
dependence of such response we detected that at low in-
tensities it grows linearly with I and saturates at high
intensities. Figure 8(b) shows the calculated relative
photo-induced change of the longitudinal conductivity
Ac /o in units of the dark conductivity o. The con-
ductivity decreases upon irradiation. This behaviour is
consistent with the negative y—photoconductivity mech-
anism which implies that the heating of charge carriers
reduces their mobility, see, e.g., Ref. [47]. The observed
decrease of the carrier mobility with increasing electron
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FIG. 7. (a) Gate voltage dependence of the Hall photosignal
U, recorded at bias voltages Vi =_02Vand V¥ =02V.
(b) The odd and even parts of the data in panel (a) extracted
as Upe = [Uy (V') = Uy(=V5)]/2 and Upce = [U, (Vi) +
Uy, (—V3%)]/2 that yield the transverse photoconductivity and
photogalvanic (PGE) signal, respectively. Measurements were
performed on sample #A under f = 2.02THz left-handed
circularly polarized radiation.

gas temperature is in agreement with the transport mea-
surements (see, e.g., Ref. [48]) and originates from the
scattering on acoustic phonons [37].

For the terahertz radiation and in the used range of ra-
diation intensities, the saturation of the photoconductiv-
ity response in gated samples is caused by the absorption
bleaching [32, 49, 50]. The bleaching of the Drude-like
radiation absorption in monolayer graphene has been re-
cently studied by means of the nonlinear ultrafast [51]
and photogalvanic [32] THz spectroscopy. The ranges of
radiation frequencies (0.4-1.2 THz) and electric fields (2
— 100 kV/cm) used in these studies are similar to those in
our work. It has been shown that the absorption bleach-
ing is caused by electron gas heating followed by the en-
ergy relaxation and is well described by an empirical for-
mula

Upc,ex X Ao o< I /(I + 1), (10)

where I is the saturation intensity [32]. Comparison
of the longitudinal photoresponses to the right- and left-
handed circularly polarized radiation in Fig. 8 shows that
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FIG. 8.  The intensity dependence of (a) the longitudinal

two-terminal photoconductivity signal Upc, 22 and (b) the cor-
responding normalized longitudinal photoconductivity Ao /o
obtained for both helicities of f = 2.02 THz radiation. The
difference of the photosignals for two helicities divided by two
is also shown in both panels (marked by superscript circ)
demonstrating that the helicity-dependent part of the longi-
tudinal photoconductivity is vanishingly small in comparison
with the total signal. These data were obtained on sample
#C, with the gate voltage fixed at Ugﬁ = 4V, and the bias
voltage V3¢ = +£0.3 V.

the signal does not depend on the radiation helicity. In-
deed, the helicity-dependent part USrS,, [defined anal-
ogous to Eq. (1) as one half of the difference between
signals for opposite helicities| is close to zero, in sharp
contrast to the transverse photoconductivity, for which
the signal changes sign for the opposite radiation helic-
ity. A small difference between the signals for opposite
helicities, still visible in Fig. 8, is most probably caused
by imperfections of the implemented \/4-plate.
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