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Afundamental requirement for quantum technologies is the ability to
coherently control the interaction between electrons and photons. However,
inmany scenarios involving the interaction between light and matter, the
exchange of linear or angular momentum between electrons and photons
isnot feasible, a condition known as the dipole approximation limit. An
example of a case beyond this limit that has remained experimentally elusive
iswhentheinterplay between chiral electrons and vortex light is considered,
where the orbital angular momentum of light can be transferred to electrons.
Here we present amechanism for such an orbital angular momentum transfer
from optical vortex beams to electronic quantum Hall states. Specifically,

we identify a robust contribution to the radial photocurrent, in an annular
graphene sample within the quantum Hall regime, that depends on the
vorticity of light. This phenomenon can be interpreted as an optical pumping
scheme, where the angular momentum of photonsis transferred to electrons,
generating aradial current, and the current direction is determined by

the vorticity of the light. Our findings offer fundamental insights into the
optical probing and manipulation of quantum coherence, with wide-ranging
implications for advancing quantum coherent optoelectronics.

Coherent manipulation of light-matter hybrids plays a crucial rolein
advancing future quantum technologies and optoelectronics'’. Par-
ticularly desirableis the control over the spatial degree of freedomin
light-matterinteractions. Typically, owing to the presence of disorder
or Coulomb binding, electronic wavefunctions are much more spatially
confined than the wavelengths of associated optical transitions. Con-
sequently, the light-matter interaction occurslocally, and neither the
spatial profile of the optical field nor the spatial extent of the electron

wavefunction has asignificantinfluence on these interactions, aregime
known as the dipole approximation. Inother words, in thisregime, only
direct optical transitions are accessible, and the transfer of linear and
orbital angular momentum (OAM), which enables optical control of
the spatial degrees of electrons, is not possible.

To understand this, one can consider a simplified model of a
hydrogen-like atom, where the typical Bohr radius (ag) ismuch smaller
than the corresponding optical transition wavelength (). Therefore,
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Fig. 1| Concept of OAM pumping. a, Schematic of LLs in the annular disc
geometry subject to the vertically irradiated vortex beam. The green surfaces
show representative states withinasingle LL. The electron distributions in the
lowest LLs and directions of the induced radial PC are indicated by arrows.

b, Optical transitions and PC generation between inner and outer contacts
using £ =+1(blue arrows) and £ =-1(red arrows) for ¢* polarized light. For

o transitions, see Supplementary Section 7. Light carrying OAM £ = +1 (£ =-1)
increases (decreases) m and hence leads to expansion (shrinking) of the spatial

extent of the electronic wavefunction. In this way, the shown scheme realizes an
analogue to optical pumping. ¢, Schematic of the photoexcitation transitions
between LLs with negative (red arrow) vortex beamin the presence of an upward
(top) and downward (bottom) pointing magnetic field. In the top (bottom)
panel, the magnetic field is anti-parallel (parallel) to the helicity of light, leading
to the shrinking (expansion) of the wavefunction radius. In ¢, only the electron
relaxation is considered.

the next-order quadrupole transition is weaker by a factor of (aB//l)2
than the dipole transition, yet it is still observable in ion trap experi-
ments where ions are excited with OAM beams®. In fact, in the dipole
approximation regime, most of theimparted angular momentum goes
to the centre of mass* ™ and leads to stirring. Such an effect has been
observedbothinneutral cold atoms” and exciton-polariton systems® .

One approach to go beyond the dipole approximation limit is
to shrink the wavelength of the electromagnetic field, which can be
achieved by using plasmonic effects' " Alternatively, if the electronic
wavefunctionis coherently extended over the associated optical transi-
tion wavelength, and electrons are more itinerant than bound, then a
gross violation of the dipole approximation is expected. For the case
of linear excitation, this can lead to the photon drag effect if the elec-
tron-holebinding is weak®. The other striking exampleis the quantum
Hall system, where the electrons in two dimensions are subject to a
strong out-of-plane magnetic field. Consequently, the kinetic energy
issuppressed and electrons exhibit cyclotron motions with chiral char-
acteristics that make it a promising systemtoinvestigate the interplay
of the chirality of electrons and photons and the transfer of angular
momentum in between™ 5,

In particular, there has been a growing interest in investigating
chiraland topological effectsin photonic systems and also light-matter
hybrids'®?. Such topological features can be either in the momentum
domain and lead to Chern bands, or simply in the spatial degrees of
freedom, such as optical vortex beams. Specifically, inaddition to spin,
in the form of polarization, light can also carry OAM*>*, Such an OAM
is quantized and given by 7¢, where #iis the Dirac constant and £is the
mode number that determines the phase winding of a vortexbeam. The
interaction of such vortex beams with materials has led to a plethora
of exciting phenomena®, such as the orbital photogalvanic effect®. So
far, such studies have not been extended to the quantum Hall regime.

Inthis work, we experimentally demonstrate the transfer of OAM
toelectronsinaquantum Hallgraphene device with annular geometry
using optical vortex beams. In particular, harnessing non-conventional
optical selection rules of the Landau levels (LLs) described in Fig. 1c,
we show avorticity-selective light-matter interaction between twisted

light and the electronic wavefunctions manifesting as aradial photocur-
rent (PC). We show that this radial PC only depends on the vorticity of
light as a direct indication of spatially coherent light-matter interac-
tion. We provide further evidence of the robustness of this mechanism
by comparisonwith circularly polarized light. Specifically, we find that
the PC contribution from OAMis at least one order of magnitude larger
thanthe contribution of spin angular momentum (polarization), allow-
ing usto confirmthe significant role of the beam’s spatial topology, and
its ability to control the spatial degree of electrons.

To present the motivation and abasic understanding of our experi-
ment, we discuss spatially dependent light-matter interactions that
can manipulate the spatial degrees of freedom of electrons within a
quantum Hall system. In particular, using an LL picture, we observe how
the transfer of OAM from photons to electrons results in a radial cur-
rent, where the direction of the currentis determined by the vorticity of
thelight. AsshowninFig.1, we consider optical transitions between two
LLs, inthe presence of rotational symmetry perpendicular to the plane
ofthe quantum Hall sample. In this scenario, the sampleisirradiated by
anoptical vortex where each photonis carryingan OAM 7€ (refs. 14,16).

During the excitation process, the OAM of /¢ is transferred to
electrons''®. As the radius of the electronic wavefunction increases
monotonically with angular momentum, this optical transfer of angular
momentum causes a radial change in the electronic wavefunction,
whichissolely determined by the vorticity of the light. The subsequent
relaxation process conserves OAM on average and therefore maintains
the OAM transfer from the original excitation. This conceptisindirect
analogy to optical pumpingin atomic systems, wherein cyclical pump-
ingamong different hyperfine states of bound electrons withinanatom
transfers them to a specific quantum state®.

Note that despite the absence of rotational symmetry in the pres-
ence of disorder, the optical pumping model continues to hold true'.
Moreover, the optical pumping picture also provides asimple estimate
of the resulting PC: assuming that OAM pumping was the only mecha-
nismof charge transport, the OAM needed to carry one electron through
the sample equals the number M of orbitals in an LL, which is given by
M= A/(n[é), where A is the area of the sample and [, is the magnetic
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Fig.2| OAM-selective PC generation. a, Optical microscope image of the
sample, showing two Corbino devices labelled D1and D2. Corbino D1 hasa
diameter of -4 pum and Corbino D2 has a diameter of -2 pm. D1is the device used
for the data in the main text of this article, for which the inner and outer contacts
are marked. The grey rectangle shows the metallic back gate. b, (i) Sample
schematic and (ii,iii) spatially resolved PC difference A, for £=+2,at B=9 T and
B=-9T, respectively. Bias voltage V, for both cases was -4 mV. c¢,d, Measured

PC as afunction of bias voltage V, generated using light carrying £ = +2 (blue)

Bias voltage (mV)

-10 -5 0 5

Bias voltage (mV)

and#=-2(red)atB=9T(c)andB=-9T(d).e-g, The A,.for B=9 T (green) and
B=-9T (brown) for =12 (e),¢=+1(f)and £=0(g), respectively.Ing, ateach
magnetic field, the A, is calculated by subtracting the PC generated using two
Gaussian beams with opposite circular polarization (¢*). In all panels, the gate
voltage V,and the average pump power were 1.78 Vand 10 pW, respectively.
Relative differences of curves within and between e and fdepend on system
parameters, whichare described in Supplementary Section 4a.

length. The estimated transported charge, 6Q, during the time interval
6tby N,, photons, is 6Q = eN,,¢/M. Therefore, for photons with energy
hw, the PCobtained fromthelaser power P=fiw x N,,/6tis /= 6Q/6t = ePe/
(hwM). This picture also implies that, upon inverting the direction of
the magnetic field, the PC changes direction, asillustrated in Fig. 1c.

Results

Bias voltage dependence of PC

To experimentally demonstrate this mechanism, we use a device con-
sisting of a hexagonal boron nitride (hBN) encapsulated monolayer
graphene in an annular (Corbino) geometry as shown in Fig. 2a. The
choice of the Corbino geometry allows us to exclusively probe the
transport of bulk states. Moreover, the circularly symmetric shape
of the Laguerre-Gauss mode profiles optically matches the shape of
thesample. Theinner and outer contacts are used to apply anin-plane
electric field and also measure the generated PC, while the back-gate
voltage V, controls the Fermi level. We apply an out-of-plane external
magneticfieldupto9 T at4.2 Ktobein the quantum Hall regime. The
optical vortex beams of different vortices £ are generated by a spatial
light modulator (SLM) and are concentrically focused on the Corbino
device (for the sample and optical set-up, see Supplementary Sec-
tions1and 3). Thisenables usto excite the carriersin our device, which
undergo vorticity-selective optical transitions, shownin Fig. 1c. For all
the measurements, we choose V,=1.78 V, which sets the Fermi energy
near filling factor v==6.

The generated PC for various optical vortices +€ are indepen-
dently measured, while thebeam s spatially scanned over the sample.
Figure 2b shows PC difference (subtracted), Ay, where the vortex beam
¢=1+2isspatially scanned over the sample (shown schematically in (i)),
at(ii) B=9 Tand (iii) B=-9 T.It can be clearly observed that the A, flips
sign when the magnetic field direction is reversed. This remarkable
observation corroborates with the earlier optical pumping picture of
Fig.1a, where depending on the vortices of the optical beam the radial
extentoftheelectronseither shrink or expand during the optical excita-
tion. Note that the sign of the observed PC difference depends solely
onthe phase winding of the optical vortex beam, and not the intensity;
therefore, one cannot associate this (beyond the dipole approximation)
process with heating.

Itisunlikely thatany sample has pristine electrical conditions and
it may harbour residual or intrinsic in-plane potential. Such inherent
potential could potentially explain the presence of a radial PC in the
Corbino sample. To rule out the origin of our observed effect to such
anin-planeelectric field, we apply abias voltage V, between the inner
and outer contacts to create a controllable potential gradient in the
radial direction. Figure 2c,d shows the measured PC as afunction of V;,
forB=9 Tand B=-9 T, respectively. Remarkably, we observe multiple
unambiguous signatures of the vorticity-selective light-matterinterac-
tion. First,asshowninFig.2c,d, for £ =+2 (blue) and £ = -2 (red) ateach
magnetic field, we observe a consistent and significant difference in
the generated PC for a wide range of V,, (-10 < V,, <10 mV). In other
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Fig.3|Polarization-resolved and power-dependent PC measurements.

a, Polarization of the pump beam as a function of the QWP rotation, shown
schematically at the top. " and o~ denote the positive and negative circular
polarization. Between each consecutive circular polarization, continuous
rotation of the QWP changes the polarization periodically from circular to
elliptical, tolinear polarization. b,c, PC measured as a function of QWP rotation
usinglight carrying £ = +2 (blue) and £=-2(red) at B=9 T(b)andB=-9T(c),
respectively. The green vertical dashed lines indicate the consecutive ¢* and

o polarization. All measurements are done at a fixed V,=1.78 V, V,=—4 mVand an
average pump power of 10 pW. d,e, Pump power dependence of PC: PC difference
Apc measured as a function of average pump power using light carrying £ = +2
(d)and =+1(e) OAMat B=9 T (greencircles) and B=-9 T (brown circles),
respectively. The black lines show the least-squares linear fit. In all of the data
presented in the main text, the average pump power was set to 10 pW, at whicha
linear behaviour is observed.

words, radially tilting the electric potential can change the total PC;
however, the PC difference A, remains relatively constant. Second,
for the opposite magnetic field, we observe a clear sign flip for the PC
difference (Fig. 2e). Specifically, since the OAM is defined relative to
the magneticfield, inverting the latter effectively inverts the OAM and
should therefore lead to asign change of the observed radial PC, which
is clearly observed in Fig. 2e. In an ideal case, the amplitude of this
flipped current should be the same; however, owing toslightly different
spatial alignment for different magnetic fields, the magnitude of the
PCis different (Fig. 2b, (ii) and (iii)). Third, to investigate the effect of
the degree of vorticity on the generated PC, we illuminate the sample
with £=t1beams. As shown in Fig. 2, robust PC difference Al‘;gﬂ is
observed across a wide range voltage bias, and the sign reversal with
the magnetic field is present. For alarge sample subject to the optical
vortex, one expects Apc toincrease with the vorticity degree £ (ref. 16).
However, we note that our experiment was designed such that the
Corbino sample would have an optimal spatial overlap for optical
vortexbeams with £ =+1. Since the OAM beams with larger vorticity are
spatially larger (in free space, the vortex of the OAM beam with £ =+2
is approximately two times larger than that of the beam with £ = £1),
the spatial overlap of the sample and optical vortex beam reduces with
vorticity. This means that the amount of graphene inside the Corbino
that is illuminated decreases with vorticity. This reduction of
beam-sample overlap isthe main reason why we observe areduced Ay
for € = £2 compared with £ = 1. Moreover, as shown in Fig. 2b, the
magnitude of radial PC difference, A, diminishes as the centre of the
beamreachesthe outer contact. Thisindicates that graphene-contact
interface effects are not playing a significant role in our observations
and the radial PCis dominantly generated from the bulk.

Fourth, torule out the origin of A,c based oncircular polarization,
the sampleisilluminated with £ = 0 beams consisting of two Gaussian
beams with opposite circular polarization (6" and ¢7). As shown in
Fig. 2g, the PC difference for different circular polarization and =0

is at least an order of magnitude smaller than the non-zero € cases.
Therefore, we associate the non-zero radial current with the OAM of
light, rather than the spin angular momentum.

Polarization dependence of PC

To further decouple the role of the polarization of the optical field
from OAM in our experiments, we perform polarization-resolved PC
generation using OAM of light by using a variable quarter-wave plate
(QWP) in the excitation path. We rotate the QWP such that the polari-
zation continuously changes from linear to elliptical to circular while
measuring the PC (Fig. 3a). The measured PCfor £ =+2 (blue) and = -2
(red)atB=9 Tand B=-9 TisshowninFig.3b,c.

Here thereare three clear observations confirming the robustness
of OAM-induced PC generation. First, the OAM-induced PC difference
is almost an order of magnitude larger than the amplitude of the cur-
rentoscillations induced by QWP rotation. Second, the OAM-induced
PC difference never changes sign as a function of QWP rotation, fur-
ther confirming the domination of the observed vorticity-selective
PC. Finally, this measurement sheds light on the role of focusing the
opticalbeam onits polarization properties. Thisis crucial sincein our
measurements, we focus the beam onto the sample using an aspheric
lens withanumerical aperture (NA) of 0.68. This large NA may distort
the polarization beyond the paraxial approximation. However, Fig. 3b,c
shows that this distortion of polarizationis relatively insignificant and
it does not affect the validity of our results.

Power dependence of PC

To verify the linear power dependence of the OAM transfer, we
alsoinvestigate the power dependence of the OAM-induced PCin our
measurements as a function of optical pump power by varying the
average power of our excitation beam within the range of 0.1-18 pW.
Figure 3d,e shows that the generated PC increases linearly with the
pump intensity. From the above optical pumping estimate, we have
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Fig. 4| Gate voltage dependence of PC. a, Schematic of graphene’s band
structure near the Dirac point with LLs shown in yellow and purple for the
electronand holes, respectively. The inset shows the density of states (DOS)
asafunction of energy with the Fermienergy. b, Measured PC difference as a
function of gate voltage using light carrying £ =+2atB=9 T (green)andB=-9T
(brown), respectively. The top x-axis shows the calculated integer filling factors
(Supplementary Section 2). The two-terminal longitudinal conductance
measured at B=9 T (black circles) is also shown. This measurement was done at

Gate voltage (V)

V,=—-4 mVand an average pump power of 10 pW. The orange arrow indicates the
gate voltage for which all the previous measurements were performed.

¢, Landau fan measured via magneto-transport as a function of the magnetic
field, gate voltage (carrier density marked on the top x-axis). The conductance s
normalized for each magnetic field value. The white dashed lines denote integer
filling factors calculated from the conversion of gate voltage to carrier density
(Supplementary Section 2).

lg ~ 26 nm/+/B/(1tesla) ~ 9 nm,and M = A/(n[é) ~ 3 x10*.ThePCis
estimated tobe/= (0.1 nA pW™)P. Interestingly, the slope of the exper-
imental power dependence (-1 nA pW™) significantly exceeds this
estimate. As we discuss in more detail below, the PC signal also shows
astronggate voltage dependence owingto relaxation effects, and the
experimental values are taken at local PC difference maxima, where
significant carrier multiplication can be expected®. In addition, the
donut-shaped intensity profile of the light, not taken into account in
the estimate, enhances the current flow into the outer contact. In addi-
tion, the OAM-induced PC differences increase linearly with pump
power, whichindicates that our experiment was performedin the lin-
ear regime away from the Pauli blockade in ref. 16.

Gate voltage dependence of PC

Next, we investigate the role of the Fermi energy (£;) in the gener-
ated vorticity-selective PC. By changing the gate voltage V,, we tune
E; between LLs, thatis, we tune the LL filling factor v. As shown in
Fig. 4b, the subtracted PC (for £ = +2) changes sign as a function of
V., withthe direction of PC changing twice between each consecutive
conductance peak. InFig. 4b, green (brown) denotes the subtracted
PCatB=9T(B=-9T),respectively.Suchasignchangehasalsobeen
observedinother quantum Hall graphene systems. This phenomenon
has been attributed to a ‘bottleneck effect’ where the location of £
with respect to the LLs favours the relaxation of electrons versus
holes, and therefore the PC can change sign with V, (ref. 27). While
such an effect was observed in a rectangular geometry to explain
the chirality of edge PC, it is likely that the bottleneck effect is also
changing the majority carriersinthe bulk, and thereforeitis relevant
to our Corbino geometry. Moreover, asemiclassical scattering analy-
sis (Supplementary Sections 10 and 11) shows that the variation of
the longitudinal conductivity near the plateau transition can also
contribute to a sign change of the PC.

Discussion

In summary, we demonstrated a mechanism for transferring OAM
from photons to electrons. Our OAM optical pumping scheme is
analogous to cold-atom and ion optical pumping, and can be used to
manipulateitinerant electrons. Inaddition, our results suggest that the
control of spatial degrees of freedomin light-matterinteractions can
become anew and versatile toolbox in solid-state systems. Generally,
our OAM-selective optical pumping picture assumes non-interacting
electrons and can be extended to other platforms in which the Coulomb

binding energy is weak and therefore the excitonic Bohr radius remains
larger than the field gradient length scale. This approach heralds a
new ability to image the spatial coherence of electrons, a fundamen-
tally new probe of quantum materials, inaccessible through existing
measurements such as multi-port transport and scanning tunnelling
microscopy”. For example, our work highlights the potential of using
structured light as a powerful tool to monitor the spatial coherence of
electronic wavefunctions and its modification to quantum Hall pla-
teau transitions as well as thermal effects. One immediate direction
is to use THz fields, as opposed to the optical fields used in our case,
to excite the two nearest LLs*’. The advantage of this approach is the
absence of cascade relaxation. Also, the influence of gradient fields
on the quantum Hall system has been recently observed in the THz
domain, suggesting that this platform is a promising candidate®. A
more ambitious directioninvolves the strongly interacting limit, where
one could exploit the transfer of OAM to probe fractional quantum Hall
states and excite and manipulate anyons®

Moreover, our experiment provides a unique testbed for investi-
gating theinterplay betweentopology and chirality in the interactions
between electrons and photons. While our experiment was performed
inthe low excitation limit, there are several intriguing proposals to use
astrong drive field and exploit the spatially coherent light-matter
interaction to induce a wider class of topological insulators in elec-
tronic systems by using various structured light***°, Furthermore,
while our graphene system lacks a photoluminescence response, our
scheme can be applied to materials where emission from electronic
LLs is possible*’, potentially enabling the observation of chiral pho-
ton emission. Another promising avenue is the prospect of coherent
wavefunction spectroscopy, where interferometric techniques canbe
integrated into our experimental scheme to measure and modulate the
spatial distribution of wavefunction amplitudes and phases*.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
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Methods

Sample fabrication and preparation

Graphene was exfoliated from natural graphite crystals (HQ Graphene)
and hBNwas exfoliated from lab-grown*? or commercial (HQ Graphene)
synthetic crystals. A hot pickup technique was used to stack the hBN/
graphene/hBN heterostructure, which was then transferred onto a
pre-patterned local metallic back-gate made of 3 nm of Cr and 2 nm of
Pt*. The area for the outer contact was etched using a selective reac-
tive ion etching, which was followed by the evaporation of 50 nm of
Auto formthe outer contact**. Next, a third layer of hBN was dropped
ontop of the heterostructure toactas aninsulating layer between the
overlapping parts of the contacts. The same selective etchwas used to
exposetheareafortheinner contactand 100 nm of Auwas evaporated
to make the contact. The fabricated devices were wire-bonded to chip
carriers for the electrical and PC measurements.

Measurement set-up

The sample, inside a variable temperature insert (VTI), is mounted
on top of a piezoelectric stack, cooled to 4.2 K using liquid helium,
and can reach magnetic fields of up to 9 T. The VTI has an optical
window on top and a confocal microscope is built above to optically
resolve the sample. The pump laser is illuminated through the same
window and the laser spot’s alignment to the sample can be moni-
tored with the microscope. During measurements, the laser power is
constantly monitored with a power meter, and feedback is givento a
proportional-integral-derivative loop controlling a laser power control
module. For all measurements in the main text and Supplementary
Information with the exception of power dependence measurements,
the average pump power is kept at 10 pW. To generate beams with
OAM, a Gaussian beamis diffracted off of a phase-only SLM showing a
pitchfork pattern. For PC measurements, the two sample contacts are
connectedtoacustom-built trans-impedance amplifier (TIA) outside of
the cryostat®. The outputs of the TIA are connected to alock-in ampli-
fier (SRSSR860). The pump laser is chopped at afrequency of 308 Hz
and thelock-inis frequency-locked to the chopper.

Data availability

All of the data that support the findings of this study are reported
in the main text, Supplementary Information and Supplementary
Video 1. Source data are available from the corresponding authors on
reasonable request.
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