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Light-induced electron localization in a quantum
Hall system
T. Arikawa1*, K. Hyodo1, Y. Kadoya2,3 and K. Tanaka1,3,4

An insulating bulk state is a prerequisite for the protection
of topological edge states1. In quantum Hall systems, the
thermal excitation of delocalized electrons is the main route
to breaking bulk insulation2. In equilibrium, the only way
to achieve a clear bulk gap is to use a high-quality crystal
under high magnetic field at low temperature. However, bulk
conduction could also be suppressed in a system driven
out of equilibrium such that localized states in the Landau
levels are selectively occupied. Here we report a transient
suppression of bulk conduction induced by terahertz wave
excitation between the Landau levels in a GaAs quantum
Hall system. Strikingly, the Hall resistivity almost reaches the
quantized value at a temperature where the exact quantization
is normally disrupted by thermal fluctuations. The electron
localization is realized by the long-rangepotential fluctuations,
which are a unique and inherent feature of quantum Hall
systems. Our results demonstrate a new means of e�ecting
dynamical control of topology bymanipulating bulk conduction
using light.

The integer quantum Hall effect (IQHE) is a universal phe-
nomenon observable in two-dimensional electron systems under
high magnetic field (B). The Hall resistivity (ρxy) is quantized
and the longitudinal resistivity (ρxx) becomes zero irrespective of
the detailed properties of the host materials2–7. This universality
has lead to a new physical concept of topological invariant that
defines the quantized value of ρxy (ref. 8). In systems with sample
boundaries, edge metallic states appear according to the bulk/edge
correspondence9 and carry quantized Hall current. The edge states
are protected by the bulk gap between the Landau levels (LLs), which
prohibits the scattering between macroscopically separated edge
states10,11. In realistic situations, we need to take into account the
impurity and finite-temperature effect. The LLs are broadened with
delocalized states in the centre, sandwiched by localized states ind-
uced by Anderson localization12,13 (Fig. 1d). At finite temperatures,
the delocalized states are broadened and thermally populated, which
makes the bulk conductive2,14. As a result, the scattering between
edge states is allowed and ρxy (ρxx) is no longer quantized (zero).

In this paper, we demonstrate a transient suppression of bulk
conduction and a recovery of the quantized ρxy by selectively
populating the localized electronic states. A direct way to
manipulate the electron distribution in LLs is inter-LL transition
by resonant light absorption (typically in the terahertz frequency
region). To verify this strategy for realizing light-induced IQHE,
we performed transient Hall measurements on a quantum Hall
system with a non-equilibrium electron distribution induced by
picosecond terahertz pulse excitation. Previous research of this

kind15–21 was done in an ideal quantum Hall state and explained by
the heating effect due to the nanosecond to microsecond terahertz
pulses they employed. Therefore, the idea of light-induced IQHE
has not been explored yet.

Before studying the terahertz excitation effect, the basic
characterization of the sample was performed at the equilibrium
state. The solid blue curves in Fig. 1a show ρxx (left) and ρxy
(right) as a function of B measured at 4.3 K with a bias current
(iS) of 10 µA. The partial plateaux in ρxy and the corresponding
minima in ρxx are developed around even filling factors (ν).
The non-zero ρxx even at ν = 6 is due to the finite-temperature
effect: ρxx increases as the number of delocalized electrons (Ndeloc)
increases. At ν = 6, ρxx is simply proportional to Ndeloc. This
relationship is evident in the thermal activation behaviour of
ρxx(T ) ∝ Ndeloc(T ) ∝ exp(−EA/kBT ), where EA is the activation
energy and kB is the Boltzmann constant14 (Fig. 1b,d). The larger iS
heats up the electron temperature (Te). The dashed blue curve in
Fig. 1a shows ρxx at 4.3 K measured with iS=100µA. The ρxx value
at ν=6 is much larger and Te determined from the activation law
is 12.8 K (blue circle in Fig. 1b). Similar experiments are performed
with different bias currents to obtain the bias current dependence
of the electron temperature, which is shown in Fig. 1c.

Next we show the results of the terahertz excitation effect. As
shown above, ρxx is a direct probe of the electron localization state.
Figure 2a shows the transient differential longitudinal resistivity
(1ρxx/ρxx) after terahertz pulse (inset in Fig. 2a) excitation at 4.3 K.
The experiments were done at 4.0 T (ν = 6.5), where the bulk is
conducting and ρxx (ρxy) largely deviates from zero (h/6e2). Also,
ρxx at 4.3 K and 8.3 K intersects at 4.0 T (Fig. 1a). This enables
us to eliminate the heating effect and study the non-equilibrium
electron distribution effect. The blue curve was measured with iS=
54 µA. The longitudinal resistivity increases by 30% immediately
after the resonant inter-LL excitation, which means the electrons
are delocalized and the bulk becomes more conducting. The excited
state, however, does not simply decay. Instead, 1ρxx/ρxx becomes
negative (down to −30%) after 0.3 µs, suggesting a significant
amount of electrons are localized and the bulk conduction is
suppressed. The localized state lasts for a few microseconds.

The terahertz-induced electron delocalization and the subse-
quent localization can be understood by considering carrier dynam-
ics in a randompotential, a unique feature to a quantumHall system.
First, strong terahertz excitation induces Landau ladder climbing22
(Fig. 3a,b andMethods), which is followed by rapid (within the time
resolution of ∼25 ns) intra-LL thermalization (Fig. 3c). Also, ultra-
fast superradiant decay23 (estimated decay time∼10 ps) should also
happen. Note that possible coherent effects such as Floquet–Bloch
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Figure 1 | Quantum Hall e�ect at thermal equilibrium. a, Longitudinal (ρxx, left) and Hall (ρxy , right) resistivity measured at three di�erent conditions
(lattice temperature and bias current). The corresponding filling factor (ν=hne/eB) is shown as the top horizontal axis, where h is the Planck constant, ne
is the electron density, and e is the elementary charge. The vertical broken line indicates a fixed point of ρxx at 4.0 T. b, Temperature dependence of ρxx at
ν=6measured with iS= 10µA showing the thermal activation behaviour (straight broken line) with EA= 1meV. The deviation at 4.3 K is due to the
variable range hopping14. The blue circle shows ρxx measured at 4.3 K with iS= 100µA indicating the electron temperature of 12.8 K. The error bars
represent the temperature stability of±0.5 K. c, Bias current dependence of the electron temperature. The lattice temperature is 4.3 K. The right axis
shows the electron temperature in meV unit. The broken curve (blue) is a theoretical fitting (see Methods). The dashed line (red) represents the
half-width at half-maximum of the LLs (1.4meV). d, Schematic picture of the density of states (left) and electron drift motion in real space with a
long-range potential fluctuation (right). The localized electrons (blue and grey e−) perform drift motion along closed equipotential lines around a potential
minimum and maximum separated by∼100 nm (refs 2,13). The delocalized states (red e−) only exist between them where equipotential lines are
extended over the finite-sized sample. These localized and delocalized states in real space can be mapped to the energy position within LLs as shown by
three straight arrows. The mobility edges (green lines) separate the localized and delocalized states. The activation energy EA defines the position of the
mobility edge relative to the chemical potential. The dashed black (solid red) curve shows the Fermi–Dirac distribution function at 0K (finite-temperature)
when ν=6, showing the thermal excitation of the delocalized states. n is the spin-degenerated LL index. P1 and P2 show two relaxation pathways described
in the text.
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Figure 2 | Terahertz-pump DC-probe experiments at 4.3 K. a, Transient di�erential longitudinal resistivity at 4.0 T (ν=6.5) measured with di�erent bias
currents (see Methods and Supplementary Information 3 for data treatment). These signals show di�erent decay dynamics although the initial increase
due to the inter-LL transition is almost constant (30%). The inset shows the waveform (light blue) and spectrum (magenta) of the terahertz pulse that
excites the sample at delay time zero. b, Transient di�erential longitudinal resistivity at di�erent magnetic fields around 4.0 T measured with a fixed bias
current of 54 µA. The longer decay than 5 µs reflects the lattice cooling time. The initial increase of 30% is also observed at 3.8 and 3.9 T, whereas at 4.2 T
the lattice heating e�ect significantly increases the overall signal.
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Figure 3 | Electron localization mechanism after terahertz excitation. a, Electron distribution over LLs at 4.0 T (ν=6.5) before the terahertz excitation.
The shape of the density of states is approximated by a Gaussian function with a half-width at half-maximum of 1.4meV, which is estimated from the
Dingle analysis29 (see Supplementary Information 2). The area in magenta, defined by the mobility edges (green lines), represents localized electrons. For
the sake of clarity, the green lines are drawn closer to the centre of each LL than reality. We assume Te=0K for simplicity. b, Inter-LL transition to the
higher levels induced by intense terahertz wave excitation22. Since the momentum of the terahertz photon is negligible, inter-LL excitation happens
between states with the same centre-of-mass position. This is represented by the black vertical arrows (with the length equal to the cyclotron energy) that
connect states with the same spatial position (see also Fig. 1d). c, Electron distribution after rapid (femtosecond to picosecond) intra-LL thermalization. We
assumed the same electron temperature defined in a (before the terahertz excitation), which can be controlled by the bias current iS. Even the localized
electrons in the upper tail of each LL are thermalized before slow (nanosecond) inter-LL relaxation starts. Two pathways (ine�cient P1 and e�cient P2) for
inter-LL relaxation are shown. d, Transient electron localized state. The electrons in n=5, 6, . . .LLs are trapped around the potential minimum.

state formation24,25 would be undetectable due to the poor time reso-
lution. In Fig. 3c, delocalized electrons at quasi-Fermi levels not only
in n= 4, but also in other LLs contribute bulk conduction, which
explains the positive 1ρxx/ρxx . Afterwards, the excited electrons
should undergo inter-LL relaxation to the equilibrium state by emit-
ting acoustic phonons in 10 to 100 ns (refs 26,27). However, a simple
relaxation never explains the electron localization. We propose the
following electron localization mechanism. The important point
is the existence of the highly forbidden relaxation pathway, P1:
relaxation of localized electrons in the lower tail of a LL to localized
states in the upper tail of the LL below (Fig. 3c). This is because the
centre positions of electrons in the initial and final states are spatially
separated by ∼100 nm (ref. 13), which is larger than the spatial
extent of the wavefunction (magnetic length) ∼10 nm (Fig. 1d).
Thus, according to the standard microscopic theory of electron–
phonon interaction, the transition probability between these states is
vanishingly small (∼exp[−(100/10)2/4]) due to little spatial overlap
of the wavefunction28. The localized electrons in the lower tail have
to relax to the lower tail of the LL below, but Pauli blocking forbids
this process, which results in their long lifetime. In contrast, the
relaxation path P2: relaxation between delocalized states near the
quasi-Fermi levels should be more efficient because these states are
spatially closer. As a consequence, the electrons near the quasi-
Fermi levels relax quickly and a non-equilibrium distribution like
Fig. 3d should be realized during the relaxation. Here, localized
states in n=5, 6, . . .LLs are selectively populated by electrons that
were originally in the n=4 delocalized states (blue hatched region
in Fig. 3d). The observed relaxation time of the localized state
in Fig. 2a (a few microseconds) is comparable to the previously
reported value on a similar trapped state20, which supports the above
localization mechanism.

We experimentally examined this mechanism in the following
way. The key process is the preferential inter-LL relaxation from

the upper delocalized states. This would not be prominent when
the thermal broadening (kBTe) of the electron distribution is
comparable to, or larger than the half-width at half-maximum
of the LLs (1.4meV). Here, Te is the effective temperature
defined by the quasi-equilibrium electron distribution after intra-LL
thermalization (Fig. 3c), which should be almost the same as
the original electron temperature defined in Fig. 3a. In this case,
the electrons at the bottom of the potential can be thermally
excited inside each LL and relax via path P2. As a result, electrons
relax randomly independent of their positions within LLs and a
normal decay from the delocalized state (Fig. 3c) to the original
state (Fig. 3a) is expected. To verify this, we performed similar
experiments while raising Te by increasing iS (purple and red curves
in Fig. 2a). As clearly seen, electron localization is suppressed
with 108 µA (kBTe ∼ 1.1 meV, see Fig. 1c) and completely gone
with 162 µA (kBTe ∼ 1.7 meV). On the other hand, the positive
peak value is independent of iS. This also indicates the initial
delocalization is due to the inter-LL transition by the constant-
power terahertz excitation.

The acoustic phonon emission during the inter-LL relaxation
heats up the lattice and electron temperature. This effect onρxx starts
to dominate when B deviates from 4.0 T. Figure 2b shows transient
1ρxx/ρxx at 3.8, 3.9 and 4.2 T (ν=6.9, 6.7 and 6.2) with iS=54µA.
In all cases, the same processes depicted in Fig. 3 (with slightly
different chemical potentials) should happen. As expected, similar
dynamics are observed at 3.8 and 3.9 T, but with much slower decay
than at 4.0 T. According to Fig. 1a, electron heating lowers ρxx at
3.9 T and most drastically at 3.8 T. Thus, the negative signal consists
of both the electron localization and heating effect, and the slow
decay is attributed to the lattice cooling time. In contrast, at 4.2 T,
ρxx increases by electron heating (Fig. 1a), which would compensate
the negative signal due to electron localization. As shown in Fig. 2b,
1ρxx/ρxx at 4.2 T does not show a negative signal, which means the

690

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

NATURE PHYSICS | VOL 13 | JULY 2017 | www.nature.com/naturephysics

http://dx.doi.org/10.1038/nphys4078
www.nature.com/naturephysics


NATURE PHYSICS DOI: 10.1038/NPHYS4078 LETTERS

Delay time (μs)

54 μA
162 μA

Classical
4.3 K
Quantum Hall (0 K)

8

Filling factor

(1/8) ⋅ (h/e2)

(1/6) ⋅ (h/e2)

a b

9 67 5 −1
−0.4

−0.2

0.0

0.2

0.4
B = 3.9 T
(ν = 6.7)

−0.05

0.00

0.05

0.10

0 1 2 3 4 5

ρ
xx

Δρ
xx

/ρ
xx

Δρ
xy

/ρ
xy

ρ
xy

Quantized value

Classical value

0

Figure 4 | Transient recovery of the topological edge states. a, Schematic picture of the Hall (upper) and longitudinal (lower) resistivities as a function of
the filling factor ν. The spin splitting is neglected. The plateau width gets narrower as the delocalized states becomes wider at high temperatures.
b, Simultaneous measurement of the transient Hall and longitudinal resistivities at 3.9 T (ν=6.7). The blue (red) dashed line shows the quantized
(classical) value of the Hall resistivity. The blue arrows represent the recovery of the topological edge states due to the electron localization. The red arrows
represent electron delocalization that makes system classical.

heating effect is dominant. The slow decay also indicates the positive
signal is due to the lattice heating effect.

Finally, we show how the transient suppression of the bulk
conductionmodifies the Hall resistivity (blue curves in Fig. 4b). The
transient1ρxy/ρxy shows a positive signalwhile electron localization
is observed in 1ρxx/ρxx . This means that ρxy is approaching the
quantized value, as shown by the blue arrow in Fig. 4a. Here,
blue and red lines schematically show the ideal quantum Hall and
classical system, respectively, while the black line between them
represents our data taken at 4.3 K. Strikingly, ρxy almost reaches the
quantized value (h/6e2, blue dashed line). This clearly demonstrates
that the system is transiently recovering the topological edge states
by non-equilibrium selective population of the localized states.With
iS=162µA (red curves in Fig. 4b), where electron localization is not
observed in ρxx , we only see an initial decrease in ρxy that reaches
the classical value (red dashed line). This suggests that the system
is almost classical because electrons are delocalized. Note that the
initial decrease in ρxy is also observed in the blue curve because of
the common delocalization process (Fig. 3b,c).

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods
Sample. The sample was a two-dimensional electron gas in a GaAs/AlGaAs single
heterostructure. We used a Hall bar geometry (W=200µm width and
L=1,200µm length, see Supplementary Information 1) to measure Hall and
longitudinal resistivity using a four-terminal method with a sourcemeter (input
resistance>10G�) or an oscilloscope (50� input resistance). The electron density
and mobility at 4.3 K were 6.2× 1011 cm−2 and 1.7×105 cm2 V−1 s−1, respectively.
The mobility was almost constant between 4.3 K and 15K.

Bias current dependence of the electron temperature.We evaluated the bias
current dependence of the electron temperature (broken blue curve in Fig. 1c) as
follows. Below the breakdown current threshold, ρxx exponentially increases with
the bias current; ρxx∝exp[−(A1−A2iS)/kBT ], where A1 and A2 are constants30. By
equating this expression to exp(−EA/kBTe), we obtain Te=(A3−A4iS)−1, where A3

and A4 are the fitting parameters in Fig. 1c.

Terahertz-pump DC-probe measurement. The sample was mounted in an optical
cryostat with a superconducting magnet to apply a perpendicular magnetic field to
the two-dimensional electron gas. The Faraday geometry was used. Picosecond
coherent terahertz pulses were generated from gas plasma created by focusing the
fundamental (800 nm) and second harmonic (400 nm) pulses of a 100 fs Ti:S
regeneratively amplified laser. The terahertz pulses are almost linearly polarized
along the Hall bar. A silicon wafer with a thickness of 2mm was used to block the
residual 800 and 400 nm beams propagating collinearly with the generated
terahertz pulses to avoid optical breakdown of the quantum Hall state. The cryostat
window was covered with another silicon wafer to put the sample in a dark
condition and avoid photo-carrier generation. See Supplementary Information 1
for the experimental schematics. The frequency spectrum covers the cyclotron
resonance frequencies in the experiment (1.6 to 1.7 THz or 6.6 to 7.0meV) to
induce inter-LL transition. The intensity of the terahertz pulse is kept constant in
all the experiments. The diameter of the terahertz pulses on the sample surface
was∼1.5mm and excites almost all parts of the sample. The transient resistivity
measurement was performed using a digital oscilloscope (50� input resistance)
while constant bias voltage was supplied (see Supplementary Information 3 for data
analysis). The bias current, iS, is determined by the current-limiting resistor
(500 k�) connected in series with the sample (∼1 k�). The temporal resolution
was limited by the RC time of the circuit and estimated to be 25 ns (assuming 500
pF stray capacitance). We raised the electron temperature by increasing the bias
current at a lattice temperature of 4.3 K. This is because the lattice temperature
stability between 5 and 15K was not good enough to perform transient Hall
measurements with a sufficient signal-to-noise ratio.

Landau ladder climbing. In Fig. 3b,c we assumed that many electrons are excited
to higher LLs (Landau ladder climbing) by the terahertz pulse excitation. Although
we do not have direct experimental evidence, such an assumption is made plausible
by the following two reasons. First, the light–matter interaction in this system
(cyclotron resonance in GaAs two-dimensional electron gas) is very strong due to
the enormous dipole moment µn,n+1=e

√
(}/(2m∗ωc))(n+1) that reaches as large

as tens of e-ångström, where n is the LL index. This originates from the small
effective massm∗(∼0.067m0) and small resonance frequency ωc (∼1.6 THz in
Fig. 3). Therefore, this system has been one of the best samples for exploring
ultrastrong non-perturbative light–matter coupling22,31. An order-of-magnitude
estimate with the assumption of 20% linear absorption with a 0.1 THz linewidth32

gives 0.97× 1011 cm−2 for the number of excited electrons. Here, we used the
following parameters given in Fig. 2a inset and Methods; 8.7 kV cm−1 peak electric
field [E(tpeak)], 1 ps pulse duration (1t), 1.5mm2 spot size and 1.6 THz photon
energy. This number is comparable to the LL degeneracy at 4 T (0.96× 1011 cm−2)
and indicates that the lower LLs are significantly depopulated. In such a strong
excitation condition, the interaction between the two-dimensional electron gas and
terahertz radiation must be treated as a coherent interaction due to the long
coherence time (a few picoseconds). In a textbook two-level system, such a strong
excitation leads to Rabi oscillation. In LLs, however, we have infinite ladder of LLs,
and electron excitation to higher LLs in a cascading fashion is expected.

We estimated the number of excitation steps1n based on the following simple
classical model. We assumed electrons in LLs as a classical harmonic oscillator and
treated the interaction between electrons and a terahertz pulse as an impulse at the
bottom of the harmonic potential. This is a reasonable assumption because the
terahertz pulse width (1t∼1ps) is much shorter than the coherence time (1/γ ∼ a
few picoseconds) and therefore the electron motion would be ballistic. The
equation of motion is given as follows:

m∗
[
ẍ (t)+γ ẋ (t)+ω2

cx (t)
]
=−
√

f eECRA (t) (1)

where f is the oscillator strength and ECRA(t)=E(t)/2 is the amplitude of the
cyclotron resonance active mode (circular polarization). For perfect harmonic
oscillators, such as LLs in parabolic semiconductors, the oscillator strength is unity
for all the energy levels. In the Fourier domain, we obtain the following relation,

x̃ (ω)=
−e
m∗

ẼCRA (ω)

−ω2− iγω+ω2
c

(2)

Since ~ωc=1.6THz�~γ ∼0.1THz, x̃ (ω) can be converted to a delta function
as follows:

x̃ (ω)≈
−e
m∗

ẼCRA (ω)

2ωc
Im
[

1
ωc−ω− iγ /2

]
≈
−e
m∗

ẼCRA (ω)

2ωc
iπδ (ω−ωc) (3)

which gives by the inverse Fourier transformation,

x (t)=
1
2π
−e
m∗

ẼCRA (ωc)

2ωc
iπeiωc t (4)

Since the expectation values of the kinetic and potential energies are the same for
harmonic oscillators, the total energy gained by an electron is

E tot
=2×

1
2
m∗ω2

cx2 (t)=
1
32

e2

m∗
|ẼCRA (ωc)|

2 (5)

where the overbar denotes time averaging. |ẼCRA (ωc)|
2 can be evaluated by the peak

electric field in time domain using Parseval’s theorem,

|ẼCRA (ωc)|
2
=π(1t)2 |ECRA(tpeak)|2 (6)

Here, we assumed a Gaussian pulse shape (1ν1t=1/π). We can estimate the
number of excitation steps as follows;1n=E tot/(~ωc)≈7.3. Let us compare this
number to the one calculated by the full quantum theory22. In ref. 22, they achieved
Landau ladder climbing by nine steps using terahertz pulses with a very similar
peak electric field amplitude of 8.7 kV cm−1 as ours. This indicates the validity of
our classical modelling. This is the first reason why we naturally expect Landau
ladder climbing is induced in our case.

The second reason comes from our experimental data. The data (for example
Fig. 2a) show the longitudinal resistivity increases by∼30% after the terahertz
pulse excitation. However, the true peak value must be much larger because of the
insufficient bandwidth of the oscilloscope (400MHz) to resolve the ultrafast
population change induced by picosecond terahertz pulses. The true initial peak
should rise in a few picoseconds and partially decays in∼10 ps due to the
superradiance23 before slower decay (∼10 ns) by acoustic phonon emission starts.
Since the superradiance is very efficient23, a large amount of the population should
relax in the initial∼10 ps decay, which is not detected in our experiments.
Therefore, we believe that the true peak value is at least several times or one order
of magnitude larger than the experimentally observed one. Such a huge change in
the longitudinal resistivity is possible only when the electrons are excited to higher
LLs; delocalized electrons at quasi-Fermi levels in many LLs should contribute
bulk conduction.

Quantitative calculation of the population distribution after a single terahertz
pulse excitation would be possible following ref. 22. In our case, however, multiple
replica terahertz pulses (separated by a few picoseconds in time) created through
the internal reflection inside silicon plates and cryostat windows (Supplementary
Fig. 1) coherently interact with the sample within the time resolution of the
measurement system (∼25 ns). This makes the numerical calculation of the initial
population distribution (Fig. 3c) extremely demanding22. Even in such a situation,
many higher LLs should be populated unless the very rare case of complete
population quench32 happens.

Data availability. The data that support the plots within this paper and other
findings of this study are available from the corresponding author upon
reasonable request.
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