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Quantum control of a Landau-quantized two-dimensional electron gas in a GaAs quantum well
using coherent terahertz pulses
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We demonstrate coherent control of cyclotron resonance in a two-dimensional electron gas (2DEG). We
use a sequence of terahertz (THz) pulses to control the amplitude of coherent cyclotron resonance oscillations
in an arbitrary fashion via phase-dependent coherent interactions. We observe a self-interaction effect, where
the 2DEG interacts with the THz field emitted by itself within the decoherence time, resulting in a revival and
collapse of quantum coherence. These observations are accurately describable using single-particle optical Bloch
equations, showing no signatures of electron-electron interactions, which verifies the validity of Kohn’s theorem

for cyclotron resonance in the coherent regime.
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Quantum coherence and many-body effects are at the heart
of modern condensed-matter physics as well as solid-state
quantum technologies. Since the advent of femtosecond lasers,
coherent dynamics in solids have attracted much attention
due to their strikingly different behaviors from those of
atoms.> These drastic differences between solids and atoms
are direct consequences of many-body interactions unique to
condensed matter, enhanced by other solid-state ingredients
such as carrier-phonon interactions, localization, and quantum
confinement. In addition, novel device possibilities such as
topological quantum computation utilizing unconventional
many-body properties® have stimulated significant interest in
coherent carrier dynamics in solids. Much success exists in
manipulating single-particle systems such as quantum dots,
whereas manipulation of many-particle quantum states has
been an elusive goal.

Here, we successfully demonstrate coherent control of
a two-dimensional electron gas (2DEG) in a quantizing
magnetic field via cyclotron resonance, i.e., inter-Landau-
level transitions. We used terahertz (THz) time-domain
spectroscopy,*> which can measure the amplitude and phase
of THz fields®® as well as controlling coherent dynamics
using multiple pulses.'*'* Strikingly, our results indicate that
this many-body system obeys single-particle optical Bloch
equations in the weak excitation regime. We attribute this
behavior to Kohn’s theorem regarding the absence of many-
body effects in cyclotron resonance,'> which has been proven
through many continuous-wave experiments using incoherent
spectroscopies.'®!7 Our results confirm its applicability to the
coherent regime, opening up new opportunities for probing
and controlling coherent dynamics in quantum Hall systems.

The sample we studied contained a modulation-doped
GaAs single quantum well with an electron density of 2.0 x
10"" cm~2 and a 4-K mobility of 3.7 x 10 cm?/Vs. Our THz
magnetospectroscopy system'32! is schematically shown in
Fig. 1(a). Coherent THz pulses were generated from a nitrogen
gas plasma®>?® created by focusing both the fundamental and
second harmonic of the output of a chirped-pulse amplifier
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(CPA-2001, Clark-MXR, Inc.). The first wire-grid polarizer
(WGP) was placed before focusing the THz wave to the sample
to make the incident wave linearly polarized along the x axis.
The transmitted THz electric field through the sample was
directly measured via electro-optic sampling using a (110)
ZnTe crystal. To measure the y component of the transmitted
THz wave, the second WGP was placed in cross-Nicole
geometry before the ZnTe crystal, the [001] axis of which
was perpendicular to the probe polarization (y polarized).
The x component was measured by setting the second WGP
parallel to the first WGP and the [001] direction of the ZnTe
crystal parallel to the probe polarization. The two geometries
of electro-optic sampling had the same sensitivity to the y and
x components of the THz electric field, respectively, enabling
quantitative comparison with each other.>!>* The frequency
bandwidth was from 0.3 to 2.6 THz. The sample was cooled
down to 1.4 K in an optical cryostat with a superconducting
magnet.

Figure 1(b) shows coherent cyclotron resonance oscilla-
tions in the time domain. The left graph shows the x component
of the transmitted THz field with [ E(B)] and without [ E(0)] a
magnetic field (B) of 2 T. Small-amplitude oscillations appear
after the original THz pulse when B is present. To extract
the B-induced oscillations, the 0-T waveform was subtracted
from the 2-T waveform, producing a decaying sinusoid with a
cyclotron frequency w. /2w = eB/2am™* of 0.816 THz, where
e is the electronic charge, m* = 0.068m,,'8 and mo = 9.11 x
107! kg. The inset shows the amplitude ratio between with and
without B in the frequency domain, showing an absorption dip
at w./2m. The right graph in Fig. 1(b) shows the y component
of the transmitted THz field (x 10). Again, cyclotron resonance
oscillations are seen when B is present, also a sinusoid with the
same cyclotron frequency, but with a different phase from the
x component. The appearance of B-induced oscillations in the
y component comes from the finite off-diagonal elements of
the magneto-optical conductivity tensor.?* Figure 1(c) shows a
parametric plot of these oscillations from 7.85 t0 9.05 ps, which
approximately corresponds to one full period of cyclotron
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FIG. 1. (Color online) (a) Schematic of the experimental setup.
WGP: wire-grid polarizer. The incident THz pulses are linearly (x)
polarized. (b) Transmitted THz pulse at 0 and 2 T and the reemitted
THz wave, E., (x component, leftand y component, right). Traces are
vertically offset for clarity. Inset: amplitude ratio |z| in the frequency
domain showing cyclotron resonance as a dip. (c) Parametric plot
showing the cyclotron resonance active mode absorption at +2 T.
(d) Bloch sphere for coherent cyclotron resonance.

oscillation. Each point represents the tip of the electric field
vector at each time, which rotates clockwise as time progresses
and forms a closed circle. This shows that the absorbed THz
wave is the circularly polarized cyclotron resonance active
mode; the direction of rotation is reversed when the direction
of B is reversed (—2 T).

Let us now turn to a quantum mechanical treatment of
the observed coherent oscillations. The energy of a 2DEG
in a perpendicular B is quantized into Landau levels (LLs)
separated by fiw.. At 2 T, the LL filling factor is 4.1, i.e., the
lowest-two LLs (|0) and |1)) are completely filled (including
the spin degeneracy), the next level |2) is almost empty, and
all higher levels are empty. Inter-LL transitions are allowed
only between adjacent levels,'®!'” and due to the weak THz
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field employed, only a small population is excited from |1)
to |2). Therefore, we treat the system as a two-level system.
The incident THz pulse creates a coherent superposition |¢) =
Ciexp(—i Et/h)|1) + Cyexp(—i Ext /h)|2), where Ci— , are
probability amplitudes satisfying |C;|?> + |C,|*> = 1. Alterna-
tively, | ) can be expressed as a Bloch vector using coordinates
0,p) as [¥) = sin(0/2)|1) + ¢ cos(8/2)|2) [see Fig. 1(d)].
When the system is initially in the ground state (|1)), the
tip of the vector is at (0,¢9) = (;r, undefined). The tip will
move to (8,¢) = (61,0) by a unitary rotation about the r; axis
through coherent interaction with the incident THz pulse. The
change in the polar angle m — 6; is equal to the THz pulse
area and is small (around 0.1 degrees) in our experiments.
After that, the Bloch vector starts rotating at frequency w,,
acquiring a dynamical phase ¢(¢). It has an oscillating dipole
moment (u) = 2unRe[C}C, exp(—iw.t)], which reemits a
THz wave E¢y, at w.. Here, w12 = (1|1]2) is the dipole matrix
element between the states | 1) and |2). In this picture, cyclotron
resonance is the destructive interference of the incident field
E(0) and the reemitted field E.p, i.e., E(B) = E(0) + Eep.
Thus, the B-induced oscillations [bottom traces in Fig. 1(b)]
are the reemitted THz wave E., = E(B) — E(0) due to the
induced THz dipole.

Next, we demonstrate coherent control of cyclotron reso-
nance using a sequence of two THz pulses. Figure 2(a) shows
incident pulses E(0) (upper) and the y component of the
reemitted field (lower) at several magnetic fields. After the
second pulse is incident, reemission is quenched at 2.05 and
2.325 T, whereas reemission is enhanced at 2.175 and 2.45 T.
The difference between these two cases is the oscillation
phase at the arrival time #, of the second pulse. At 2.05 T,
the sinusoid starting from 3.6 ps exhibits 7.5 periods by
1, i.e., the phase is an odd-integer multiple of m; in this
case, reemission is quenched. In contrast, at 2.175 T where
reemission is enhanced, there are eight periods, i.e., the phase
is an even-integer multiple of w. The same is true for 2.325
and 2.45 T. These situations are again understandable using the
Bloch sphere [Fig. 2(b)]. In the quenching case, the phase of
an odd-integer multiple of & at £, means that the Bloch vector
is at (A;,7r) and the rotation operation about the r; axis by
the second THz pulse moves the vector back to |1) [Fig. 2(b),
lower]. In the enhancement case, at ¢, the Bloch vector is at
(601,0), and the rotation operation further increases 6.

Coherent dynamics of two-level atoms are describable
through the optical Bloch equations.”®?” We applied this
theoretical framework to the response of the many-electron
2DEG simply by treating the system as a collection of
independent two-level systems (i.e., neglecting electron-
electron interactions).”! The right graphs in Fig. 2(b) show
the time evolution of the density matrix for 2.05 T (lower)
and 2.175 T (upper), corresponding to the quenching and
enhancing cases, respectively. At 2.05 T, the upper state
population p,; increases through interaction with the first pulse
(absorption), but decreases through interaction with the second
pulse (stimulated emission). As expected, the population 3,
is small due to the weak THz pulses we employed, and only
the beginning of Rabi oscillations is seen. The coherence p;;
is also decreased by the second pulse. In contrast, at 2.175 T,
both the population and coherence are increased by the second
pulse. The calculated reemitted waves are plotted in Fig. 2(a)
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FIG. 2. (Color online) Coherent control of cyclotron resonance.
(a) Incident (upper) and reemitted field (lower) at several magnetic
fields. The second pulse was created through the internal reflection
inside a 430-pum-thick sapphire plate [Fig. 1(a)]. (b) Bloch vector
dynamics and calculated density matrix elements.

(solid black curves), reproducing the experimental data well.
There are no adjustable fitting parameters in these simulations
(see Supplemental Material®!).

Finally, we describe an unusual situation where the 2DEG
interacts with the THz field emitted by itself within the
decoherence time [Fig. 3(a)]. This coherent “self-interaction”
resulted in a revival and collapse of quantum coherence.
Figure 3(b) shows a reemitted THz wave recorded for a
longer time (without any intentionally created second pulse).
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FIG. 3. (Color online) (a) The interaction of the 2DEG with its
self-reemitted wave. Thick gray arrows: reemitted THz wave from the
2DEG,; thin red arrows: reflected and transmitted incident THz pulse.
(b) The incident electric field (upper) and reemitted field (lower). The
second incident THz pulse is due to the internal reflection inside the
sample substrate. The solid black curve is an extended fitting curve
to the initial oscillation from 5 to 17 ps with a sine wave.

The THz pulse reflected back to the substrate by the 2DEG
acquires trailing oscillations due to the backward cyclotron
resonance reemission by the 2DEG [similar to the transmitted
THz wave shown in the middle trace of Fig. 1(b)]. This
THz pulse is further reflected by the back surface of the
substrate and incident again onto the 2DEG at 19 ps (still
less than the decoherence time). As a result, at 2 T, the
amplitude of reemission, once quenched by the incident
reflection THz pulse, grows again with time because of the
interaction with the long-lasting self-reemitted coherent THz
wave. Note that the revived oscillation is in phase with the
original one in this case (blue dashed curve). In contrast,
at 2.4 T, the reemission oscillations, initially enhanced
by the reflection THz pulse, decay quickly due to interaction
with the self-reemitted coherent THz wave. The difference
between the two cases comes from the same mechanism
discussed above, i.e., w difference in the arrival phase, which
is again described well via optical Bloch equations.

The agreement between experiment and theory highlights
the striking fact that a Landau-quantized 2DEG in a weak
coherent THz field behaves in exactly the same manner as
a two-level atom in a coherent radiation field. We interpret
this behavior as a result of Kohn’s theorem'> regarding the
absence of an influence of electron-electron interactions on
cyclotron resonance frequencies. However, it is important to
note that our results obtained through a coherent time-domain
method reveal more about coherent cyclotron resonance
dynamics than what Kohn’s theorem predicts. Namely, our
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results show that not only the cyclotron resonance frequency,
but also the nonequilibrium dynamical response of a 2DEG
under multiple-pulse irradiation is not affected by electron-
electron interactions. Thisresult thereby broadens the realm of
applicability of Kohn’s theorem.

It should be also noted that at low temperatures where
phonons are suppressed, the cyclotron resonance dephas-
ing mechanism is not understood. Defects might ultimately
limit the decoherence time as in dc transport (momentum
relaxation time ~143 ps in our sample). The dephasing
of interband photoexcited carriers (for which Kohn’s the-
orem does not apply) is strongly dependent on the filling
factor, presumably due to the electron-electron interactions
within a Landau level.’®? In contrast, in the present in-
traband excitation experiments, no obvious filling-factor
dependence was observed, which implies that dephasing due
to electron-electron interactions is also prohibited by Kohn’s
theorem.

In summary, using time-domain THz techniques, we per-
formed quantum control experiments on cyclotron resonance
in a high-mobility 2DEG. We used single-particle optical
Bloch equations to successfully simulate our experimen-
tal data, highlighting the striking fact that an interacting
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many-electron state behaves as a single particle (Kohn’s
theorem for cyclotron resonance). However, the current ex-
periments were performed in the weak excitation regime: the
THz field strengths used were far from what is needed to cause
Rabi oscillations. A strong THz wave would excite electrons
through equally spaced higher-energy LLs in a cascading fash-
ion, invalidating the two-level approximation. Nonparabolic
systems such as InAs or graphene with nonequidistance
LLs together with a narrow-band THz wave can be used to
circumvent this problem.
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