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The coherent cyclotron transients generated upon femtosecond interband photoexcitation of GaAs are stud-
ied under different magnetic-field configurations. By varying the excitation wavelength, we are able to dis-
criminate between contributions to the THz emission due to ballistic transport and instantaneous inter-Landau-
level polarizations.@S0163-1829~96!51920-X#

The terahertz~THz! transients radiated upon ultrafast
photoexcitation of semiconductor surfaces at ambient condi-
tions have been well characterized,1–5 demonstrating the role
of the surface depletion fieldEs as well as the crystalline
symmetry in the primary mechanisms in the emission pro-
cess:~a! ballistic acceleration of photocarriers,~b! instanta-
neous polarization of electron-hole pairs, and~c! bulk x (2)

rectification. In the case of above-bandgap excitation of
@100# GaAs at low intensities, only the first two of these are
important, and are directly related to the presence of the
surface field; besides providing the potential drop for ballis-
tic acceleration,Es serves to break the symmetries which
would otherwise cause the total nonlinear polarization due to
spatially nonlocal pair creation to vanish. Virtual excitations
created by sub-bandgap illumination have also been demon-
strated to produce THz pulses,6 directly illustrating the opti-
cal rectification effect attributable to the depletion field. Hu
et al.7 time resolved the screening effect of the real and vir-
tual excitations created by one laser pulse on the THz tran-
sient produced by a second pulse with 10-fsec resolution,
identifying the instantaneous polarization and ballistic trans-
port processes through their temporal dependencies.

In an earlier publication8 we reported the coherent ul-
trafast cyclotron transients produced in photoexcited@100#
GaAs subject to a magnetic field and low temperature, as
detected via standard THz optoelectronic time-domain tech-
niques. In this paper we extend the previous work: by inves-
tigating the effect of varying the photon excitation energy,
we are able to distinguish between the contributions of real
and virtual excitations to the transient cyclotron signal. Two
experimental configurations are employed, as described in
Fig. 1. The configuration shown in Fig. 1~a!, denoted ‘‘tilted
Faraday’’ ~TF!, is identical to that of Ref. 8. The normal to
the sample surface is tilted atu525° with respect to the
magnetic field in order that there be a component ofEs per-
pendicular toB, which is necessary in order to activate the
Lorentz forceF5q(E1v3B). The Voigt configuration de-
picted in Fig. 1~b! sets the magnetic field in the plane of the
sample and thus perpendicular toEs . The output of a 100-
MHz mode-locked Ti:sapphire laser, composed of 70-fsec
pulses and wavelength tunable in the range ofl5740–850
nm, was split into two parts; 150–200 mW of average power
was used to excite the samples, typically at a temperature of
5 K, over an area on the order of 1 cm2, and the second
portion of the beam was used to gate a photoconductive,
ion-damaged silicon-on-sapphire-based antenna. By sweep-

ing the delay of the gating pulse with respect to the exciting
pulse, one time resolves the electric field emitted by the
sample with sub-picosecond accuracy. The frequency re-
sponse of our antenna was calibrated against a bolometer-
based interferometer.

One aspect of the physics underlying the two configura-
tions, which pertains to our goal of discriminating between
cyclotron emission due to ballistic motion of charges versus
coherent inter-Landau-level polarizations, may be conve-
niently illustrated through the classical solution of the trajec-
tory of a charged particle subject to oblique electric and mag-
netic fields separated by an angleu : E5E sinu x̂1E cosu ẑ
andB5Bẑ. Assuming that the particle of massm and charge
q begins at rest, its velocity will evolve as

FIG. 1. The experimental layout and magnetic-field geometries
employed in these experiments:~a! TF and~b! Voigt.
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vx~ t !56~E sinu/B! sinvct,

vy~ t !56~E sinu/B! ~12cosvct !, ~1!

vz~ t !5 ~qtEcosu/m! ,

wherevc5eB/m and the signs ofvx andvy depend on the
sign ofq. If the two fields are perpendicular, thenvz50 and
the total kinetic energy is bounded~note that particles elas-
tically scattered into finitez-momentum states will still not
undergo acceleration, and their averagevz will vanish!; for
typical values ofEs51–5 kV/cm andB52 T the kinetic
energy is on the order of a few meV. This value is well
below the longitudinal-optical~LO! phonon energy in GaAs
(\vLO537 meV!, so no dephasing via LO-phonon emission
is expected. However, at our value ofu in the TF geometry
of Fig. 1~a!, a free electron will attain kinetic energy along
ẑ equal to that of one LO-phonon within 0.2–0.5 psec. This
time scale is typical of LO-phonon emission events by hot
electrons in bulk GaAs, and may also be compared with the
70-fsec intervalley scattering time identified by Huet al. in
biasedp-i -n structures.7 Hence an electron streaming along
the direction of the magnetic field~while simultaneously ex-
ecuting circular cyclotron motion around theB-field line!
can be expected to undergo several scattering events within
the time scale of a cyclotron orbit~1–2 psec in our field
range!, making the possibility of coherent cyclotron emission
from an ensemble of such particles rather unlikely.

Such is not the case if the THz signal is due to coherent,
transient inter-Landau-level polarizations, as would be pro-
duced in the presence of the depletion field by spatially non-
vertical transitions. Assuming a crystal of cubic symmetry, it
is clear from the separability of the Hamiltonian for a particle
in the magnetic and electric fields described above
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that the intraband polarization parallel toB is decoupled
from the polarization perpendicular toB. The coherent in-
duced polarizations will dephase via the usual processes at
work in low temperature, such as scattering from impurities
or interfaces, but not via the inelastic phonon-emission pro-
cess.

Two additional electron-phonon phenomena which must
be considered in the context of differentiating between pro-
cesses involving ‘‘real’’ and ‘‘virtual’’ excitations are the
magnetophonon resonance and the magnetopolaron effect.
As argued below, the Fro¨lich interaction leads to a resonant
magnetopolaron state, producing different effective cyclo-
tron masses for real and virtual excitations in the vicinity of
the resonance. On the other hand, we find quite contrasting
behavior for the two radiative mechanisms near the magne-
tophonon resonance: at the appropriate excitation energy, an
LO-phonon-mediated energy and phase relaxation of areal
carrier may take place between thenth and n50 Landau
levels, whilevirtual excitations do not undergo this relax-

ation. Gubarevet al.9 have found that magnetoluminescence
~i.e., recombination of ‘‘real’’ electrons and light holes!
in bulk GaAs is nearly completely quenched at\v'1.59
eV'Eg12\vLO , indicating that the carriers have rapid-
ly relaxed via phonon emission~we note that, due to the
similar masses of the electron and light hole, approxi-
mately 2\vLO is required for the electron to have 1\vLO of
excess energy!. This differentiation between phase relaxa-
tion processes of real and virtual excitations is analogous to
that of hot-exciton luminescence and resonant Raman scat-
tering in polar semiconductors: real carriers~i.e., ‘‘hot’’ ex-
citons! dephase via inelastic LO-phonon scattering, whereas
the virtual excitations~i.e., Raman polarizations! retain
phase coherence despite their strong coupling to the
phonons.10

We focus here on experimental results obtained at mag-
netic fields of 1.5 and 2.0 T in both the TF and Voigt geom-
etries, and for the range of photon excitation energies of
1.51–1.68 eV stepped by 20 meV~due to the bandwidth of
the transform-limited 70-fsec laser pulses!. TheseB-field
values are convenient in that the electron cyclotron fre-
quency is in the vicinity of the peak response of our THz
photoconductive detector. The time-domain data was Fourier
transformed into amplitude spectra in the frequency domain
and normalized by the system response; examples are shown
in Figs. 2~a! and 2~b!. Figure 2~c! plots the integrated spec-
tral amplitude of the emission as a function of excitation
energy, where the TF data~indicated by square symbols! has
been magnified by a factor of 2.5 in order to account for the
sinu term in ~1!. While all of the curves are seen to initially
rise as the excitation energy shifts through the band gap at
1.52 eV, the TF amplitude remains nearly constant at higher
energies. On the other hand, the Voigt data~circle symbols!
exhibit a large dip in the range of\v51.59–1.61 eV, on the
order of 30% of the peak value, suggesting the onset of the
electron-light-hole magnetophonon resonance at roughly
Eg12\vLO . Note that, at the bottom of the dip, the Voigt
amplitude is nearly equal to the TF amplitude. We also find
in the Voigt data evidence for a second dip at the high-
energy side of the spectrum. However, the point where a
two-phonon resonance might be expected at;1.68 eV is
beyond the tuning range of our laser.

Cyclotron electron effective masses were extracted using
m*5eB/vc from the spectra by fitting to the sum of several
Lorenzian peaks, representing electron and light- and heavy-
hole resonances together with a broad ‘‘continuum’’ which
appears below the highest frequency~i.e., electron reso-
nance! peak. While not addressing this feature here any fur-
ther, the continuum may be ascribed to a variety of virtual
inter-valence-band transitions which are no longer dipole
forbidden, due to symmetry breaking by the surface deple-
tion field. Figures 3~a! and 3~b! plot the experimental elec-
tron masses, as derived from the fits, against photon energy;
the nonparabolic conduction-band structure of GaAs is ap-
parent in the increase of mass with excitation energy. More
intriguing is the peak at\v;1.61 eV for the Voigt configu-
ration @Fig. 3~b!#, which is more pronounced at the higher
B field; whereas in the TF data@Fig. 3~a!# the effective mass
rather levels off.
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The conclusions we may derive from Figs. 2 and 3 coin-
cide nicely with the conceptual picture painted above cover-
ing the origin of the coherent cyclotron emission. Two physi-
cal mechanisms contribute: ballistic motion of free carriers
under the influence of oblique magnetic and electric fields,
and the coherent, virtual polarizations induced in the
Landau-quantized medium subject to a symmetry-breaking
depletion field. Emission from the former is quenched almost
entirely in the TF configuration, due to rapid dephasing in
the wake of acceleration by the component ofEs parallel to
B and subsequent LO-phonon emission. Therefore the mag-
netophonon resonance at\v51.59 eV will not affect the
amplitude of the radiation since it does not couple strongly to
the virtual excitations; in fact, no decrease is found in the
emission at 1.59 eV. The THz radiation in the Voigt geom-
etry, on the other hand, contains contributions from both
sources, real and virtual, as is apparent in the larger total
signal. At the magnetophonon resonance, the real electrons
lose their mutual phase coherence upon scattering to the
n50 Landau level. Consequently, that portion of the inte-
grated amplitude is lost and the remaining signal is compa-
rable to that of the TF geometry after correction for the geo-
metric angle factor. The position of the dip, roughly 70–90

meV above the band gap, is consistent with the energy range
required to simultaneously excite an electron and a light hole
with equal Landau indices~in accord with the magnetoopti-
cal selection rules! and with either one of these placed 1
LO-phonon energy~37 meV! from the correspondingn50
Landau level. As noted in Ref. 9~and references therein!,
primarily the light-hole excitation is present in magnetolumi-
nescence, and such is the case for THz cyclotron emission
@Fig. 2~b!#.

The ballistic signal source is regained in the Voigt experi-
ment when the excitation energy passes the resonant cou-
pling point. However, the effective mass changes around
1.61 eV suggest that another resonant process is coming into
play: the magnetopolaron. As shown by Lindemannet al. for
the case of GaAs,11 an anticrossing occurs in the Landau-
level fan plots when the energy of thenth Landau level
approaches the energy corresponding to that of a polaron
consisting of one LO phonon interacting with an electron in
then50 Landau level. In this conjecture, the possible exci-
tation sequences are as follows:~1! an electron placed high
in the lower magnetopolaron branch~which has single-
electron character! may dephase via LO-phonon emission,
leading to a loss of coherent THz emission;~2! a somewhat
higher photon energy will excite the upper magnetopolaron
branch~which has more of the polaron character and thus a
larger effective mass! and therefore be inhibited from inelas-
tic decay since it already consists of an electron at the
n50 Landau level coupled with a phonon; and~3! at yet
higher energies, the upper magnetopolaron branch recovers a
cyclotronlike behavior, which reduces the cyclotron mass to
a value closer to that below the resonance. The magnetopo-
laron interaction strength increases with magnetic field,
hence the larger effective-mass peak forB52.0 T. Strik-

FIG. 2. ~a! Time-resolved electric-field oscillations due to
photoexcitation cyclotron radiation,B52.0 T, l5790 nm, T
55 K. ~b! Amplitude spectrum of~a!; the two peaks correspond
to electron (e2) and light-hole~lh! resonances.~c! Integrated spec-
tral amplitude dependence on laser excitation energy:~d! Voigt,
B52.0 T; ~s! Voigt, B51.5 T; ~j! TF, B52.0 T; ~h! TF,
B51.5 T; the TF amplitudes are magnified by 2.53. Note the dip
in the Voigt data around the magnetophonon resonance at 1.59–
1.61 eV.

FIG. 3. Electron effective masses as a function of excitation
energy, derived from the spectral data.~a! TF geometry~j! B52.0
T; ~h! B51.5 T ~b! Voigt geometry;~d! B52.0 T; ~s! B51.5
T. Whereas the effective-mass peaks near the magnetopolaron reso-
nance in the Voigt configuration, it levels off in the TF case.
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ingly, the ‘‘plateau’’ in the TF effective-mass dispersion
around 1.59–1.63 eV may also be interpreted as a conse-
quence of the splitting between the upper and lower magne-
topolaron branches. Recalling that the THz radiation due to
virtual polarizations results from oscillations between adja-
cent energy levels, we deduce that photoexcitation spanning
the resonance will result in radiation at a higher frequency
corresponding to the larger energy separation across the
magnetopolaron gap, compared to the usual inter-Landau-
level spacing. This frequency, in turn, is translated to an
effective mass viam*5eB/vc , leading to a lower value for
that component of the THz emission generated by the tran-
sient polarizations.

While a rigorous theory for THz generation in magnetic
fields has not yet been constructed, we would like to propose
a broad framework for calculating the radiation due to coher-
ent, transient polarizations in an electric-field–biased
Landau-quantized system. In analogy to the work by Chuang
et al.4 for the case ofB50, a mixing process is envisioned in
which spatially nonvertical photoexcitations take place in the
presence of the surface depletion field, resulting in an instan-
taneous polarization as depicted in Fig. 4~a!. In the presence
of a finiteB field we need to account for the effect of both
the conduction- and valence-band magnetically quantized
states, as both of these are simultaneously involved and nec-

essary due to the nature of magneto-optical transitions. In
our outline for a model, we assume the rules for magneto-
optical transitions between simple nondegenerate bands, i.e.,
Dn50 for interband transitions andDn561 for intraband
transitions; and ignore spin splitting as well as the additional
complications that arise from LO-phonon interactions and
strongly impact the experiment. We then find that the expres-
sion for the nonlinear susceptibility found in Eq.~2! of Ref.
4 should take on the form

x~n.l .!~vc
e ,vc

h ;2v,v1vc
e1vc

h!

52
1

V (
pqns

mpnqn

eepn1ehqn2v2vc
e2vc

h2 i /t

3 (
n8,m8

^p8n21uezeupn&^qnuezhuq8n21&mp8n21q8n21
*

eep8n211ehq8n211v1 i /t

1 permutations. ~3!

Here \51, V is the crystal volume,t the dephasing time,
s the spin quantum number,n the Landau-level index,p and
q the electron and hole eigenstates perpendicular to the
magnetic field~rather than perpendicular to the surface, as
in Ref. 4!; ^p8n21uezeupn& and mpnqn are the inter-
Landau-level and interband dipole matrix elements. Fig-
ure 4~b! illustrates the transitions involved in this inter-
action in a highly simplified schematic, near the band
gap. As shown in the figure, above-band photoexcitation
produces adoublemacroscopic polarization at the electron
and hole cyclotron frequencies, in contrast to the standard
nonlinear susceptibilities which describe only one output
wave.

In conclusion, we have demonstrated the ability to dis-
criminate between the contributions of two mechanisms to
the generation of photoexcited transient cyclotron emission
in bulk GaAs: ballistic motion of real carriers, and surface-
field-enhanced, coherent inter-Landau-level polarizations.
These are differentiated by a combination of magnetic-field
orientation and excitation wavelength. While these results
are important for understanding the photoexcited THz radia-
tion from other systems, a firm theoretical foundation is still
lacking for quantitative interpretations.
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FIG. 4. Photoexcitation processes resulting in THz emission
near a semiconductor surface.~a! B50; the solid arrows represent
real carrier generation and subsequent acceleration under the sur-
face field, while the cross-hatched arrow illustrates the spatially
nonvertical virtual excitations responsible for optical rectification.
After Ref. 4. ~b! BÞ0; the spatially indirect virtual transitions
which generate coherent inter-Landau-level polarizations radiating
at the electron and hole cyclotron frequencies.
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