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Ultrafast photoexcited cyclotron emission: Contributions from real and virtual excitations
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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[S0163-182806)51920-X

The terahertz(THz) transients radiated upon ultrafast ing the delay of the gating pulse with respect to the exciting
photoexcitation of semiconductor surfaces at ambient condipulse, one time resolves the electric field emitted by the
tions have been well characterized,demonstrating the role sample with sub-picosecond accuracy. The frequency re-
of the surface depletion fiel&; as well as the crystalline sponse of our antenna was calibrated against a bolometer-
symmetry in the primary mechanisms in the emission probased interferometer.
cess:(a) ballistic acceleration of photocarrierdy) instanta- One aspect of the physics underlying the two configura-
neous polarization of electron-hole pairs, afol bulk x(? tions, which pertains to our goal of discriminating between
rectification. In the case of above-bandgap excitation ofyclotron emission due to ballistic motion of charges versus
[100] GaAs at low intensities, only the first two of these arecoherent inter-Landau-level polarizations, may be conve-
important, and are directly related to the presence of thaiently illustrated through the classical solution of the trajec-
surface field; besides providing the potential drop for ballis-tory of a charged particle subject to oblique electric and mag-
tic accelerationE, serves to break the symmetries which netic fields separated by an angle E=E singx+ E cos9z
would otherwise cause the total nonlinear polarization due t@ndB=Bz. Assuming that the particle of massand charge
spatially nonlocal pair creation to vanish. Virtual excitations¢ begins at rest, its velocity will evolve as
created by sub-bandgap illumination have also been demon-
strated to produce THz pulsslirectly illustrating the opti-
cal rectification effect attributable to the depletion field. Hu
et al.’ time resolved the screening effect of the real and vir- (@) ™ W‘
tual excitations created by one laser pulse on the THz tran- 7
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 publicatichwe reported the coherent ul- o
trafast cyclotron transients produced in photoexcit&d0] :9‘25 detector |delay stage
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 (b)
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experimental configurations are employed, as described in
Fig. 1. The configuration shown in Fig(d), denoted “tilted
Faraday” (TF), is identical to that of Ref. 8. The normal to
the sample surface is tilted #=25° with respect to the
magnetic field in order that there be a componenEgper-

S
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pendicular toB, which is necessary in order to activate the B
Lorentz forceF=q(E+wvXB). The Voigt configuration de- Eg ' detector |delay stage
picted in Fig. 1b) sets the magnetic field in the plane of the —_—

sample and thus perpendicularEQ. The output of a 100-
MHz mode-locked Ti:sapphire laser, composed of 70-fsec
pulses and wavelength tunable in the range. ef740-850

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 émand the second
portion of the beam was used to gate a photoconductive, FIG. 1. The experimental layout and magnetic-field geometries
ion-damaged silicon-on-sapphire-based antenna. By sweepmployed in these experiments) TF and(b) Voigt.
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vy(t)= = (Esind/B) sinwt, ation. Gubareet al® have found that magnetoluminescence
(i.e., recombination of “real” electrons and light hojes
vy(t)==(Esind/B) (1—coswt), (1)  in bulk GaAs is nearly completely quenched 7ab~1.59
eV~Ey+2hw o, indicating that the carriers have rapid-
v,(t)= (qtEcosv/m), ly relaxed via phonon emissiofwe note that, due to the

where w,=eB/m and the signs ob, andv, depend on the similar masses of t.he electron and light hole, approxi-
sign ofq. If the two fields are perpendicular, thep=0 and ~ Mately Ziw o is required for the electron to havéi b ¢ of

the total kinetic energy is boundédote that particles elas- €xcess energy This differentiation between phase relaxa-
tically scattered into finite-momentum states will still not tion processes of real and virtual excitations is analogous to
undergo acceleration, and their averagewill vanish); for ~ that of hot-exciton luminescence and resonant Raman scat-
typical values ofE;=1-5 kV/cm andB=2 T the kinetic  tering in polar semiconductors: real carri¢r®., “hot” ex-
energy is on the order of a few meV. This value is well citons dephase via inelastic LO-phonon scattering, whereas
below the longitudinal-opticalLO) phonon energy in GaAs the virtual excitations(i.e., Raman polarizationsretain
(hw o=37 meV), so no dephasing via LO-phonon emissionphase coherence despite their strong coupling to the
is expected. However, at our value @fin the TF geometry  phonons™

of Fig. 1(a), a free electron will attain kinetic energy along ~ We focus here on experimental results obtained at mag-
z equal to that of one LO-phonon within 0.2-0.5 psec. Thisnetic fields of 1.5 and 2.0 T in both the TF and Voigt geom-
time scale is typical of LO-phonon emission events by hotetries, and for the range of photon excitation energies of
electrons in bulk GaAs, and may also be compared with thg 511,68 eV stepped by 20 me¥due to the bandwidth of
70-fsec intervalley scattering time identified by letal.in e transform-limited 70-fsec laser pulseThese B-field
biasedp-i-n structures’ Hence an electron streaming along yajues are convenient in that the electron cyclotron fre-
the direction of the magnetic fielgvhile simultaneously ex- quency is in the vicinity of the peak response of our THz

ecuting circular cyclotron motion around tr&f'eld line) . photoconductive detector. The time-domain data was Fourier
can be expected to undergo several scattering events with Mnsformed into amplitude spectra in the frequency domain

the time sc_ale of a cypk_)f[ron orbifl -2 psec in our f_|elc_i and normalized by the system response; examples are shown
range, making the possibility of coherent cyclotron emission, .o a) and b). Figure 2c) plots the integrated spec-
from an ensemble of such particles rather unlikely. gs. -9 P 9 P

Such is not the case if the THz signal is due to coherentt,ral amplitude of the emission as a function of excitation

transient inter-Landau-level polarizations, as would be pro_energy, Wh_efe the TF da(indicated_ by square symbolsas
duced in the presence of the depletion field by spatially nonP€en magnified by a factor of 2.5 in order to account for the
vertical transitions. Assuming a crystal of cubic symmetry, itSin¢ term in(1). While all of the curves are seen to initially

is clear from the separability of the Hamiltonian for a particle"ise as the excitation energy shifts through the band gap at

in the magnetic and electric fields described above 1.52 eV, the TF amplitude remains nearly constant at hlgher
energies. On the other hand, the Voigt datiacle symbol$
H=H, +H|, exhibit a large dip in the range éfw=1.59-1.61 eV, on the

order of 30% of the peak value, suggesting the onset of the
electron-light-hole magnetophonon resonance at roughly
Eyt2%hiw . 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~t.68 eV is

1
Hy=50l(Pc= 2 BY)*+ (py+ 3 BX?] +qExcos 6, (2)

1 .
HH=%p§+qEz sing,

that the intraband polarization parallel ® is decoupled bevond the tunind ranae of our laser
from the polarization perpendicular 8. The coherent in- Bé lot | ? gff " ' tracted Usi
duced polarizations will dephase via the usual processes at, yclotron electron €fiective masses were extracted using
work in low temperature, such as scattering from impurities™ — €B/@c from the spectra by fitting to the sum of several
or interfaces, but not via the inelastic phonon-emission prokOrénzian peaks, representing electron and light- and heavy-
cess. hole resonances together with a broad “continuum” which
Two additional electron-phonon phenomena which mus@Ppears below the highest frequeng@ye., electron reso-
be considered in the context of differentiating between pronance peak. While not addressing this feature here any fur-
cesses involving “real” and “virtual” excitations are the ther, the continuum may be ascribed to a variety of virtual
magnetophonon resonance and the magnetopolaron effediter-valence-band transitions which are no longer dipole
As argued below, the Fligh interaction leads to a resonant forbidden, due to symmetry breaking by the surface deple-
magnetopolaron state, producing different effective cyclotion field. Figures &) and 3b) plot the experimental elec-
tron masses for real and virtual excitations in the vicinity oftron masses, as derived from the fits, against photon energy;
the resonance. On the other hand, we find quite contrastinipe nonparabolic conduction-band structure of GaAs is ap-
behavior for the two radiative mechanisms near the magneparent in the increase of mass with excitation energy. More
tophonon resonance: at the appropriate excitation energy, antriguing is the peak at w~1.61 eV for the Voigt configu-
LO-phonon-mediated energy and phase relaxation fah  ration [Fig. 3(b)], which is more pronounced at the higher
carrier may take place between théh andn=0 Landau B field; whereas in the TF daf&ig. 3@)] the effective mass
levels, whilevirtual excitations do not undergo this relax- rather levels off.
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nance in the Voigt configuration, it levels off in the TF case.
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FIG. 2. (a8 Time-resolved electric-field oscillations due to
photoexcitation cyclotron radiationB=2.0 T, A=790 nm, T
=5 K. (b) Amplitude spectrum ofa); the two peaks correspond
to electron €7) and light-hole(lh) resonancegc) Integrated spec-
tral amplitude dependence on laser excitation ene(@y: Voigt,

meV above the band gap, is consistent with the energy range
required to simultaneously excite an electron and a light hole
with equal Landau indice§n accord with the magnetoopti-
cal selection rulgsand with either one of these placed 1
B=2.0 T; (O) Voigt, B=1.5 T; (M) TF, B=2.0 T; (7)) TF,  LO-phonon energy37 me\) from the corresponding=0
B=1.5 T; the TF amplitudes are magnified by 2.5Note the dip Landau level. As noted in Ref. tand references thergin
in the Voigt data around the magnetophonon resonance at 1.59%/imarily the light-hole excitation is present in magnetolumi-
1.61 eV. nescence, and such is the case for THz cyclotron emission
[Fig. 2b)].
The ballistic signal source is regained in the Voigt experi-

The conclusions we may derive from Figs. 2 and 3 coin-ment when the excitation energy passes the resonant cou-
cide nicely with the conceptual picture painted above coverpling point. However, the effective mass changes around
ing the origin of the coherent cyclotron emission. Two physi-1.61 eV suggest that another resonant process is coming into
cal mechanisms contribute: ballistic motion of free carriersplay: the magnetopolaron. As shown by Lindemanial. for
under the influence of oblique magnetic and electric fieldsthe case of GaA%: an anticrossing occurs in the Landau-
and the coherent, virtual polarizations induced in thelevel fan plots when the energy of theh Landau level
Landau-quantized medium subject to a symmetry-breakingpproaches the energy corresponding to that of a polaron
depletion field. Emission from the former is quenched almostonsisting of one LO phonon interacting with an electron in
entirely in the TF configuration, due to rapid dephasing inthen=0 Landau level. In this conjecture, the possible exci-
the wake of acceleration by the componenEgfparallel to  tation sequences are as follow4) an electron placed high
B and subsequent LO-phonon emission. Therefore the magn the lower magnetopolaron brandiwhich has single-
netophonon resonance &tw=1.59 eV will not affect the electron charactgrmay dephase via LO-phonon emission,
amplitude of the radiation since it does not couple strongly tdeading to a loss of coherent THz emissid®) a somewhat
the virtual excitations; in fact, no decrease is found in thehigher photon energy will excite the upper magnetopolaron
emission at 1.59 eV. The THz radiation in the Voigt geom-branch(which has more of the polaron character and thus a
etry, on the other hand, contains contributions from botharger effective magsand therefore be inhibited from inelas-
sources, real and virtual, as is apparent in the larger totdlc decay since it already consists of an electron at the
signal. At the magnetophonon resonance, the real electroms=0 Landau level coupled with a phonon; af®) at yet
lose their mutual phase coherence upon scattering to th@gher energies, the upper magnetopolaron branch recovers a
n=0 Landau level. Consequently, that portion of the inte-cyclotronlike behavior, which reduces the cyclotron mass to
grated amplitude is lost and the remaining signal is compaa value closer to that below the resonance. The magnetopo-
rable to that of the TF geometry after correction for the geolaron interaction strength increases with magnetic field,
metric angle factor. The position of the dip, roughly 70—90hence the larger effective-mass peak Bx2.0 T. Strik-
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semiconductor essary due to the nature of magneto-optical transitions. In
conduction our outline for a model, we assume the rules for magneto-
n=1 optical transitions between simple nondegenerate bands, i.e.,

semiconductor air

o
B.
=

depletion region Valence
P 9 band n=

4 should take on the form

8 conduction
E@M AN 4 An=0 for interband transitions anin==*1 for intraband
> % i - d transitions; and ignore spin splitting as well as the additional
20 %@ Fermi level 20 complications that arise from LO-phonon interactions and
(] [ . . .
& 5 valence strongly impact the experiment. We then find that the expres-
n=0 sion for the nonlinear susceptibility found in EQ) of Ref.
b)

a) Position z Position
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FIG. 4. Photoexcitation processes resulting in THz emission 1
near a semiconductor surfade) B=0; the solid arrows represent =— v s —
real carrier generation and subsequent acceleration under the sur- pans €epnt €ngn— @~ W= @ —i/T
face field, while the cross-hatched arrow illustrates the spatially

Mpngn

(p'n—1lez|pn){anlez|q’'n—1)uy,\ 1qn-1

nonvertical virtual excitations responsible for optical rectification. % z

After Ref. 4. (b) B#0; the spatially indirect virtual transitions o'’ €epn—1T €ngn-1To+ilT

which generate coherent inter-Landau-level polarizations radiating )

at the electron and hole cyclotron frequencies. + permutations. ©)

Heren=1, V is the crystal volumeys the dephasing time,
s the spin quantum numbenm,the Landau-level indexp and

ingly, the “plateau” in the TF effective-mass dispersion 9 the electron and hole eigenstates perpendicular to the
around 1.59-1.63 eV may also be interpreted as a cons&agnetic field(rather than perpendicular to the surface, as
quence of the splitting between the upper and lower magnd? Ref. 4; (p'n—1lez|pn) and upnqn are the inter-

topolaron branches. Recalling that the THz radiation due t&andag—lt_el\l/el and int:erband dipole me}trixd e_'emh‘?m? Fig-
virtual polarizations results from oscillations between adja-!"® 4b) illustrates the transitions involved in this inter-
>gcnon in a highly simplified schematic, near the band

cent energy levels, we deduce that photoexcitation spannin As sh in the fi b band phot itati
the resonance will result in radiation at a higher frequenc ap. AS shown In the Tigure, above-band photoexcitation
H%roduces adouble macroscopic polarization at the electron

corresponding to the larger energy separation across t . X

magnetopolaron gap, compared to the usual inter-LandalJElnd _hole CVC"’”OF‘ fr_e_quenm_es, In contrast to the standard
level spacing. This frequency, in turn, is translated to arponllnear susceptibilities which describe only one output
effective mass vian* =eB/w,., leading to a lower value for ave.

that component of the Tz emission generated by the trang . 2800 B0, e e L o mecharioms 1o
sient polarizations.

While a rigorous theory for THz generation in magneticf[hebg"e;ngr;;"0_nb3ﬁ|i220t&eéfgﬁd ftrraer;sl,ligiricyrglotrr?g el:?;;ilcin
fields has not yet been constructed, we would like to propos? u s c N ers, and ©

a broad framework for calculating the radiation due to Coher_mld-enhancgd, co.herent mter-Landaq-Ievel polanz.atlc.ms.
These are differentiated by a combination of magnetic-field

ent, transient polarizations in an electric-field—biased_ . . o ;
Landau-quantized system. In analogy to the work by Chuan rientation an;j exc:jtatlon v(\jlavelﬁngtrr]l. Wh”e. tze_?fl res(ljJ_Its
et o the case B0, ming proces s envsonein ([® P°TSL Uncersarang e placocien B
which spatially nonvertical photoexcitations take place inthq King f tyt i ? ¢ ati

presence of the surface depletion field, resulting in an instanackiNg for quantitative interpretations.
taneous polarization as depicted in Figa)4In the presence This work has been supported by National Science Foun-
of a finite B field we need to account for the effect of both dation Grants Nos. DMR-9112329 and DMR-9121747. D.S.
the conduction- and valence-band magnetically quantizetias also been supported in part by Los Alamos National
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