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Terahertz emission from GaAs and InAs in a magnetic field
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We have studied teraherfZHz) emission from InAs and GaAs in a magnetic field, and find that the emitted
radiation is produced by coupled cyclotron-plasma charge oscillations. Ultrashort pulses of THz radiation were
produced at semiconductor surfaces by photoexcitation with a femtosecond Ti-sapphire laser. We recorded the
integrated THz power and the THz emission spectrum as a function of magnetic field at fields up to 5.5 T, and
as function of temperature fd=10—-280 K. The maximum observed THz powerid.6x 10”3 J/pulse(12
uW average powgrfrom n-InAs (1.8<10%cm™%) at B=3.2T. We compare our results to semiclassical
models of magnetoplasma oscillations of bulk free carriers and damped motion of free carriers in a two-
dimensional electron gas. The bulk model describes THz emission rfir@aAs at all magnetic fields, and
InAs atB=0. It fails to describe THz emission from InAs at nonzero magnetic fields. We show that a model
including both bulk plasma oscillations and THz emission from a surface accumulation layer describes THz
emission from InAs in a moderate magnetic field, but this model does not completely describe emission at

fields|B|>1.0T.
DOI: 10.1103/PhysRevB.64.085202 PACS nuni®er78.47+p, 71.45.Gm, 73.20.Mf, 42.65.Re
I. INTRODUCTION fieldsB<1 T. However, until now there has been no detailed

description of the enhancement mechanism. In addition,

Ultrafast pulsed terahertZ Hz) sources are a unique tool there is no consensus about the absolute efficiency of the
for time-resolved spectroscopy in condensed matter systemgeneration process in InAs. Some and Nurmikko have stud-
The most widely used techniques for generating THz pulseid coherent THz emission from undoped GaAs epilayers
are optical rectificatiohand generation of transient photo- and modulation doped parabolic wells in a magnetic field at
currents at semiconductor surfaces. In the latter mechanisngw temperaturé?
photocurrents parallel to the surface can be generated be- In this work we present measurements of photoinduced
tween biased metallic contacts, as in an Auston switch. THz emission from InAs and GaAs as a function of magnetic
Perpendicular photocurrents are generated at bare semicdild. We propose a semiclassical model to describe THz gen-
ductor surfaces, e.g., as photogenerated carriers accelerategii@tion from semiconductor surfaces in a magnetic field
the surface depletion fieflAlthough requiring no fabrica- which includes self-consistent fieldplasma oscillations
tion, bare semiconductor surfaces are typically less efficien®ur work provides a simple physical picture of the emission
because the direction of the transient photocurrent is nearlprocess. We find that THz emission framGaAs in a mag-
parallel to that of the outgoing THz beam. However thisnetic field can be described as coupled plasma and cyclotron
limitation can be overcome by using a magnetic field tooscillations. THz emission in-InAs at low magnetic fields
change the direction of the transient currént. can be described by including a surface plasma oscillation.

Recently, Sarakurat al® have reported a substantial en- At high magnetic fields, this model correctly predicts the
hancement of the efficiency of THz generation at bare InAgeak frequencies of emission in InAs, but does not correctly
surfaces by a moderate magnetic field. They claimed averaggedict the dependence of the emitted power on magnetic
emitted THz powers of~0.7 mW using a 1 W average field.
power Ti-sapphire pump laser. This value, which has been
challenged, would _makeYInAs the mqst efficient THz emitter Il EXPERIMENT
to date. McLaughliret al.” have examinedh-InAs in mag-
netic fields up 8 T and obtain average emitted THz powers of Optically pumped THz emission was measured from bulk
~8 uW using a 1 W average power Ti-sapphire pump.GaAs and InAs samples in a magnetic fiedege Table)l For
Ohatakeet al. have investigated the THz emission from InAs most measurements, the samples were mounted in a horizon-
for a wide variety of magnetic field geometriggVeisset al.  tal split-coil superconducting magnet with a variable tem-
have investigated THz generation from InAs and a numbeperature insert4—300 K. The sample surface was parallel
of other semiconductorsThey separate the component of or at 45° to the magnetic field. Optical excitation was pro-
the power due to enhancement by the magnetic field, andided by a mode-locked Ti-sapphire laser oscillator. The
show that this component varies as the square of the field fggulsewidth was 140 fs, the center wavelength was
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TABLE I. Room-temperature carrier concentration and mobility of samples used in these measurements. Integrated THz power measured
at 280 K is given forB=0 and the field where power is maximurB{,,). The excitation intensity was5 W/cnt.

n )% THz power THz power P1ok/Pa2gok P1ok/Pogok
(10 ecm™3) (cm?V seg (B=0) (B=Bay (B=0) (B=Bmay
n-GaAs:Si 2.4 4600 0.21 2 0.3
n-InAs (un) 1.8 25000 1.00 74 1.4 2.2
n-InAs:S 7.5 20000 0.06 36 1.1 1.8
p-InAs:Zn ~20 ~275 0.36 32 1.1 2.3

=800nm, and the pulse repetition rate was 76 MHz. Thdfull width at half maximum (FWHM)=1.0 THZ. All InAs

laser was split into pump and probe beams, and the pumgamples also show a sharp emission feature at 7.32 THz near
laser intensity at the sample surface wa§ Wicn? (60  the LO phonon frequency. The zero-field THz emission spec-
nJ/cnf/pulse. The pump beam was incident at right anglestrum of n-GaAs measured with the 12 fs pump laser is
to the B field, and at 45° to the sample surface. The THzshown in Fig. 1b). The response consists of a single broad
beam was emitted along the direction of the reflected pumpeak centered at 1.3 THFEWHM=1.0 THz) and a sharp
beam. Measurements of the total emitted THz power werdeature at 8.83 THz, near the GaAs LO-phonon frequency.
made with a 4.2 K Si bolometer. The bolometer was cali- Figure 2 shows measurements of the total emitted THz
bratedin situ with a black-body source. Spectroscopic mea-power for magnetic fields parallel to the sample surface. For
surements were made using electro-optic detection. In thiSaAs the response is not symmetric abBet0. Rather, the
techniqué’! the THz beam is mixed with a circularly polar- minimum response is @=0.9T. The emission reaches a
ized probe beam in a 1.0 mm thick ZnTe crystal. The THzmaximum atB=—4.5T, but does not reach a similar maxi-
electric field induces birefringence in the ZnTe through themum at any positive field within the measurement range. In
second-order electro-optic effect. The change in the probghe nominally undoped InAs sample, the emission power in-
beam polarization is measured with a polarization bridgecreases by a factor of 74 betweBr 0 and 1.8 T. The power
yielding a signal proportional to the THz electric field. The falls to a minimum at 3.8 T and then increases with field. The
THz field as a function of time following excitation is mea- emitted power versus field depends weakly on the excitation
sured by varying the delay between the pump and probgtensity at low powers, and strongly on the sample doping.
pulses, and the THz spectrufamplitude and phagés ob-  Emission from the more heavily dopedtype andp-type
tained by a Fourier transformation. The pump laser wasamples is much weaker than from the nominally undoped
modulated with a mechanical chopper at 2.75 kHz and thgample at zero field but is comparable at high magnetic fields
signal was measured with a lock-in amplifier. The THz beamsee Table ). The emission from these show maxima near
path was purged with dry Ngas to suppress absorption of
the THz radiation by water vapor. We have also measured
emission spectra by performing THz autocorrelation mea-
surements with the bolometer. The autocorrelation spectra
are generally consistent with the data presented below, but do
not give phase information.

THz data acquired with the 140 fs pump laser showed
little emission at frequencies above 2.5 THz, due to the finite
excitation pulse width. For this reason, additional measure-
ments were performed using a 12 fs Ti-sapphire laser oscil-
lator. For these measurements, samples were held at room
temperature in air, and a permanent magnet allowed emission
to be recorded in magnetic fields af0.5 T. Spectral mea-
surements were made by THz autocorrelation, and the detec-
tor was a 4.2 K Si bolometer.

THz emission measurements were performed-dBaAs,
nominally undoped InAs and amtype andp-type InAs. The
emission was recorded as a function of temperature between
280 and 10 K. In InAs we observed a moderate increase in
emitted power at low temperatures. The power fell with tem-
perature inn-GaAs (see Table )l We observed no strong
temperature dependence of the shape of the emission spectra.FiG. 1. (a) THz emission spectrum ofn-InAs (n=1.8

The THz power versus frequency from nominally un- x10cm™3) and (b) n-GaAs (1=2.4x 10 cm 3) at zero mag-
doped n-InAs (1.8<10%cm™3) generated with a 12 fs netic field, optically excited with a 12 fs Ti:S laser oscillator. Solid
pulsewidth pump laser is shown in Figal TheB=0 emis- lines are experimental data, dashed lines are fits to our model. The
sion spectra is dominated by a single broad peak at 1.84 THnset shows experimental geometBfield | to surface.

Power

Frequency (THz)
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FIG. 2. Integrated THz emission from the samdnAs and : Llo Tt ¢ 115 -5
0 1 2 0 T 21

n-GaAs samples as a function of magnetic field parallel to surface.
Average excitation intensity 5 W/dnSolid lines are experimental
data, dashed lines are fits to our model.

Frequency (THz) Phase

FIG. 3. (a) n-GaAs: THz electric field amplitude versus fre-
guency as a function of magnetic field froB=—-5—+5T at1 T

B=3T, and then decrease without reaching a second withifhtervals. Curves offset for clarity. Dashed lines are c_alc_ulated from
the measurement range. The curves are not symmetric, btk magneto-plasma modéb) Phase versus magnetic field at the
unlike GaAs, all InAs samples measured show a minimum' ©4eney of the peak of thB=0 spectrum(indicated by arrow

near zero field |B|<0.1T). . also measured with the magnetic field at 45° to the surface

Calibrated power measurements of the integrated TH%Fig 6
emission versus magnetic field were performed with the = ™
magnetic field at 45° to the sample surface. This was done
because the optical throughput of our cryostat is higher in 1. DISCUSSION
this geometry {/2.6) than for magnetic fields parallel to the A. Model
surface. For room-temperature InAs, a maximum average
power of 12uW was measured &=3.2 T. For GaAs, the
average THz power was 0.38W at B=5.0 T. The pump
laser power was 10 nJ/pul$@.8 W average power

The THz electric field amplitude and phase versus fre-
guency fromn-GaAs and InAs excited with a 140 fs pump
were obtained for magnetic fields froB=+5 to =5 T.
Then-GaAs spectra are shown in FigaB The sample tem-
perature wag =280 K. AtB=0, the response consists of a - |
single broad peak. At positive magnetic fields the peak splits J N
into two broad features which are distinct upBe=1.5 T. T
For negative fields in this same range, the two features are
not distinct. Overall, the center frequency of the response
shifts to lower frequencies at high fields. Figur@)3shows
the phase of the signal at 1.1 THz, the maximum of the
zero-field spectrum. A phase shift af radians is observed
betweenB=+0.5 and+1.0 T.

Figures 4 and 5 show the magnetic field dependence
of the emission spectra from nominally undoped
n-InAs (1.8< 10'%cm™3). The broad feature observed Bt
=0 evolves and moves to lower frequency with increasing
field. However, the emission becomes dominated by a dis-
tinct low-frequency feature which peaks near0.35THz. FIG. 4. (a) n-InAs: THz electric field amplitude versus fre-
The phase of this low frequency component shiftsiya-  quency as a function of magnetic field at 0.1 T intervals frBm
dians atB=0, while the phase at=1.84 THz changes at =_05_+05T. Curves offset for clarity. Dashed lines are from
B=+0.2 T. Emission spectra of the more heavily dopedmodel carriers in the bulk and surface accumulation layésk.
samples are dominated by a similar low-frequency compophase versus magnetic field aj=360GHz and at theB=0
nent at nonzero magnetic fields, and the phase of thiglasma frequencyy,=1.8 THz). Note phase of signal af shifts
component also shifts by by radians aB=0. Spectra were by = radians aB=0.

THz emission fromn-GaAs surfaces at zero magnetic
field has been described by Kerstiagal 23In their model,
photoexcitated carriers screen the surface depletion field.

(b)
InAs
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can excite electrons from the heavy, light and split-off hole
bands to thel’ valley of this narrow-gap semiconductor

(Eg=0.35eV}, although other conduction-band minima are
not accessible. In addition, the Fermi-level is pinned in the
conduction band at the InAs surface, and magnetotrarSport
and photoelectrdfi spectroscopy have identified a surface
accumulation layer in InAs with typical carrier densities of
0.0 order 13%cm 2. This produces two difficulties for the bulk

A
////_;\\Q'EE plasma model. First, the number of free-carriers in the sur-
/&\k face layer is comparable to or larger than the number in the

[Ew)]

bulk photoexcited region, suggesting that the surface carriers
may play an important role in THz emission. In addition,
there is no surface depletion field to provide initial excitation

s of the electrons.
0 05 1 15 2 25 3 We have constructed two semiclassical models to describe
Frequency (THz) our measurements. The first describes a homogeneous three-

o . dimensional3D) plasma of electrons in an electric and mag-

FIG. 5. n-InAs: THz electric field amplitude versus frequency netic field. The second model is designed to treat electrons in
as a function of magnetic field frof=—5-+5T at 0.5 T inter-  the surface accumulation layer of InAs. It consists of an elec-
vals. Curves offset for clarity. Markers _show calculated upper angygn plasma confined in one dimension by a strong harmonic
lower branch magnetoplasma frequencies calculated for zero dampygtential. Since we are primarily interested in describing the
ing, and predicted frequency of peak emission from surface layer.q pission of electromagnetic radiation in these models, we

i i ) _ . examine the motion of charge in the long-wavelength limit
This transient change excites plasma oscillations in the bul q=0). In order to obtain simple, tractable models, we have
electron gas which are the dominant source of THz radiatiomeglected hot carrier effects. In addition, we do not treat the
in n-type samples. Since these are low-energy excitations Qfiia| excitation in detail. Instead, we assume an impulsive
a cold electron gas, the process can be treated adequately Bycitation and calculate the response of the system.
a semiclassical model. It is straightforward to extend this Tpe dynamics of a homogeneous 3D plasma of charge are
treatment to include a magnetic field. We will show that the, || ynderstood. Displacement of charge in a conductor in
resulting model describes THz emission framGaAs i‘% crossed magnetic field and electric fiel@§z andElIX) gen-
faces in a magnetic field. In contrast, a more detailed model 41y produces oscillatory motion. It can be shown that the
which treats carrier scattering on a microscopic level, bukftect of the electric field is simply to shift the origin of the
ignores self-con&steryt electric fields does not fit our d_ata. electron oscillations, and the problem will now be considered

We expect that this bulk magneto-plasma model is t0qQp, the shifted coordinate system to elimin&eThe displace-

simple to describe InAs. Hot carrier effects may play anmpent and velocity of the charge perpendicular to Bhéeld
important role: radiation from our Ti:S lasehf=1.55¢e\) is determined by the equation

TrTTTTT T T T T 2 eVXB
B

m! o0 where w,, is the classical plasma frequency. The damping
+5.407 parametery is an effective scattering rate, which in Drude
theory is related to the mobility. For the case of the initial
/\4\ displacement and velocity perpendiculaBtithe eigenvalues

for a single-component plasma of electrons are

w-=3[(0ct+iy) = (0 +iy)+dwp), @

where w, is the cyclotron frequency and the normal modes
of the system describe clockwise and counterclockwise cir-
. ot cular motion in thexy plane. This can be easily understood:
I For B=0, the in-plane equations of motion are identical to
0 0.5 1 1.5 2 2.5 3 . . .
F those of a 2D harmonic oscillator. The two degenerate, inde-
requency (THz) . X . .
pendent solutions describe clockwise and counterclockwise
FIG. 6. n-InAs: Amplitude of the transverse component of the Circular motion. A magnetic field perpendicular to the plane
THz electric field versus frequency as a function of magnetic fieldlifts the degeneracy. This model can be extended to include
45° to surface, fronB=0-5 T at 0.5 T intervals. Curves offset for light and heavy holes as well. The equations of motion then
clarity. Markers show magnetoplasma frequencies and cyclotroinclude the interaction between each charged species. How-
frequency of surface layer electrons calculated for zero dampinggver, our simulations predict that the THz emission is domi-
Inset: experimental geometry of this measurement. nated by the motion of electrons.

?

W
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The THz emission from the oscillating plasma is calcu- TABLE II. Parameters used in our model calculations.
lated in the electric dipole approximation

y(secl m*/my  ys(secl) v, (TH2)

_ po(SiN(O)) . n-GaAs:Si 9<102  0.067
Erad )= 477( P, @ inas (un  7x10%?  0.035 2x10%? 12
whereP is the net dipole moment, ardis the angle between
P and the direction of the emitted THz beam inside the B. Comparison with experiment

sample.

To model THz emission from InAs, we include bulk
plasma oscillations and a two-dimensional plasma confine
at the sample surface. To treat this surface charge layer

introduce a strong harmonic confinement potential which re

stricts motion perpendicular to the surface. In addition, in thetr.‘,:.a electk:.clmsihOum:alculatlontused the mg_asm:r(te)clj cirrle:]den—
long-wavelength limit, there is no space-charge field induced' 'c>: W€ TN€ OINET parameters were agjustable. AS Shown

by motion parallel to the surface. The equation of motion i Fig. 1, we can get an excellent fit 1o the dat"% using the
then plasma model. The parameter values used to fitBheO

measurementgTable 1l) were used for all subsequent fits.
The effective mass value*/my=0.35 used for InAs is sub-
— W, (4) stantially higher than the known bulk valuem{/m,
m =0.24). This may reflect hot electron effects. We also note
that thek=0 LO-phonon resonance is shifted to higher fre-
where ws is the intersubband plasma frequency in the paraguencies in doped semiconductors and metals due to screen-
bolic surface-confined layer. For a carrier density f  ing. The high-frequency peaks observed in spectra recorded
~10"cm™? we expectws~ 15 THz, which is outside of the with the 12 fs system shift with doping as predicted for
spectral region investigated. Ignoring damping, the responsgiasma-LO phonon coupling. We conclude that THz emis-
of this system consists of a high-frequency modewat  sjon from GaAs and InAs &=0 in n-type samples is domi-
= \/w52+ wcz and a low-frequency mode at_=0. nated by plasma oscillations of the extrinsic carriers.
Comparison with experiment requires that we use physi- In GaAs, our simulation gives good quantitative agree-
cally reasonable initial conditions. We set the initial displace-ment with experimental measurements of the integrated
ment and the initial velocity of all the carriers to zero. In the power (Fig. 2 and the emission spectruffigs. 1b), 3(a)]
shifted coordinate system, the initial displacement of thefor all magnetic fields measured. Within this model, the field
electrons is then perpendicular to the surface. We account fatependence of the power can be understood qualitatively as
the finite duration of excitation by convoluting the responsearising from two effects. The first is geometrical: the curva-
function with a Gaussian whose widttrepresents the dura- ture of the electron trajectories changes the component of the
tion of the excitation of the system. The lower limit on this dipole moment perpendicular to outgoing THz beam. Since
time is the laser pulse widttl40 fg, although we find we the sign of the change depends on the field direction, and
must use substantially longer times,(;se=350fs) to fit the  because there is a perpendicular component eves=dt in
experimental data. our geometry, the minimum intensity does not occur at zero
For the 2D plasma these initial conditions produce an infield. At high fields @:>v), the electron trajectories are
teresting result. FoB=0, only the intersubband plasma os- more nearly circular, so that geometrical effects become less
cillation is excited, and this produces almost no radiation inmportant. In this regime, changes in the power reflect the
the spectral window set by our excitation pulse length. Howield dependence of the emission spectrum.
ever, a magnetic fielgparallel to the surface couples the  The bulk model also describes the field dependence of
excitation into thew - =0 mode. Charges in this mode do not E(w). The model predicts emission at the upper and lower
oscillate, but do emit low-frequency radiation as they decelimagnetoplasma frequencies, but high frequency emission is
erate due to damping. This emission peaks at low frequersuppressed due to the finite excitation time. Therefore, the
cies: it is cut off at high frequencies/ y>1, wryse>1 and  emission should be dominated by the lower frequency mode,
it also is cut off at very low frequencies & w)xw? for  so that the peak of the emission should move to lower fre-
electric dipole radiation. Unlike emission from a bulk quency with increasing field, as observed. In contrast, a
plasma, the phase of the radiation emitted by this mechanismodel which ignored plasma oscillations would predict that
should change byr atB=0. As a result, a surface accumu- the peak frequency would follow the cyclotron frequency,
lation layer will contribute very weakly to the THz emission and increasewith field. Under certain conditions, we can
at zero magnetic field. At nonzero field we expect to observexpect to resolve the upper and lower frequency modes in
low-frequency emission due to damped in-plane motion. Imour measurements. While the dipole moment of the upper
addition, a fieldperpendicularto the surface produces cyclo- and lower mode have the same sign for very small fields, the
tron motion of the carriers in the surface layer. For a field atcontribution from one will change sign as the field is in-
45° to the surface, this cyclotron motion will be driven by creased, with the lowefuppe) mode changing sign at
the initial excitation, and will also produce THz radiation. greater positive(negative fields. This sign change is ob-

The above model predicts that bulk plasma oscillations

il dominate the emission at zero field. The parameters of

e model include the carrier density the bulk damping
rate y, the effective masm*, and the initial displacement of

5 evxB
a= —wgX—
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served experimentally as a phase shiftmofadians in the magnetic-field dependence to the initial amplitude of excita-
signal betweerB=+0.5—-1.0 T. When the dominant low- tion of the surface and bulk modes, or to the damping pa-
frequency mode is suppressed near this sign change, the exameters. We also have not considered coupling between sur-
perimental data clearly show both modes. We conclude thdace and bulk modes. We have used our model to simulate
THz emission frorm-GaAs in a magnetic field is dominated the THz emission from a modulation-doped parabolic quan-
by bulk magnetoplasma oscillations of the extrinsic carrierstum well measured by Some and Nurmikiddere also our
The dramatic magnetic field dependence of the THzmodel qualitatively reproduces their experimental results, but
power and emission spectrum of InAs is shown in Figs. 1, 4does not match the measured emission amplitudes. In par-
and 5 for fields parallel to the sample surface. While theticular, the model does not predict the peak in the emission
zero-field spectra can be fit by our bulk plasma model, thapower which they observe when the cyclotron and intersub-
model fails to predict the low frequency feature observedoand plasma frequencies cross.
near 0.35 THz in all of our InAs samples. A three-component Some of these questions can be answered by additional
plasma model including the photogenerated electrons anelxperimental work. We suggest that THz emission experi-
light and heavy holes also fails to describe this feature. =~ ments with a midinfrared femtosecond pump tuned to the
However, for thisB-field direction, the 2D plasma model InAs band gap would allow us to exclude hot-carrier effects
predicts emission which peaks at low frequencies due t@nd study the process of initial excitation in detail. Further
purely damped carrier motion parallel to the surface. TheTlHz emission experiments on modulation-doped quantum
exact shape of the emission spectrum is determined by theells in magnetic field would also be of interest. Such ex-
surface damping rate, the electron effective mass and theminations of a well-characterized quantum well systems
intersubband plasma frequency. We used a surface dampingpuld provide an independent test of the surface emission
rate ys=2x10 s! and intersubband frequency,, = model proposed here. Finally, such work should allow us to
=12THz and fit the THz emission from InAs as a sum of optimize the THz generation process in a properly designed
surface and bulk contributions. The parameters of the bulknodulation-doped heterostructure.
plasma were determined from measurement8at0. The
calculated THz emission spectra are included in Fig) 4nd IV. SUMMARY
the model qualitatively fits the emission spectra in the range
—0.5<B=<0.5 T in all samples. The model also predicts In summary, we report measurements of photoinduced
that the low-frequency component contribution shouldTHz emission from InAs and GaAs as a function of magnetic
change sign aB =0, while the high-frequency bulklike com- field. We measured a maximum THz power of 1.6
ponent should change sign at a finite positive magnetic fieldx 10 ** J/pulse(12 uW average powerfrom n-InAs (1.8
Both of these predictions are in agreement with the data, an& 10 cm3) at room temperature. The emission process
we also see two peaks in the spectra recordedBat can be described using a semiclassical model of magneto-
=0.1-0.3T. plasma oscillations of bulk free carriers and damped motion
For aB field at 45° to the surface, we have cyclotron of free carriers in a 2D electron gas. These models provide a
motion in the surface layer, and the center of the low-simple physical picture of the emission mechanism, but do
frequency peak should shift to higher frequency with in-not fully explain our results. The bulk model describes THz
creasing field. The experimental data show a correspondingmission fromn-GaAs at all magnetic fields, and InAs at
decrease in the spectral weight at low frequen¢igg. 6). B=0. A model including both bulk plasma oscillations and
The 2D plasma model does not fully describe our data foTHz emission from a surface accumulation layer describes
|B|>1T. In particular, the model predicts that the intensity THz emission from InAs in a moderate magnetic field, but
of the surface mode contribution should increase continuthis model also fails at fields|>1.0T.
ously with increasing field within the measurement range.
This increase reflects increased coupling of the initial exci-
tation into thew =0 mode. Experimentally this is not ob-
served(see Fig. 5. However, while the emission amplitudes  This work was supported by the National Science Foun-
do not match our model, the peak emission frequencies ddation through the NSF-RUI prograrfGrant No. DMR-
follow the predicted magnetoplasma resonance frequencie®074622 and the University of Minnesota MRSE@Grant
so we believe that model is fundamentally sound. The disNo. DMR 98-09364. K.U. and T.M. acknowledge support
crepancy may reflect oversimplifications of the model, whichfrom the Austrian Science Foundatior016, and J.H.
assumes that the only effect of the magnetic field is towvould like to acknowledge partial support from a ty@e-
change the cyclotron frequency. We have not considered argrant of the Petroleum Research Corporation.
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