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THz electromagnetic emission by coherent infrared-active phonons
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Coherent phonons are excited in single-crystal tellurium by above-band-gap excitation with femtosecond
laser pulses. Coherent infrared-active lattice vibrations give rise to the emission of electromagnetic waves at
the phonon frequency. The excitation mechanism is based on the ultrafast buildup of a photo-Dember field and
the coupling of a polar lattice mode to this field. The dynamics of the Dember field is obtained from a
numerical simulation of the electron-hole plasma dynamics close to the crystals surface. This effect itself gives
rise to a broadband emission of THz radiation from highly absorbing semiconductor surfaces. Details of the
generation and the outcoupling of the radiation are discussed.

I. INTRODUCTION ganic crystals, an oscillatory structure in the THz emission

The generation and detection of coherent phonons in Cons_pectrum has been attributed to a vibrational excitalfon,
9 . . P although it is not clear whether intermolecular or molecular
densed media with femtosecond laser pulses allows a d

led study of the i on d i ¢ opticall ) OI‘i"/’lbrations account for the signal. Recently, we have pre-
talled study of the interaction dynamics of optically excited go a4 the first systematic study of THz-wave emission from

carriers with coherent phonons. Several experiments r€gnherent polar phonons in a sofidhe material under inves-
vealed the possibility to excite coherently optical phonons injgation has been Te. Te is an ideal candidate for an investi-
different semiconductor materials. Depending on the pecugation of coherent phonons with time-resolved THz spectros-
liarities of the interaction of the optical excitation with the copy. Due to the high atomic number and the low symmetry
lattice, different excitation mechanisms for coherent phonongf the crystal, Te exhibits Raman and infrared-active
could be identified.In polar crystals with large surface fields phonons in the frequency range below 4 THz, which coin-
(GaAs, InB, the generation of coherent LO phonons is basedides with the detection bandwidth of gated dipole antennas
on the ultrafast screening of the surface fields by the photoused for THz-emission experiments. In the THz spectrum
excited carrieré=* In high-temperature superconductors co-emitted from the Te crystal, the strongest high-frequency
herent phonons are excited by the breaking of Cooper pairscontribution stems from the coherent excitation of a phonon
while in other layered material€GaSe the excitation pro- mode that is only infrared actieTherefore, Raman pro-
cess is directly related to an impulsive Raman prodé$r  cesses can be excluded as excitation mechanisms. The dis-
narrow-band-gap materials like tellurium, it has been showrplacive excitation mechanism can also be excluded due to
that a displacive excitation mechanism closely related to théhe low symmetry of the observed motién this paper we
Frank-Condon principle in molecules accounts for the genshow in detail that the excitation of this mode can be ex-
eration of coherent optical phonons. This mechanism iplained by the ultrafast buildup of a photo-Dember ftéld
based on the sudden change of the equilibrium position ofvithin the first 100 fs after optical excitation. The Dember
the lattice atoms after pulsed optical excitation of a densdield results from different diffusion coefficients of electrons
electron-hole plasm%’ By this mechanism, only modes of and holes. The buildup of the Dember field itself is a new
high symmetry can be excitéd,such as the breathing mode and strong source of broadband THz emission from highly
of A; symmetry in Te. We have recently shown that otherabsorbing semiconductors. The excitation of coherent
modes ofE symmetry, which are Raman and infrared active,phonons via an ultrafagtuildup of electric fields is in close
are also coherently excited, but appear in the time-resolvednalogy to the excitation mechanism based on the ultrafast
reflectivity changes with an amplitude about two orders ofscreeningof electric fields as observed in GaAg: Both
magnitude smaller than th, mode® Since the elements of phenomena are based on displacement currents of the opti-
the Raman tensors relevant for the detection of theseally excited carriers. We present a detailed numerical study
phonon§ differ only by a factor of 2 in amplitud®the large  of the generation mechanism of Dember-field-driven
differences in the detected phonon amplitudes are due to thghonons and examine the THz radiation emitted by the Dem-
strong and selective displacive excitation mechanism for théer field itself.
A; mode. In contrast, thE modes are most probably excited = The paper is organized as follows. In Sec. Il we describe
via a stimulated Raman proce$s. the experimental setup for the detection of THz radiation. In
THz-emission spectroscopy has opened a way to stud$ec. Ill we describe the experimental observations such as
transient polarization changes in photoexcited semiconthe polarization and excitation intensity dependence of the
ductorst*2Up to now, THz-emission spectroscopy has beeremitted radiation. In Sec. IV, we present the theoretical
applied for the investigation of cohereglectronicphenom-  model for the carrier dynamics, the electric-field dynamics,
ena like quantum beats in semiconductord? but not for ~ and the emitted THz radiation and compare the calculation
the detection of coherently excited lattice vibrations. In or-results to the experiment.
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Il. EXPERIMENTAL SETUP AND SAMPLES

The experimental arrangement is a conventional setup for
the detection of THz emission in reflection geométrfhe
sample is excited under 45incidence by pulses from a
Ti:sapphire laser with 1.7-eV photon energy, a pulse duration
of 120 fs, and a pulse repetition rate of 78 MHz. The coher-
ent THz radiation is emitted into the direction of the reflected
optical beam. The radiation is focused with two paraboloidal
mirrors onto a dipole antenna, which is microfabricated on
ion-bombarded silicon-on-sapphif80S. For efficient col-
lection of the radiation on the antenna, a silicon microlens is g 1. petected electric field emitted from the surface of Te
mounted on the back side of the sapphire substrate. The disoid line) and from InP(dashed ling The amplitude of the InP

pole length of the antenna is 3m with a gap in the middle.  emission is divided by a factor of 5. The curves are shifted verti-
The gap is illuminated with a time delayed gate pulse. For &ally for clarity.

given time-delay, the incident THz electric field biases the

dipole antenna and induces a dc current, which is measuredf thecL surface(time delay zero is chosen arbitranilyrhe
with a high-sensitivity current amplifier. Both the amplitude émission from a weaklyp-doped, (100-oriented InP:Fe
and the direction of the current are obtained. They are &ample under the same excitation conditions is shown for
measure of the amplitude and the phase of the incident ele€omparison. The excitation density in the Te sample at the
tric THz field. To achieve an increased signal-to-noise raticsurface is approximately 5:510'® electron-hole pairs per
the pump beam is chopped and a lock-in amplifier is usedcm® at the surface and approximatelx &0’ cm~2 in InP.
The time resolution of this technique is limited by the con-The Te signal consists of a strong initial emission followed
ductance lifetime in the antenna gap of about 500 fs, but th®y a periodic modulation that is observed for several pico-
optical pulse duration also leads to a reduction of the detecseéconds. The strong initial peak is due to a polarization that
tion bandwidth. The best antennas used in the experiment€sults from the ultrafast buildup of a strong photo-Dember
have a maximum responsivity at about 1 THz. The highesfield. The long oscillating part is due to the coherent emis-
detectable frequencies are around 4 THz. For the calculatiopion from an infrared lattice modeThe oscillating part can

of the detected THz signals we model the antenna charactele fitted with an exponentially decaying sine function with a
istics by a current rise time given by the pulse duration and &equency of 2.80.05 THz and a dephasing time of 1.6
decay time given by the conductance lifetime in SOS. For an=0.1 ps. The emission from the InP sample exhibits an ini-
investigation of the polarization of the THz radiation, a wire- tial signal with a duration of 1 ps close to the excitation pulse
grid polarizer is placed before the antenna. The polarizatiowith a distinctly different shape and a reversed sign com-
sensitivity of the antenna itself is complex due to the bire-pared to the emission from Te. For longer time delays, no
fringence of the sapphire substrate. emission is observed.

Te is a group-VI element and crystallizes in a hexagonal InP is well known to be a strong broadband emitter of
lattice (space groupﬁ)g ong) consisting of three atoms per THz emission. The emission of polar crystals like InP is
unit cell arranged in a helix along theaxis. Te is a single- Mainly composed of two effectst) an instantaneous signal
element semiconductor with the highest atomic number oflue to optical rectification in the static surface fféid*and
any semiconductor. It exhibits strong infrared-active phonoril) & signal due to ultrafast displacement currents screening
modes due to the large electronic polarizability of the atomghe surface space charge fields® Both effects can be dis-
and the low symmetry of the crystdt!® The lattice vibra- tinguished by their dynamics and polarization orientation.
tions consist of a fu”y SymmetricaL On|y Raman_actWQ However, at these hlgh carrier densities and the SpeCifiC ex-
mode (3.6 TH2, two degenerate Raman- and IR-actige Citation geometry both the surface field scree_:?ﬁnqu the
modes E}oo: 2.76/3.09 THZEYo, o 4.22/4.26 THzand  Instantaneous polarization take place on the time scale of the
one only IR-activeA, mode @, rojo: 2.6/2.82 TH22 The ~ PUMP pulsg. The contribution of the bU|.Idup of a Dember
internal polarization of th& modes is oriented perpendicu- fi€ld in InPis not observed due to the 8 times larger absorp-
lar to the c axis, while theA mode is associated with a tion length and the associated lower carrier gradient at the
polarization parallel to the axis. The samples are Te single Surface. In Te, the screening of depletion-layer fields as the
crystals with the surface either parallel, perpendicular, or afOUrce of the initial radiation can be neglected because the
45° to thec axis. The absorption length at the laser wave-charged surface states have a low density and the band gap is
length is 40 nm for excitation of the surfadec. The exci- V&Y small(_O.Sgse\/)._ The surface photovoltage of Te is in
tation beam with an average intensity of about 100 mw ighe #V regime;™ while the surface photovoltage in InP can
focused on a spot of approximately 106n. The maximum € @s high as half the band-gap energy of 1.3 eV.
electron-hole pair density at the sample surface under these The reversed sign in the emitted electric fields is ex-
excitation conditions is about 5&L0% cm~3. For a varia- Plained as follows. The InP samplepsdoped, giving rise to

tion of the excitation density the pump pulse is attenuated. & downward band bending at the surface. The optically ex-
cited carriers screen the surface field via drift of the electrons

towards the surface and hole drift into the bulk. The Dember-
Ill. EXPERIMENTAL RESULTS field dynamics in the Te sample is pased on a faster diffusion
of electrons as compared to holes into the bulk. The Dember
Figure 1 shows the detected electric field under excitatiorfield changes in time, until ambipolar diffusion of electrons

Detected Field (arb. units)

Time Delay (ps)
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- — - LO frequency of the same mode. As we will show in Sec.

ix10 el IV C, a slight shift of the emission maximum above the LO

5 phonon frequency is expected from the full theory. Concern-
ing the structure of the spectrum close to the phonon fre-
qguencies, the spectrum looks very similar to the recently cal-
culated THz emission spectrum expected from coherent
phonon oscillations in GaAs.

The A, mode has a polarization perpendicular to the ex-
cited surface and can be coherently excited by ultrafast field
changes with the same orientation. In time-resolved pump-
probe experiments on the same sample, we have verified the
L — j coherent excitation of thé\; mode and bothE modes
: However, the only infrared-activA, mode is not accessible
in time-resolved reflectivity measurements in the visible,
where the modes appear via their Raman activity. In order to
verify the A, mode as the source of the strong high-

: frequency emission from Te, we investigate the state of po-
0 1 2 3 4 larization of the emitted THz radiation. For an internal po-
larization oscillating perpendicular to the excited surface, we
expect that the emitted dipole radiationgspolarized with
respect to the plane of incidence of the laser pulse. For the
measurement of the state of polarization of the THz radiation
dashed lingin Fia. 1. The high-frequency part(2.25 THa is W€ compare _the emission without wire-grid polarizer and
fanlarged bfa facgtJor of 1Qab) Igourie(r:1 trans);opr)mtzf‘ the THZZ)fieId with the polarizer placed into the THz beam path. The con-

emitted from thec| surface. The high-frequency part is also de- trast ratio of the. polarizer at 1_0@m wavelength(3 THZ)_iS .
picted enlarged by a factor of 10. better than 100:1. The experimental results are depicted in

Fig. 4 of Ref. 8. We observe that thee component of the
and holes is established. The effective dipoles set up by theg@diation is very similar to the signal without polarizer. A
displacement currents are of different signs. Since the arininor effect of the polarizer is a time delay of 1.5 ps be-

tenna detects the far-field dipole radiation of these polarizatween the signals with and without polarizer. In the
tion changes, the sign is also reversed. p-polarized component, both the initial strong emission and

Figure 2a) depicts the amplitude of the Fourier trans- the.oscillat_ion are observed yvith almost the same amplitude
forms of the time-domain signals of Fig. 1. Figurébp &S in the_s!gnal w!th_C)ut polarizer. In tf;epolanzed compo-
shows the Fourier transform of the emission from tije c nent thg initial radiation has changeq |n.shape and is reduc;ed
surface, which will be discussed below. For the Te sampld? amplltuc_ie by a factor of 4. No oscnlgtlons are observed in
(cL surface, the frequency spectrum reveals a broad peak i€ S-polarized component for longer time delays. These ob-
approximately 500 GHz. For higher frequencies, the Signagseryat_lons support th(_a assumption that both the sfcro_ng initial
decreases to nearly zero at 2.62 THz before reaching a segMission and the oscillatory component of the radiation stem
ond maximum at about 2.9 THz. For clarity, this part of thefr_om polarlzat[on changes onente(_j perpend|cular. to the ex-
spectrum is enlarged by a factor of 10. The spectrum of Infited surface, i.e., parallel to tteeaxis. The change in shape
has a maximum at 0.95 THz and decreases monotonical@"d amplitude of thes-polarized component strongly indi-
with increasing frequencies. Cates that the origin of the emission differs frqm that ofphe

At these high excitation densities, the screening of théeomponent. The Fourier transform of tegolarized compo-
surface field in InP is completed during the pulse duration of?€nt exhibits a maximum at 1 THz, which is twice the fre-
120 fs24 The maximum of the emission spectrum should beduéncy of the low-frequency maximum in thepolarized
in the range of 8 THz, as is verified by calculations presente@d unpolarized spectra and close to the value obtained for
below. Therefore, the spectrum of the InP sample essentiall)P- Therefore thes component is attn?uted to the optical
shows the antenna response. The spectrum of the Te sampRetification effect” based on the bullg® of Te.
deviates from the InP signal significantly in two aspeis: The Fourier transform of the THz emission from the
The low-frequency maximum is shifted from 0.95 THaP) ~ Sample with thec|| surface is shown in Fig.(B). The THz
to 0.5 THz(Te) and(ii) the high-frequency part of Te at 2.9 signal is similar to the data shown for tlee. surface. The
THz is a factor of 3 largefvalue obtained from the non- only significant difference is that the minimum and the maxi-
normalized spectiathan the amplitude of the broad-band Mum in the high-frequency part of the spectrum both shift by
emitter at that frequency. The first observation indicates tha@Pproximately 0.2 THz to higher frequencies. Therefore, the
the initial strong emission from Te is not induced by an effectstructure can be identified with tHgf, andE;, mode. The
on the time scale of the pump pulse. A transport mechanisfe’ mode has an internal polarization perpendicular to the
has to be introduced with significant slower dynamics. Theexcited surface. In the time-resolved pump-probe data, the
second observation indicates that the emitted high-frequenayoherentE;y and E/ 5 modes are also observed via their
radiation at 2.9 THz has an enormously large amplitude. Thi&Raman activity? For the sample with 45° angle between the
dip in the Te spectrum at 2.6 THz coincides well with the TOsurface and the axis, the spectrum is still dominated by the
of the A, mode and the peak at 2.9 THz is slightly above theA, mode. No coupled extraordinary phonons are observed
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FIG. 2. () Amplitude of the Fourier transform of the time do-
main signal of the Te samplesL surface (solid line) and InP
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150 . . . dence of the Dember field amplitude and phonon amplitude
—_ excitation power: is expected, since the coupling between them is linear in the
r“é’ 95 mW associated fieldsee Sec. IV ¢ At low densities, both emit-
5 100 75 mW ted intensities are observed to rise linearly with increased
g 50 mW excitation intensity. At higher intensities, the integral of the
& 25 mwW low-frequency component increases sublinearly, while the
2 50 5 mw high-frequency component still rises linearly. As will be
2 1 mw shown later, this slight difference in the low- and high-field
5‘5’ dynamics at higher densities is due to the density dependence
- o of the Dember-field dynamics and the influence of the spec-

0 1 5 3 tral response of the antenna.

Frequency (THz)

FIG. 3. Fourier transform of the THz field emitted from the V. THEORETICAL MODEL AND RESULTS
cL surface for different optical excitation powers as given in the

figure.

The theoretical model is based on a one-dimensional drift-
diffusion equation for electrons and holes, which is derived
from the Boltzmann transport equation in a relaxation time
with frequencies different from the bare LO and TO mode, inapproximatiorf® Although we are dealing with experiments
contrast with previous Raman scattering experiméhtle  on a subpicosecond time scale, the relaxation approximation
attribute the observation of the, mode at this surface to the is justified due to carrier-carrier scattering with a typical
larger oscillator strength of this mode as has been derivedcattering rate of 10 fs at the densities of our experiments
from infrared reflectivity datd’ (>10" cm~2). This high scattering rate establishes a ther-

For the further investigation of the generation mechanismmalized carrier distribution function within 100 fs. Therefore
of the broadband emission and the coherent phonons we pehe carrier distribution functions can be described by a
form a variation of the laser intensity. Figure 3 depicts theheated Maxwell-Boltzmann function with an initial excess
Fourier transforms of the time domain data under a variationemperaturel; for electrons and hole@ndexi for electrons
of the excitation intensity over two orders of magnitude fromand holes calculated from the photon energy, the band-gap
1 mW to 95 mW pump power. The different excitation pow- energy, and the band structure. The excess energy of 1.37 eV
ers are given in the figure. An increase of the amplitude ahas to be divided into an excess energy for electrons and
the low-frequency and high-frequency maximum with in- holes according to the band structure. The band dispersion in
creasing excitation power is clearly observed. In addition;Te is relatively flat, so that the excitation is not well localized
the low-frequency maximum shifts from 400 GHz at thein k space?® Therefore, an exact value for the difference in
lowest power to 500 GHz at the highest power occurs. Thelectron and hole temperatures cannot be given. The total
maximum at 2.9 THz does not shift with frequency, butoptical excess energy corresponds to a temperature of 10 600
broadens for higher optical powers by a factor of 1.4. TheK, when we relate the excess energy to a carrier temperature
broadening is interpreted as the influence of plasmon-phonoaof 3/2kT. For longer times, the excess energy will be trans-
interactions as will be discussed beld®ec. IV D). For the ferred to the lattice via carrier-phonon interaction. We guess
determination of the power dependence of both the initiakn initial carrier temperature of 7000 and 3600 K for elec-
emission and the emission at the phonon frequency we intgrons and holes, respectively, and a relaxation time for the
grate over the spectra from 0 to 2.6 THz and from 2.6 to Semperature of 2 ps. This crude estimate for the energy re-
THz. The result is shown in Fig. 4. The data are compared téaxation is based on the values determined in IllI-V semicon-
theoretical results that will be discussed in Sec. IV. No sig-ductors. However, there is no knowledge about the exact
nificant difference between the excitation density depenscattering rates of high-energy carriers in such less common
materials as Te. The dependence of the results on these val-
ues will be discussed below. The mobilitigs are taken
from Ref. 20, i.e. e c = 2380 cnf/V s andup |c = 1260
cm?/V s for electrons and holes, respectively, at 293 K lat-
tice temperature. They are assumed to be independent of the

pry
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s <26THz
o >2.6 THz (x10)
calculation
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< 1o} istributi i

> temperature of the distribution function due to the weak band
@ dispersion. These values are about a factor of 2 smaller for
£ sl ° transport perpendicular to the axis. The diffusion coeffi-

B ° cientsD; are calculated from the generalized Einstein equa-
B tion, as derived from the fluctuation-dissipation theorem, i.e.,
g oo D;/uni=kT;/e. The generation of carriers is calculated ac-
E= ) 20 40 80 80 100 cording to a Gaussian temporal profile of the laser pulse with

a full width at half maximum of 120 fs. The spatial profile of
the carrier distribution is determined by the absorption length
FIG. 4. Value of the integral over the spectra in Fig. 3 from 0 @ of 40 nm. Bleaching at the pump photon energy during
THz to 2.6 THz(closed squargsand from 2.6 to 5 THz(open the excitation pulse is neglected as the population is expected
circles. The results of numerical calculations are also sh¢salid ~ to scatter extremely fast out of the initially excited states.
line, discussed in Sec. IV The one-dimensional calculation is justified, since the

Excitation Power (mW)
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enormously large and comparable to the carrier density dif-
ference induced by drift currents in large surface electric

At = 250 fs
electrons

fields in polar semiconductofé The associated space charge
field, i.e., the Dember field, set up within the first 250 fs is
already large enough to couple the electron and hole diffu-
sion currents. The Dember field establishes ambipolar diffu-
sion for larger time delays. The electric-field distribution at
different time delays is shown in Fig(®. Within 500 fs, the
electric field reaches a maximum value of 45 kV/cm at a
distance of 25 nm from the surface. For larger time delays,
the maximum of the field does not change significantly. The
field maximum propagates into the bulk with a velocity de-
termined by the ambipolar diffusion coefficient of the carri-

3 ers. A decrease of the Dember field for larger time delays is
2 / . S associated with the cooling of the carriers at a picosecond
£ 5ol i/ time scale, when the temperatures of the electron and hole
2 i el T distributions become equal.

i A change of the simulation parameters influences the

simulation results in the following way. A different choice
for the excess energi¢emperaturesfor electrons and holes
influences the maximum field. A higher electron temperature
increases the Dember field due to a higher diffusivity of the
electrons. Assuming equal initial temperatures for electrons
FIG. 5. (a) Calculated spatial distribution of electroitsolid  and holes, the maximum Dember field is reduced by a factor
line), holes(dashed ling and the difference of the electron and hole of 0.7. The strongest reduction of the Dember field results
distribution N-N. (dashed-dotted lineat a time delay of 250 fs.  from a decrease in the initial temperature, a decrease in the
The spatial distribution of the excitation densi,. without con- absorption length, and a decrease in the carrier density. How-
sidering any carrier transport is shown for comparigdotted ling. ever, therise timeof the Dember field does not change sig-
(b) Electric-field distribution at different time delays of 0 @solid . igeantly with these parameters and is several 100 fs also for
line), 250 fs(dasheg} 500 fs(dotted, and 1000 fedashed-dotted |,/ qensities. Since the emitted radiation is given by the

second time derivative of the polarization, the spectrum of

Dember field has only components perpendicular to the Xhe emitted radiation does not strongly change due to a varia-
c[ted surface. The carrier gradient parallel to the surface "%ion of the parameters, but rather the amplitude is influenced.
given by the S'Zg of Lhe pump spot dOf arf)prfmﬂmatel_y 1|00The choice of the energy relaxation rate also has little effect
um as compare to the pepetrgtlon epth of the pptlca "3n the emitted radiation, since it only determines the lowest-
diation of 40 nm. Lateral diffusion currents and fields CaNgequency components. A variation of the most relevant pa-
therefore be excluded on a ps time scale. We note that thr%meters within the range of uncertainty gives a variation of
same m_odel has be_en _recently sugcessfully applied for e mayimum Dember field amplitude in the range of a fac-

desquptlon of electric field dynamlgs at lll-v compoupd tor of 0.5-1.6. Even the lowest calculated value of 22 kV/cm

Sem'CQ”dg?gng surfaces  following  pulsed  opticalig g comparable to field changes obtained from the screen-
excitation: ing of surface fields of Ill-V compounds with doping densi-

ties in the range of some ¥cm 3.

0 50 100 150
Distance (nm)

A. Dynamics of the electron-hole plasma and the Dember field

In Fig. 5, results of the numerical simulation are shown. B. Emitted and detected THz spectrum

Figure 5(a) depicts the spatial distribution of electrons and  The radiation detected with the gated dipole antenna is
holes at a time delay of 250 fs after the maximum of thesirongly influenced by the complex response function of the
excitation pulse. The distribution resulting from the excita-antenna. In order to compare the result of the numerical cal-
tion without any drift and diffusion is shown for comparison. cyjations with the experiments we calculate the time depen-
After 250 fs, the maximum electron density at the surfaC&ence of the emitted field and convolute it with the antenna
has already decreased from 880'°~3.8<10"*cm~°. The  response
H i : 8 -3 L .. . . .
maximum hole density is also reduced by 10'® cm~*. The emitted radiation fieldE, 44 in the far field of the

Both distributions deviate from the generated exponentiakample is directly related to the second time derivative of the
carrier distribution, as it is calculated from the temporal in-jnternal fieldg

tegral over the laser intensity in the sample neglecting drift
and diffusion of carriers. The separation of electrons and
holes due to their different diffusivities sets up an effective
dipole close to the samples surface. The amplitude of this
dipole is given by the difference of the hole and electronwhere® is the radiation angley the radiation volume, and
distribution (N,—N,) times their average separatiaz. The r the distance from the surface to the detector, respectively
maximum difference in the electron and hole densities othe distance to the first collimating paraboloidal mirror. Out-
0.7x10' cm™~2 within the first 10 to 20 nm at the surface is coupling of the internal fielcE;,, through the dense carrier

. .4
int-

sin®  V §%Ejy

Erad(l’,t'f'l’/C):e(oc—)Csz,

@
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- T ' positive peak. This is a result of the asymmetric antenna
detected (x10) - response with a slower falling edge. When the gate pulse
"""" emitted ] arrives at negative time delays at the antefmg., 200 f$
the carrier lifetime of 500 fs leads to an integration over the
positive and negative parts of the emitted signal with a
slightly stronger contribution from the larger negative part.
When the gate pulse arrives at the antenna after the negative
¥ part of the emitted field has passed, the free carriers created
-1001 . by the gate pulse are present when only the positive-
- : amplitude field biases the antenna. As a result, the positive
-1 0 1 2 field appears with larger amplitude in the detected signal
Time Delay (ps) than the leading negative part. Obviously, large initial con-
tributions to THz radiation signals may be strongly sup-
i pressed by the antenna response. This effect has to be con-
"""" emitted (Te) sidered in the interpretation of THz signals detected with
detected (Te) | gated dipole antennas.
ey detected (InP) Figure b) shows the Fourier transforms of both the
’ emitted and detected signals from the Dember field in Te.
The emitted Te signal has a maximum at 2.5 THz, which is
close to theA, phonon mode. The comparison to the de-
tected spectrum clearly shows that the observed signals are
- strongly modified by the antenna response. The frequency
. L . maximum has shifted to 0.5 THz. The cutoff frequency of
2 3 4 5 6 the signal is at approximately 5 THz, which is above the
Frequency (THz) detection limit of 4 THz of the antenna used in the experi-
ments. For comparison, we also calculated the THz emission
FIG. 6. () Calculation of the emitted electric fieldashed ling  from an InP surface with a built-in surface field of 60 kV/cm.
and the detected signal obtained from convolution with the antennghe result is also shown in Fig.(l§. The material param-
responsgsolid ling). (b) Fourier transform of the emitte@lashed  eters of InP are used and the transient field distributions look
line) and detected THz radiaticfsolid line) of Te. For comparison  gimilar to those calculated for GaAs surfa&é@ptical rec-
the detected signal calculated for the emission from an InP surfacgfication in the surface field has not been taken into
is also showr(dotted ling. consideratiorf>?® The amplitude maximum of the emitted
electric field due to the ultrafast screening of the surface field
plasma close to the surface and the transmission coefficieig found at 8 THz, which is far outside the detection limit of
through the surface are discussed later. The detected field dépole antennas. The maximum amplitude of the detected
calculated by convolution dE,,4 with the response function field is at 0.9 THz, which is significantly above the value for
of the antenna. The antenna response is modeled by a risifi@ and close to the experimentally observed value of 0.95
edge given by the integral over the gate-pulse intensity. Th@Hz. It is remarkable that the difference of the frequency
falling edge is given by an exponential decay with a timeposition of the maxima is conserved when the emission spec-
constant of 500 fs given by the free-carrier lifetime of thetra are corrected for the antenna characteristics. In spite of
optically excited carriers in the SOS antenna gap. Furthethe strong spectral modification by the antenna response, the
contributions to the antenna response function such as thisformation on thalifferenttime scales of the field dynamics
impedance and resonances of the antenna are of secondamyTe and InP is thus retained.
relevance and are not considered hére. We also investigated the influence of a variation of the
Figure Ga) shows the calculated emitted and detectedexcitation power on the emitted signal. The excitation power
fields. Zero time delay is determined by the excitation pulsds varied over the same range as in the experiments. For
maximum. The propagation delay-r/c of the emitted field comparison with the experiments, we calculated the Fourier
to the antenna is set to zero in order to allow a direct comtransform of the detected radiation pulse and integrated over
parison of the emitted and detected signal. The shape of ththe spectrum. The calculation results are compared to the
initial part of the emitted field is typical for a second time experimental data in Fig. 4. The calculated values are nor-
derivative of a field, which develops as the integral over thenalized to fit in amplitude to the experimental values. The
excitation pulse. However, the asymmetry of the signal indi-calculated density dependence is in good qualitative agree-
cates a fast initial rise time of the current within the leadingment with the experiment. In addition to the agreement in the
edge of the pulse. As soon as the Dember field evolves, themitted amplitude, the calculations also reproduce the ex-
faster diffusion of electrons gets restricted by the drift cur-perimentally observed shift of the low-frequency maximum
rent in the opposite direction. After 2 ps, the quasiequilib-from 400 to 500 GHz, which is based on a faster rise time of
rium of ambipolar diffusion is established, so that no netthe Dember field at higher excitation densities.
displacement current is flowing. The THz-emission signal We also modeled the intensity dependence of the radiation
disappears. The convoluted signal strongly changes in shapgpectra for the InP sampl@ot shown. The frequency shift
The first sharp peak of the emitted signal is strongly de-of the InP emission is stronger compared to the shift calcu-
creased in amplitude and is even smaller than the followindated and observed for Te. A variation of the excitation flu-
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ence over the same range as for the Te sample results inTdhese equations are described in detail in Ref. 4. Further-
calculated shift of the frequency maximum from 0.9 THz to more, the outcoupling of the radiation also has to be consid-
250 GHz, corresponding to a change of the maximum freered, since it is influenced by the dispersion of the dielectric
quency of the emitted radiation from 8 to 1 THz. This largefunction in the vicinity of the phonon resonance.

shift of the spectrum is expected for the dependence of the |t is important to note that under our experimental condi-
dynamics of field screening at different excitation densttfes. tions the wave vector of the generated THz light at each
Screening of a given surface field requires a certain separgrequency in the materigdarallel to the surface is well de-
tion of electrqns and holes. Assuming ;aturated dpft veloCifined by the angle of incidence of the incoming light. For an
ties for the displacement currerifsthe field screening de- angle of 45° the transverse wave vector is 444 ¢nat 3
velops approximately linearly with time. The higher the 1y; *A small spreading of this transverse wave vector is

excitation density, the sooner the field is completelyjqioqyced due to focusing of the incoming beam. This trans-
screened. In contrast, the duration of the buildup of the Demy .sa \wave vector is very small. The Dember field perpen-
ber field is only weakly dependent on excitation density,

: : ! ) dicular to the surface excited by the optical beam has the
while the amphtugie 1S stron.gly influenced. Therefore, theg, e ransverse wave vector. As a result of the small trans-
low-frequency emission maximum from the Te sample onlyyerse \wave vector, the phonon polarizatiand the electric

weakly changes with the excitation densities, as observed i 4 will dominantly oscillate at the LO frequency, where

the experiment. e(w) has a minimum. The polarization at the TO frequency
_ _ _ _ is small at this wave vector. This consequence is also seen in
C. Coupling of the Dember field to infrared-active phonons the basic picture of the phonon-polariton dispersion, where

Up to now we restricted the discussion to the Dembeifor small wave vectors the electric field is oscillating with
field buildup and the associated emission of THz radiationthe frequency of the upper branch of the dispersion curve
The calculations in the preceding section did show that th&lose to the LO phononS.in the experiments at the surface
Dember field builds up with a maximum frequency compo--+ ¢ indeed a slightly shifted frequency of 2.9 THz above the
nent of approximately 2.5 THz, which is in the vicinity of the frequency of the LO phonon of 2.82 THz is observed. The
lattice resonances in Te. The free-carrier polarization inducefionlinear Dember generation mechanism with a frequency
by the Dember effect is oriented perpendicular to the excitedn@ximum close to the phonon resonance can be regarded as
surface, so that only infrared-active phonons with polariza2 Phase-matched mechanism for the excitation of coherent
tion oriented into the same direction can directly couple. ~LO phonons. The solution of the three coupled equations is a

In this section, we give a detailed description of the cou-cOmputational challenge, since the field and the polarization
pling of the Dember field to the phonons and the outcoupling!®pend on time and on all three spatial coordinates.
of the THz radiation at the phonon frequency. The general The presence of a dominant polarization at the LO fre-
description is based on the polarization associated with thguency explains the emission of THz light at this frequency
Dember effectPpemper and the polarization of the phonon for later times. From this explanation we can exclude the

P phonon Which both enter the Maxwell equations as a sourcdossibility that the observed THz emission spectrum is ex-
term: plained by absorption of the Dember field emission by the

TO phonon. If this would be the case the emission at later
JE2 1 gpP2 times should also oscillate with the TO frequency, which is
Z coe(@)C o2 (20 not observed in the experiments.

0 Propagation effects of the radiation within the crystal are
with the total polarizationP = Ppempert Ppnonon  EQuation not important, si_nce the radiating volume is clqse to the sur-
(2) is coupled to the equations describifigjthe generation face[compare Fig. &)] due to the small absorption length at
of the polarization of the phonon ar(@) of the Dember the laser energy. For the absorption length of the THz radia-
polarization due to the different diffusivities of electrons andtion at the maximum of the imaginary part of the dielectric
holes as calculated above. Within the slow-varying ampli-constant at thé\, mode we calculate 4.gm. The intensity
tude approximation, the polarization of the phonon driven byof the THz radiation generated at a distance of 100 nm be-
the electric field is given 48 neath the surface is reduced by only 2%. Therefore the emit-

ting Te volume can be considered as an optically thin sample

P phonon iN| w1 . P phonon with respect to the THz radiation, so that both changes of the
a7 E—i(®— w70)Pphonori~ T, amplitude and phase of different frequency components of
2 3) the radiation by propagation through the crystal can be ne-

glected.

wherew+o is the resonance frequency at the TO phonon for An additional effect is the coupling of the phonons to the
a transverse electromagnetic waya, the transition dipole plasmons. For a theoretical description of these effect, the
moment,N the number density of the dipoles, aiid the  two coupled equation for the lattice displacement and the
dephasing time constant. The third relevant equation deelectronic polarizations have to be solvedgain, the solu-
scribes the dynamics of the electronic polarization of thetion of these equations is complicated due to the strong spa-
Dember effect, which is described in the preceding sectiontial dependence of all involved quantities. The effect of
These three equations form a complete set for the descriptignlasmon-phonon coupling on our data is discussed below.
of the coupled dynamics. In addition, plasmon-phonon cou¥finally, the exact spectrum of the emitted radiation is influ-
pling can be accounted for by introducing a coupled equatioenced by the transmission coefficient of the radiation through
for the lattice displacement and the electronic polarizationthe Te-air interface. We calculate this effect by using
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Fresnel’s law and the real and imaginary parts of the dielecfaster dephasing of this mode. For the case of coherent LO
tric function. The transmission coefficient is close to 1 for phonon excitation in GaAs, no plasmon-phonon coupled
the electric field at the TO phonon frequency and 0.7 at thenodes with frequencies different from the LO or the
LO phonon frequency leading to a 30% reduction of thescreened LO phonon at TO frequency have been obséfved,
electric field at the LO frequency outside the material. which is also an effect arising from the spatial inhomogene-
ity of the excited carrier distributiorfs.
For the observation of THz emission by plasmons or
D. THz emission from plasmons plasmon-phonon coupled modes, the excitation and the car-
Recently, the THz emission from coherently excited'i€r densities have to be homogeneous. Therefore, plasmon-
phonon-plasmon oscillations in GaAs has been predfttedPhonon coupling cannot be studied accurately in the THz
The emission of light from longitudinal plasma oscillations €mission from Te. Nevertheless, we note the advantage of
is based on the far-field dipole radiation of the oscillatinginvestigations of coherent plasmon or plasmon-phonon dy-
dipole, e.g., as the emission of coherent wave-packetamics in time-resolved THz emission experiments com-

oscillations™® The plasma frequency, is given by pared to cw techniques. In Te crystals, plasmon-phonon cou-
pling could only be studied ip-doped samples with infrared
2 Ne? reflectivity experimentd’ sincen-type doping in Te is not
- 4) '
P ege(ee)m (

possible. In time-resolved optical experiments a two-
component plasma is generated, which couples to coherently
excited phonons. Dephasing times of these coupled modes
can be extracted with subpicosecond time resolution. Re-
the electron(hole) plasma frequency in Te is 6.7 TH#.8 cently, coherent plasrr_mn_ oscillatidRgnd coherent Coupled
THz). The values have been calculated using a static eﬁecplasmon-phonon oscillations have been observed in bulk
tive mass for electrongholes of 0.08m, (0.114n,) mea- CaAS (Regs. 1 and 3#and GaAs/AlGa; ,As hetero-
sured at liquid helium temperatur&sHowever, under the structure§._ AII these excr[a_tlo_ns should give rise to the
nonequilibrium conditions present in our experiments, the>tfoNg emission of THz radiation. However, at the present
effective mass is lower and high scattering rates also changine the frequency of the optical phonon mode in GaAs is
the frequency. We therefore estimate that the plasma fre2P0ve the detection limit for gated dipole antennas.
qguency is comparable to the frequency of the coherent
phonons observed. Under these conditions, plasmon-phonon
coupling is expected to modify the position of the reso-
nances. In addition, the dephasing time of the coupled modes
is expected to be faster than that of the unperturbed lattice A further dephasing mechanism for coherent infrared-
vibrations due to the momentum relaxation of the chargedictive phonons is the radiative damping of the oscillations.
carriers. For an optically excited electron-hole plasma, bothn thermal equilibrium, the lifetime of phonons derived from
contributions of electrons and holes have to be considerede.g., cw-Raman experiments is usually determined by the
In the investigation of the density dependence of thetime constant of anharmonic decay. The emission of THz
emission, we do not observe a shift of the phonon frequenclight by a single LO phonon has very low probability, but for
but only a slight broadening of the peak by a factor of 1.4the collective excitation of coherent modes the probability
when we change the excitation density from approximatelyincreases strongly. The subject of radiative damping has been
5.5x10% to 5.5x10'"® cm 3. The change in the width of the discussed recently for the case of coherent charge oscilla-
spectra is associated with a decreasing dephasing time frotions in semiconductor heterostructufédt has been found
2.3 ps at low densities to 1.6 ps at the highest density. Withirthat the radiative lifetime of the coherent electronic wave
this density range, the plasma frequency will surely cross th@ackets is in the range of 1000 ps for excitation densities
phonon resonandgor the electrons, we calculate the follow- below 10 ¢ cm™3. However, in this system the dephasing
ing frequencies:w y J/2m(N=5X 10'* cm 3 =1.4 THz; of the wave packets due to scattering is in the ps range,
w pef2m(N=5X 101§cm‘3)=14 THZ]. However, the carrier which is well below the value of the radiative lifetime. The
density is strongly inhomogeneous due to the short absorgadiation damping has been found to strongly increase with
tion length[see, e.g., Fig.®)]. At the lowest intensities, the increasing density due to super-radiance of cooperatively ra-
optically generated density even varies strongly over a disdiating dipoles:’® When we apply the concept of super-
tance that is short compared to the distance that is classicallpadiance to coherently excited phonons, the main difference
calculated for the displacement associated with the plasmas compared to the coherent electronic wave packets is the
oscillations. An additional spatial inhomogeneity is intro- boson character of the phonons. Recently, it has been dem-
duced by the density variation across the laser ¥pbbue  onstrated that the generation of coherent phonons allows one
to this inhomogeneities, we do not expect to see a densityto generate a macroscopically large number of phonons in
dependent shift of the phonon line, but rather a line broadene g=0 mode®® Therefore, a coherently excited infrared-
ening. When we compare the dephasing time of A3go  active lattice mode is expected to act as a strong collective
mode of 1.6 ps at high excitation densities with the dephasemitter of THz radiation, as observed in our experiments.
ing times of the other coherent modes observed in the time©ur work has also to be regarded in the context of recent
resolved reflectivity(nonpolarA;: 2.5 ps;E;o modes: 10 proposals for infrared phonon laséPsClearly, this subject
ps), plasmon-phonon coupling seems to account for thaleserves further experimental and theoretical investigations.

whereN is the density,e, the dielectric permittivity of the
vacuum, €(«) the high-frequency dielectric constant, and
m* the reduced mass. At a carrier density of10'® cm ™3

E. Radiative lifetime of coherent phonons
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V. CONCLUSION detailed modeling of the response function of gated dipole

We demonstrated the excitation of coherent phonons Viantennas for the interpr_etation of _THz emission_ data are
the ultrafast buildup of photo-Dember fields. This phenom_?:iemonstrated. The detailed analysis of the couplmg of the
enon is of general interest in the picosecond.and subpicoseD-em.ber field to th_e phpnons reveals that the n(_)nlllnear Dem-
ond dynamics of strongly absorbing media following pulsedB.er field mechanism is a phase-matched excitation mecha-
optical excitation. For the case of Te, we have shown thagIsm for_ coher_ent LO phqno_ns. The _effects of plasmo_n—
infrared-active pHonons are driven by,the frequency compo: honon interaction and radiative damping on the dephasing
N T ; of coherent infrared-active lattice modes have been dis-
nents of the Dember field in the vicinity of the lattice reso- cussed
nances. Both the buildup of the Dember field and the coher- '
ent phonons give rise to the emission of electromagnetic
radiation in the THz range, which is detected in the time
domain. The dynamics of the Dember field and the associ- We gratefully acknowledge A.V. Kuznetsov, G.C. Cho,
ated carrier distributions are calculated on the basis of a driftand S. Hunsche for helpful discussions. We thank C.
diffusion equation including the generation and detection ofWaschke for technical assistance. P. Grosse and the 1. Phys-
the THz radiation. The experimental results on the polarizaikalisches Institut of the RWTH Aachen is acknowledged for
tion selection rules and the intensity dependence of the rgproviding high-quality Te single crystals. This work was sup-
diation are well explained by the theory. The importance of gported by the Deutsche Forschungsgemeinschatt.
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