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Hyper-Raman Gain due to Excitons Coherently Driven with Femtosecond Pulses
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We report the observation of optical gain in the transparency region of gallium arsenide highly
excited by femtosecond pulses just below the excitonic resonance. We find a very good agreement
of the pump-probe spectra with a model based on the fifth-order development of the time-dependent
density operator. [S0031-9007(97)04540-7]

PACS numbers: 71.35.Cc

Excitons in direct-gap semiconductors have been showthe transition matrix element betwegn N) and|e, N —
to exhibit a behavior similar to atoms when coherently2) is proportional toN/Aw?. Squaring this quantity,
driven by an oscillating electric field. One such examplewe obtain a gain amplitude proportional #%%/Aw*.
is the optical Stark effect (OSE) [1,2] which occurs This perturbative result is in agreement with the low-
when the semiconductor is excited by a strong pumpntensity development of the exact calculation [4]. At
field whose frequency is slightly detuned from the opticallowest order in pump intensity, the hyper-Raman gain in a
transition, so that no actual absorption takes place. Thivo-level system is therefore proportional to the square of
OSE produces a spectral shift of the optical transitiorthe pump intensity and inversely proportional to the fourth
which, in the perturbative regime, is proportional to thepower of the detuning. An important implication of this
light intensity and inversely proportional to the detuning.dramatic dependence with pump detuning is that pump-
Another effect occurring in a coherently driven system isprobe experiments aiming at measuring the hyper-Raman
an optical gain [3] that has, to date, been observed only igain must be performed with very smallv. Note that the
atoms [4,5]. This gain can be ascribed to a hyper-Ramamixing between nearby states in the dressed-atom ladder
process (see inset of Fig. 1). In a two-level system, ifs also responsible for the OSE, so that the gain coefficient
involves a transition from the ground to the excited stateg can be conveniently expressed using only the detuning
with the annihilation of two pump photons. This processand the optical Stark shifiw:
results in the amplification of probe photons at frequency Sw>
Wgain = 2w, — wo, Wherew, andw, are the pump and gL = 1Ae? al, (1)
transition frequencies, respectively. @

In this Letter, we report the observation of tlEBmu- wherea is the excitonic absorption coefficient ahdthe
lated hyper-Raman emission in a semiconductor. A re-sample thickness.
lated process has been observed in Copper halides as al0 address the hyper-Raman gain in semiconductors,
Spontaneouhyper-Raman emission [6], dominated by thewe use the dressed-exciton piCture [8] As in a two-level
biexciton contribution [7]. The observation of the stimu-
lated emission should allow a more quantitative study than
in spontaneous emission experiments and may allow a
comparison between semiconductors and atomic systems. Unperturbed levels  Perturbed levels -1l

We first consider the case of the two-level system ®
consisting of the statdg) and|e), designating the ground ~ Two pairs [XX,.¥-2)
and excited states, respectively. The hyper-Raman gain One pair [X.¥-1)
can be interpreted in the dressed-atom picture as a probe- Vacuum 0.~}
stimulated transition from the statg,N) to the state
le, N — 2), N being the number of photons in the pump XX, N =3)
electromagnetic field. Although this transition is forbidden |%.8=2)
in the absence of light-matter coupling, it becomes slightly [0,N-1)
allowed due to the mixing betwedgp, N) and|e, N — 1)
and betweerte, N — 2) and|g, N — 1). At lowest order FIG. 1. Ladder of levels in the dressed-exciton formalism.
in perturbation theory, we find that the mixing amplitude Th€ right part of the figure shows the levels perturbed by
. . . - the light-matter coupling?. The thick lines show the first
is proportional _to\/N/A“’ (,WhereA“’_'S the detuning correlated electron-hole states and the thin lines correspond to
wo — w,). This amount is almost identical for both higher-energy states. The inset describes the gain process for a
couples of levels wheW is large (classical limit), so that two-level system.
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system, the advantage of such a formalism is that thsible to the excitonic absorption peak as shown in Fig. 2, to
Hamiltonian is time independent. The dressed-excitorsatisfy the small-detuning condition exposed above. This
level diagram is shown in Fig. 1, appearing significantlyis achieved by selecting a narrow pump spectrum by use of
more complex than its two-level counterpart. Indeed, thea 1.2-nm interference filter, corresponding to a duration of
electronic ground statf, N) is coupled not only to the 1 ps. The maximum intensity used in the experiments is
s exciton state but to all one-pair statgs;,, N — 1), 150 MW cm~2. The probe pulse is about 30-fs long and
including both bound and unbound correlated electron-holepectrally encompasses the gain and excitonic absorption
pairs. Furthermore, these states are themselves couplegbions. The pump and probe beams have parallel, linear
to two-pair state§XX;, N — 2), including, for example, polarizations.

biexcitons and interacting exciton pairs [8]. Theexciton The differential absorption spectra are shown in Fig. 2
(X1) gain amplitude can be expressed using second-ordéor several delay times between the pump and probe pulses.
perturbation theory: The differential shape observed around the excitonic ab-
5 sorption is the signature of the optical Stark blue shift of
g = [KholWilg)l the exciton. This strong-signal regime corresponds to a
OIWIX)VN OIWIX:)VN shift of about 2 meV. Using this value of the shift, together
(wx, — @) Z (—ox + o) (Xi|W;|0) with Eq. (1), we can then compute the gain, with no need

5 for a measurement, often inaccurate, of the pump inten-
sity. Taking into account a detuning of 10 meV, we obtain

XX IWilx) | an expected differential gain signal of roughlyx 1072,

) The amplitude of the differential absorption signal actu-

ally measured ig X 1073 (i.e., a gain coefficient of about

wherey, andy; are the perturbed wave functions of the 65 cm™!). This discrepancy comes in part from the fact
initial and final states as shown separated by the one-sidbat the cw theory of Eq. (1) neglects all dynamical as-
arrow in Fig. 1. W, is the coupling to the classical probe pects which will lead to a broadening of the gain spectrum,
field and W is the pump-semiconductor coupling. Note and hence to a decrease of its peak value. The effect of
that Eq. (2) is written in the classical limit of the pump a time-dependent excitation will be discussed in more de-
field W = N — 2). The only purpose of the quantum- tail in the last part of this Letter. As theoretically expected,
optics formalism is to remove the time dependence irthe gain is indeed observed in Fig. 2 to appear at frequency
the pump Hamiltonian. Therefore, this is equivalent to 2w, — w;, where the OSE-shifted excitonic resonaage
classical analysis in the rotating frame [9]. As in the casads taken into account. Furthermore, this signal occurs only
of the optical Stark shift, Eq. (2) includes matrix elementsduring the pump pulse, in agreement with the expected in-
involving correlated two-pair states, such as biexcitonsstantaneous response time. We also varied the detuning
whose wave functions are not known exactly. Althoughwhile keeping the pump intensity constant. The results
a similar difficulty was encountered in the case of theare shown in Fig. 3. When the pump detuning is increased
OSE, it was then possible to perform a large-detunindy a certain amount, the gain shifts by twice that amount
development of the exact expression [8]. However, thesgo that the lawwg,in = 2w, — g is respected. These
developments are valid only for detunings much larger

N Z OIWX;) (X;IW|XX;)N
i, (wX,- - wp)(_wXX/ + 2wp)

than the exciton Rydberg energy [10]. Therefore, any such 3
attempt [11] cannot be used in the context of hyper-Raman 25 % 300
gain experiments which, in contrast, must be performed 2
for very small detunings. Small-detuning developments 150 gain
for the gain or for the OSE are still unsolved theoretical 1t .
. . - - \_Absorption GaAs, |

problems and would be most interesting for a comparison 3 osf N
with experimental results. "o g V'A,

To demonstrate the hyper-Raman gain, we performed o5 sc’;ﬂ:r'i’ng
a femtosecond pump-probe experiment in a bulk GaAs -1 ‘ ‘ ! : ‘
sample (thicknesg = 0.65 um) held at 20 K. The opti- e e e Ene1§5y1(ev) e e

cal transition involved s the excitonic resonance of GaASFIG. 2. Experimental differential absorption spectra obtained

We use a cavity-dumped self-mode-locked titanium:sapl-n a bulk GaAs sample. The thick solid line shows the signal

phire oscillator delivering 30 fs pulses at 400 kHz repeti-measured when the pump and probe pulses are simultaneous,
tion rate [12,13]. The energy per dumped pulse is abouthile the two thin-line curves correspond to time delays of
30 nJ, an order of magnitude larger than what is deliv-—1.5 ps and 1.5 ps. The dotted line shows the linear absorption

ered by a conventional oscillator. This facilitates the ob-SPEctrum of the exciton line.  The pump spectrum can also be
. seen through some pump scattering present in the signal. The

servation, ir! a spectrally _resolved experiment, of the galrI‘ow-energy part of the spectra where the gain signal appears
process which is proportional to the square of the pumpas been magnified by a factor of 300 in order to be seen on

intensity. The pump spectrum is tuned as close as poshe same vertical scale as the optical Stark effect signal.
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FIG. 3. Experimental differential absorption spectra obtainecPUIsiesf in thi mOd%I' | The celculated sg)ectral shape .arr:d
for several values of pump detuning. The solid vertical arrowsEVO ution with time delay are in very good agreement wit

show the positions of the gain signal. The spectra are verticalljhe experiment. Further studies based on these simula-
shifted for clarity and reduced by a factor 200 on their high-tions allowed us to assess the contributions from artifacts
energy side in order to visualize on the same vertical scalgych as coherence effects [18] and cross-phase modulation
the gain and OSE signals. The inset shows the gain surfacgd g o0} showing that they play no significant role in our
amplitude as a function of the pump position. . . .
experiments. We also confirm that the gain follows the
squared pump temporal profile.

measurements confirm our interpretation of the signal in | summary, we have observed a new coherent optical
terms of hyper-Raman gain [14]. Valuable information isprocess in semiconductors. We demonstrated the occur-
obtained by measuring the gain amplitude as a function dfence of the hyper-Raman gain in gallium arsenide with
the pump detuning which is plotted in the inset of Fig. 3.5 femtosecond pump-probe experiment. The results are
We find a good agreement with the law for a two-level sys{n good agreement with a two-level system model. At this
tem, that is a gain amplitude varying BsAw*. However,  stage, itis not possible to claim that the minor observed dis-
the accuracy of the experiment is such that we cannot exrepancies are due to the difference between the excitonic
clude a deviation from this law which would result from ansition and a two-level system. In fact, the dependence
many-body effects [Eq. (2)] specific to the semiconductorof the gain amplitude on detuning that can be extracted

In order to obtain information about tilynamical as-  from Eq. (2) is a complicated theoretical problem that has
pectof the experiment as well as estimate the importancget to be solved. It would also be interesting to do ex-
of coherence effects, we developed a simulation based Q§kriments in guided-wave structures where the gain could
the Bloch equations for two-level systems. Following thereach a value of 5 after propagation throgio zm.
work of Brito-Cruz et al. [15], we calculate differential We are grateful to R. Planel and V. Thierry-Mieg
absorption spectra by developing the density operator withy aporatoire de Microstructures et de Microélectronique,
respect to the optical field. The third-order term (orderoneBagneuxy France) for providing us with the high-quality
in the probe and two in the pump electric field) leads togaas sample. We would like to thank A. Alexandrou
effects such as absorption saturation and optical Stark efng A. Migus for many fruitful discussions. We also

fect. Thesey®® terms correspond to a differential absorp-thank J. White for his contribution in the early stage of
tion signal proportional to the pump intensity. In contrast,his work.

the hyper-Raman gain we have observed, proportional to

the square of the pump intensity, isy@ process. This

required as to pu_sh the development of the density op- . _

erator up to the fifth order, one in the probe and four in  *Electronic address: likforma@enstay.ensta.fr
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