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On the diagnostics of semiconductors
upon two-photon excitation of biexcitons

P.I. Khadzhi, L.Yu. Nad’kin

Abstract. A version of the one-photon probing of optical
properties of semiconductors is presented under conditions
when a high-power pump pulse excites biexcitons from the
ground state of a crystal due to two-photon absorption. The
existence of a Lorentzian absorption peak is predicted and
the quasi-polariton dispersion law is found in the region where
a real energy level is absent. The temporal evolution of the
absorption band under the action of ultrashort pulses is
studied.
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1. Introduction

The optical properties of semiconductors in the exciton
spectral region at high excitation levels can be efficiently
studied by the pump-probe method. This method uses two
laser beams — a high-power pump beam and a weak probe
beam. The weak beam monitors variations in the optical
properties of a crystal caused by the action of the high-
power pump beam. This method was used to study the
recombination kinetics and nonlinear response of a system
of excitons and biexcitons [1—3], the red and blue shifts of
exciton emission bands upon picosecond pumping [4-6],
and the Autler—Townes effect on biexcitons [7]. Different
aspects of the application of the pump-probe method for
studying a high-density system of excitons and biexcitons
were considered in theoretical papers [8—14]. In [8, 9], the
dielectric susceptibilities of a CuCl crystal were studied
upon pumping by a high-power pulse into the M band and
probing two-photon absorption of light with the formation
of excitons. It was shown in [13] that the behaviour of the
susceptibility of a semiconductor in the exciton spectral
region, taking the elastic exciton—exciton interaction into
account, can be bistable depending on the pump frequency
and intensity.

In this paper, we propose a new version of the pump-
probe method with the use of two-photon absorption of
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light as the main nonlinearity mechanism as applied to a
CuCl crystal. It is known [14, 15] that the biexciton binding
energy in a CuCl crystal is 30—40 meV. Biexcitons can be
easily identified in their spectra of direct two-photon
excitation from the ground state of the crystal.

2. Formulation of the problem, the basic
equations and discussion of results

Consider two-photon excitation of biexcitons by a high-
power pump pulse with the amplitude E, and frequency w,
(Fig. 1). A weak probe pulse with the amplitude E and
frequency w acts in the same spectral region; however, two-
photon absorption of this pulse is vanishingly small. For
this reason, we will consider two-photon absorption in the
case when biexcitons are generated by one photon of the
high-power pulse together with a photon of the weak pulse
and, hence, one-photon probing by photons of the weak
pulse occurs (Fig. 1). Purely one-photon absorption of the
weak pulse without the participation of the high-power
pulse at the frequency approximately equal to half the
biexciton frequency is impossible [14]. However, one-
photon absorption of this pulse proves to be possible in
the presence of the high-power pump pulse at the frequency
approximately equal to that of the weak pulse. The high-
power pump pulse produces a quasi-energy state with the
frequency equal to the difference €y — w, between the
biexciton frequency and the frequency of the high-power
pulse, at which photons of the weak pulse are absorbed.
Thus, we can assert that one-photon probing of the quasi-
energy state by photons of the weak pulse with the
frequency o takes place.
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Figure 1. Scheme of quantum transitions upon two-photon excitation of
the biexciton state by a high-power pulse w,, and its one-photon probing
by a weak pulse w.
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The Hamiltonian of interaction of biexcitons with light
in the resonance approximation has the form

Hin = —hp{b" E Eg" exp(—2iw, 1) + bEy E; exp(2iw,t)
(1)
+b"E;"ET exp[—i(w, + w)i] + bE; E~ expli(w, + o)},

where b is the amplitude of a biexciton polarisation wave of
the medium; u is a two-photon excitation constant of
biexcitons; and E; (E; ) and ET(E~) are the positive
(negative) frequency components of the high-power and
weak pulses, respectively. As shown in [16], the constant u
can be determined from the relation uE, = g, where g is the
exciton—photon interaction constant. The characteristic
field E, is determined from the energy conservation law
E2/8n = liQyN,./2, where Q, is the biexciton state fre-
quency. For CuCl and CdS crystals, the value of N, is
~ 10" em™ [16].

By using (1), we can easily obtain the Heisenberg
equation for the amplitude 5(¢) of the biexciton wave:

ib = (Qy — )b — LE, Ey” exp(—2iw,1)

—nEy"E ™ expl—i(w, + o)1), )

where 7y is a phenomenological constant taking into account
the decay of the biexciton state. From (2), we find the
stationary amplitude 5. Knowing the polarisation P =
hipubEy expli(w, + w)f] of the system, we can readily deter-
mine the complex susceptibility y with respect to the weak-
pulse field

hg* (Eo/E) (4 + 4, — iy)
(4+45)° +7?

r=1+iy"=- , 3)

where 7’ and x” are the real (dispersion) and imaginary
(absorption) components of the susceptibility; and 4, =
Qy/2 —w, and 4 = Q;/2 — w are the resonance detunings
for photons of the strong and weak pulses, respectively.
One can see from (3) that the imaginary (absorption)
component of the susceptibility y”(4)/y, (the absorption
band of probe radiation) has a Lorentzian shape (Fig. 2),
where y, :hgz/y. For y — 0, the absorption band is a
delta-shaped peak at the frequency w = ©y— w,. Knowing
¥, we can easily obtain the expression for the dielectric
function of a crystal at the weak-pulse frequency:

Qi
= ] ——m—— 4
S (. ®
where
J
QLT:% (5
C

is the effective longitudinal —transverse splitting; oyt is the
longitudinal — transverse splitting of the exciton state; J, =
cECZ/ 8n; and J; is the pump intensity. By assuming that
y = 0 and using the wave equation for the field E, we can
obtain the dispersion law at the weak-pulse frequency,
which has the form
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Figure 2. Shape of the absorption band of the probe pulse as a function
of the resonance detuning 4/wyt for the probe pulse at the resonance

detuning of the pump field 4, /w1 = 5 and normalised intensities J,/J,
of the pump pulse equal to 1 (), 5(2), and 10 (3).

where k is the wave vector. It follows from (6) that the
dispersion law predicts the existence of polariton states for
photons of the weak pulse in the frequency region where
the real levels are absent (Fig. 3). The most intense
interaction appears at the frequency o = Q) — o, ie.,
the frequency equal to the difference of the biexciton
frequency Q; and high-power pulse frequency w,. This
means that the interaction of photons of the high-power
pulse with biexcitons at this frequency can produce a virtual
quasi-energy state interacting with photons of the weak
pulse. In this case, optical transitions from the ground state
of the crystal on the quasi-energy level are one-photon.
They are optically allowed. It follows from (3)—(5) that the
oscillator strength of such a transition and the effective
longitudinal — transverse splitting in the region of one-
photon interaction of the weak-pulse field with the medium
are proportional to the high-power pulse intensity Jj.
Therefore, the effective longitudinal—transverse splitting
increases with increasing the excitation level, which means
that the one-photon interaction of the weak-pulse field with
the medium is enhanced in the presence of high-power
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Figure 3. Polariton-like dispersion law for probe-pulse photons under
the condition of the exact resonance of the pump field for J,/J, equal to
0.1 (1), 0.5 (2), and 5 (3); x=ck/\/e5(Q —w,), and y= (4+
4p) /o
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Figure 4. Spectrochronograph representations of the absorption (a) and dispersion (b) components of the susceptibility for probe-pulse photons.

pumping. Note that this interaction takes place in the
frequency region where the real energy level is absent.

One can see from (6) and Fig. 3 that the position of the
polariton-like branches of the dispersion law is determined
by the intensity J, and frequency w, of the high-power
pulse.

Assuming in (2) that the field Ey(¢) = EyO(¢) and the
field E(r) = EO(?), i.e., the incident pulses are step-like and
are switched at the instant 1 = 0, we can easily obtain the
expressions for the time dependence of the susceptibilities

!

p

L___ b —exp(—1
T (5+25p)2+1{((5+(S")[1 exp(=7)

x cos[t(d + 6,,)]] — exp(—t) sin[t(d + Jp)]}, @)
Lo 0 (1 exp(-)

oo (3+0,)°+1
x cos[t(0 + 0p,)] — (0 + 0,,) exp(—7) sinf[t(d 4 Jp)]},  (8)

where y = hg’/7; jo = Jo/Je; 0 = A/7; 8, = Ay /s T =11.

Figure 4 shows the spectrochronograph behaviour of the
absorption and dispersion components z"(6 +4,) and
}5’(5+5p), respectively, of the susceptibility. One can see
that the stationary value of y”(r) is established in the
oscillating regime (Fig. 4a). For a fixed instant of time,
%" oscillates depending on &, while for fixed J, y” oscillates
depending on 7 at the initial stage of the establishment of a
stationary value. During certain time intervals determined
by the inequality

exp(—1) cos[t(J + ;) + @] = cos @

=[(0+0,)° + 1] ©)

the susceptibility y” proves to be negative, i.e., the weak
pulse is amplified rather than absorbed. The smaller the
decay constant of the biexciton state, the greater the
number of such time intervals.

At long times, the stationary regime and stationary value
of x"(6+,) are established. In this case, the absorption
band of probe radiation has a Lorentzian shape. The
dispersion component of the susceptibility y'(5 +6,)
(Fig. 4b) is also characterised by the oscillating regime of
the establishment of its stationary value (Fig. 4b).

3. Conclusions

The existence of the Lorentzian one-photon absorption
peak of a weak probe radiation has been predicted upon
two-photon excitation of biexcitons from the ground state
of a crystal by a high-power pump pulse. The dispersion
law for photons of weak radiation is polariton-like, the
longitudinal —transverse splitting being proportional to the
high-power pulse intensity. The absorption band appears at
the frequency equal to the difference of the frequencies of
the biexciton transition and high-power pulse, where a real
level is absent. The amplification of the probe pulse upon
nonstationary excitation of the medium has been discussed.
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