VOLUME 82, NUMBER 15 PHYSICAL REVIEW LETTERS 12 ARIL 1999

Influence of Exciton-Exciton Interaction on Quantum Beats
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Spectrally resolved four-wave mixing measurements in wurtzite GaN show a dependence of the
quantum beats’ phase on incident polarizations. We observe different phasesdagxbibon and the
B-exciton resonances when exciting with circular polarized light. The observed phase difference
indicates that exciton-exciton interaction plays a major role in the quantum beat process. The developed
analysis allows us to conclude that the spins of the electrons rather than the holes give the major
contribution to the exciton-exciton interaction in GaN. [S0031-9007(99)08944-9]

PACS numbers: 71.35.Cc

Quantum beats of excitons have been observed in fouization of the incident beams. In the case of quantum
wave mixing (FWM) experiments in various semiconduc-beats both amplitude and phase are polarization sensi-
tors [1-3]. In these experiments, two exciton transitiongive, and, correspondingly, may be employed to study the
are simultaneously excited and the time-integrated FWMspin-dependent exciton-exciton interaction. Up to now,
(TI-FWM) signal, measured as a function of delay timethe phase of the quantum beats has been studied only
between the excitation pulses, oscillates with a period corin co-linear (excitation beams are equally linearly polar-
responding to the energy difference of the two excitons. Inzed) and cross-linear (excitation beams are orthogonally
contrast to atomic systems, the origin of the quantum beatiearly polarized) polarization configurations [1-3]. In
in semiconductors is complicated because of the manysoth of these configurations, cosinelike quantum beats
body Coulomb interaction among the photoexcited carrierbiave been observed and the phase of the beats shows a
which gives rise to the optical nonlinearity in semicon- 7 shift when going from co-linear to cross-linear.
ductors. At high excitation densities the manifestation We extend these earlier studies by using circular
of this many-body interaction in the optical response hagolarized excitation and report the observation of a
been successfully explained by the semiconductor Blocpolarization-dependent phase of the quantum beats from
equations [4] which are based on a mean field approximaexcitons in wurtzite GaN, where excitons have a large
tion. In the low-density regime, however, experimentalbinding energy of about 26 meV [2]. We observe differ-
observations reveal the importance of four-particle correent phases in the co-linear, cross-linear, and co-circular
lations for the third-order optical nonlinearity [5] which re- (excitation beams are of the same circular polarization)
quires a treatment on the basis of the microscopic densityonfigurations. In contrast to the co- and cross-linear con-
matrix equations and the dynamics-controlled truncatiorfigurations, the quantum beats in the co-circular configu-
scheme [3,6]. ration show pronounced sine components and different

However, as long as we are concerned only with ghases at thd- and B-exciton resonances. These experi-
region close to a stable excitonic resonance in the lowmental findings can be explained by spin-dependent inter-
density regime, we can account for four-particle correla-actions between thé andB excitons and indicate that the
tions as two-body exciton-exciton interaction by rewriting polarization-dependent phase shift is a sensitive probe for
the electron-hole Hamiltonian in terms of bosonic exci-the exciton-exciton interaction.
ton operators [7,8]. This simplifies the treatment of the Wurtzite-GaN layers with a thickness @00 um are
four-particle correlations at the semiconductor band edggrown by vapor-phase epitaxy on a sapphire substrate
drastically and is effective for a system where excitong13]. After growth the substrate is removed. As re-
are stable and have a large binding energy. Recentlgorted in our previous work [2], excitons are homoge-
the FWM process in semiconductor microcavities haseously broadened in this sample. The sample is mounted
been explained using the weakly interacting boson (WIB)n a closed-cycle helium cryostat and kept at 14 K in
model [9-12]. Within the WIB model the anharmonicity all measurements. We use a Kerr lens mode-locked
of the electron-hole system is due to a spin-dependent iriFi:sapphire laser producing 120 fs pulse at a repetition
teraction of optically active excitons [8]. This interaction rate of 76 MHz. The second harmonic pulse is generated
gives rise to the polarization dependence of the third-ordein a beta-barium-borate crystal and it excites both 4he
optical response at the semiconductor band edge and, @xciton andB exciton simultaneously. In TI-FWM mea-
turn, to the dependence of the FWM signal on the polarsurements we use the two-pulse self-diffraction geometry
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[14] in reflection. The signal is spectrally resolved with nal has ar-phase difference (compare with [1-3]) but is
a monochromator. The zero position of the defaype- nearly the same for tha and B excitons,¢* = ¢5" =

tween the two incident pulses is determined by monitoring.17 and ¢, =~ ¢35 =~ —0.97. However, in theco
both signal direction8k; — k, and2k, — Kk;. configuration the phase is differenthyy® = 0.57 and
In order to confirm that the measurements are per¢z’ = —0.27. The data presented in Fig. 1(a) allow

formed in they® regime, we examine the dependenceus to obtain the phase of the beats with an accuracy of
of the signal on the excitation intensity and find that the=0.1# [15]. Importantly, the phase of the quantum beats
FWM signal is proportional to the third power of the in- in oo configuration is neithe® nor 7= for both excitons.
tensity of the incident beams. This indicates that contri-This pronounced sine component of the beats indicates
butions from fifth- and higher-order nonlinear processes contribution of the exciton-exciton interaction to the
to the TI-FWM signal are negligible and that our experi- TI-FWM signal.
mental results can be described in terms of the third-order In order to describe the polarization dependence of the
optical susceptibility. phase, we extend the standard bosonic representation of
The TI-FWM signal in the directiok; — k, at the the electron-hole Hamiltonian [7] to a system with two
A- and B-exciton resonance is shown in Fig. 1(a) fortypes of excitons and employ the WIB model [9,11,12].
the co-linear, cross-linear, and co-circular polarizationwithin the WIB model framework, the composite nature
configuration. Clear beats are observed in all polarizatiomf the excitons gives rise to the exciton-exciton interaction
configurations at each resonance. The beat period @fnd results in an anharmonicity of the exciton themselves
0.65 ps corresponds to the energy separation between thed their coupling with photons.
A exciton andB exciton of about 6 meV. By extending the treatment developed in [11] to a system
The TI-FWM signal from homogeneously broadenedwith two types of excitons, the electron-hole Hamiltonian,
excitons at the frequency of thé or B exciton as a which accounts for the interaction between optically active
function of the time delay” can be expressed d§z =  €xcitons, can be written afl, = Haa + Hpp + Hag.
[+ ai{,B codQT — ¢fl‘{3)] exp(—2yT), where the sub- H4, andHgp describe the contribution to the Hamiltonian

scripts A and B indicate the exciton, and superscripts TOM theA andB excitons, respectively,

(ij = xx,xy,o0) label the co-linear, cross-linear, and _ t voR t+ ¢

co-circular polarization configurations, respectivelyis Haa Z @bacbas + 7, 5 bacbacbasbao

the exciton dephasing rate. The beating contné;’g; is TR S A 1
as high as90% for the xx and xy configurations and y [ oArTA-TATTA- 1)

nearly60% for the oo~ configuration:a’s ~ ayg =09, (Hp has the same form a#ly, with the replace-
aap =~ 0.6. For thexx andxy configurations, the sig- ment A+ — B=+), while H,z is due to the interaction
between them:

_ Yo t .t
(@) A-exciton resonance A-exciton resonance Hyp = 7 RABDAsbAcDBsbBo

— co-linear
---- cross-linear
e co-circular

— co-linear
---- cross-linear

o Corcoular + 3 Wan(bhebh-basbp- + blibl bpibas).

)
In (1) and (2),bs 5+ are exciton annihilation operators
for the A and B excitons with angular momentum =,
V is the crystal volume, and, = ﬂ-a%, where ap is
the Bohr radius. We have adopted the single mode
approximation in (1) and (2) by assuming that the excitons
keep their wave vectors imparted by the incident beams
throughout the FWM process under resonant excitation.
The wave vector indices have been dropped in (1) and (2)
for simplicity.

The first term in (1) represents the harmonic part of the
excitonic Hamiltonian of thel exciton. The anharmonic
FIG. 1. (a) Measured FWM signals in the directiok, — k,  part of H, is of fourth order inb, 3+ and accounts for
as a function of time dela¥ at the resonance of the exciton  spin-dependent exciton-exciton interactions. The second
and theB exciton for co-linear (solid line), cross-linear (dotted term in (1) accounts for the interaction between excitons
line), and co-circular (circle) incident polarizations taken atyf the same type [hereafter these will be abbreviated as

14 K. Positive time delay is defined as pulsgarriving first. . - . . .
(b) TI-FWM signal calculated under the assumptioniops ~ A-A4 (B-B) interactions]. H,s describes the interaction

beat contrast in thex andxy configurations. The ratio of the DetweenA and B excitons with sameR ) and opposite
parameters iy v:R:W:ygp = 1:1:=9:9. (Wap) spins @A-B interactions). Note that thda and B
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excitons in GaN have nearly the same Bohr radius anfield amplitude witho polarization. In (3),» and v’
transitional dipole moment. For the sake of simplicity weaccount for the reduction of the dipole coupling due to
have assumed in (1) and (2) thiatd andB-B interactions  the finite population of the one-exciton state&s" can
can be described by the same anharmonic parameters, i.be obtained from (3) by replacing+ with B*. In
Waa = Wpg = W andRas = Rpp = R. order to account for the fact that in the statds b, - |0)

. The composite_ pature of the _excitons also re;ult%nd b;tb;tl()) both electrons and holes have the same
in the anharmonicity of the exciton-photon coupling spin, while in the state@j{tnglw only electrons have

Hamiltonian Hy,, and manifests itself as the phase-spacqhe same sbi : : :
-~ e . pin, we have introduced in (3) different PSF
filling (PSF) [16] effect. Within the WIB framework this factorsy and v’ for each case. The effects of excitation

effect can be accounted for by decreasing the transition duced dephasing (EID) [17] can also be accounted for
dipole moment between states where two electrons (anff yhe \wIB model by increasing the dephasing rates for
holes) _have the same spin. For a system W'th WO TyPeRansitions between one-exciton states and two-exciton
ofm(texmtoriE the ieni<C|ton-photon coupi)nI:ng Hamlltonlan IS states fromy to y + (vo/V)yei> While those between
H™ = Hy +f Hﬁ + H% where Hy g d_eﬁcrlrl])esll t?]e ground states and one-exciton states remajh0—12].
Interaction of theA and B excitons with the light The complex amplitude of the excitonic polarization
wave. Th.e excﬂon-photon coupling Hamiltonian for thecan be obtained from (1)—(3) by using the standard den-
A exciton is given as sity matrix approach. Keeping all terms linear in an-
Hit— — E oot qov gt vt harm(_)nlc parameters we arrive at a closed_set_ which
4 poxe AT*( ‘;V T A* L/v Lfr 5-) gescribes the temporal evolution of the excitonic po-
—uE_e by (11— vbs by — 3 v'bgibpy). larizations P4 g+, populations of the one-exciton states
(3) Napz = <b);,BibA,Bt>/V, and expectation values of the
other second- and third-order products ofz~. Here
Hereu = +/V /vy uey is the exciton dipole momeng.,  (---) stands for statistical averaging. In particular, the
is the interband dipole moment, arfd, is the electric| equation forP,+(w) reads

. j 2 2ivu? 2iv' u?
[% + i(ws — @) + y]Ps+(w) — Z;;L_J:Et = _%(2]\7#: + Npz)E+ — %(b;;tbfttﬂ?:
. . 2
— iR — l‘yEID)Mch%<b;iinbAi>

— i(Rag — ivEID) ey 23 (bA-bhebpe)

i(W — iyEID)Mev %<b;ibIIbA1>

— i(Wap — iVEID) ooy o (bjsb=bpz). (4)

All terms on the right-hand side of this equation are |ofeffect. The other terms are due to spin-dependent exciton-
third order in the electric field. In order to calculate exciton interaction.

the thjrd-order optical response the expectation values The solution of the equations for the expectation
(b;{tbgtbgi), etc., on the right-hand side of (4) should values gives us the amplitudes of the and B-excitonic

be replaced by those for a system of two harmonigolarizations. For example, in the-o configuration
oscillators. Equation (4) shows the contributions from thethe WIB model gives the following expression for the
different mechanisms of the excitonic nonlinearity. TheTI-FWM signal with §-pulse excitation at thé-exciton

first three terms on the right-hand side are due to the ITSEsonance:

2(1 + @) COSpasCOSPap o
e <1 co8 dpap + (1 + @)>COS pas + a?COF haaCOS Pap CodQT = ¢i7) Je ™, (5)
where @ — 2vy/yem, tangu — R/(ye + 2vy), | We also find the dependence of the contrast and phase

tandap = Rap/7yEID, and ¢4 = dax — bap. Note  of the quantum beats in ther and xy configurations on

that without exciton-exciton interaction we géff” = 0 R, W, Rap, Wup, v, andv’. In these configurations the

and, therefore, no sine component of the beats. Sincexperiment shows nearli00% contrast of the quantum
4 =(04 =017 >0 [15], we conclude that beats, ayp = 1 [see Fig. 1(a)], while¢} =0 and

exciton-exciton interaction and EID give contributions q’)j,yg = 7 [15]. By substituting these values into the WIB

of the same order of magnitude to the FWM signal andequations, we arrive at = v/, R = W3, andW = R,p.

R > [1 + 2v(y/yEiD)]RaB. With the conditionsk > 0 andW < 0, which have been
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sis and show that this interaction determines the phase of
(@) v (b) No PSF the quantum beats.
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