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Quantum beats in picosecond time-resolved resonance fluorescence are investigated in Cu,O
for the yellow 1S quadrupole exciton polariton. In order to obtain information on the coherence
of the resonant intermediate polariton states, we have studied the electric-dipole allowed light-
scattering processes involving one and two I'; phonons. A quantitative analysis provides exciton-
polariton coherence times of about 1 ns at 2 K, decreasing with higher temperatures and larger
wave vectors due to phonon scattering. From the magnetic-field dependence, low-field g values are
determined with high accuracy. The measurements permit a clear distinction between Raman and
hot-luminescence-like contributions to the scattering intensity. The strong effect of the spectral
width of the excitation pulse on the time behavior of the scattering, as well as the temperature
dependence of the coherence time, indicate that it is essential to take into account the polariton

character.

I. INTRODUCTION

Quantum-beat spectroscopy is well known in atomic
and molecular physics, mainly as a spectroscopic tech-
nique having high resolution to study small energy split-
tings due to fine and hyperfine interactions (for compre-
hensive reviews, see, e.g., Refs. 1-3). Recently it was
demonstrated that quantum beats also represent a pow-
erful tool to investigate excitonic systems in solids.*™®
Besides nonlinear methods (see Refs. 9 and 10 and ref-
erences therein), time-resolved resonant light scattering
reported in this contribution was successfully employed
to study beating from excitons and can provide valuable
knowledge on exciton dynamics.!»}? The occurrence of
the beats originates from the coherent superposition of
intermediate states which are closely adjacent in energy
and are simultaneously excited by a short optical pulse.

The beating signal provides two important pieces of
information. One is the energy splitting of the investi-
gated states which directly follows from the oscillation
frequency. Compared with conventional cw measure-
ments in the frequency domain, it can be obtained with
much higher spectral resolution and independent of any
inhomogeneous broadening. In particular, this is of im-
portance for exciton polaritons because of their intrinsic
inhomogeneous broadening due to k-dependent energies.
The other information is contained in the damping of the
beats which is determined by the coherence time 7T¢opn.'3
It represents the average time during which an ensemble
of excited states loses phase information and is related to
the homogeneous linewidth of the optical transition by
0FEhom = 2R/Tcon. According to different contributions
to the linewidth, the loss rate may be written as

1 1 1

Tcoh - 2T1 Tzl )

(1.1)

The first term on the right-hand side takes into ac-
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count all inelastic processes such as radiative recombi-
nation, scattering by phonons, or trapping at impurities.
T, thereby denotes the total energy relazation time (or
population lifetime) usually obtained from conventional
time-resolved luminescence. The second term involving
the pure dephasing time T4 considers all elastic processes.
They do not lead to a depopulation of the excited states
but exclusively affect the phase.

Besides providing energy splittings and all relevant
relaxation times, it is even more important that the
quantum-beat method allows us to distinguish coherent,
i.e., Raman-like, from incoherent or hot-luminescence-
like contributions to the emitted intensity. CuyO is a
well-studied prototype semiconductor for which the low-
temperature optical spectrum exhibits rich structure due
to excitons (see e.g., Ref. 14). Previous investigations
of these excitons by means of resonant light scattering
had raised the question as to whether the observed light
is due to Raman scattering or to hot luminescence (see
Ref. 15, for a survey see Ref. 16). While Raman scat-
tering, in a strict sense, is defined as a process in which
the phase coherence of the intermediate state is retained,
in hot luminescence the phase coherence is lost. Since
quantum beats as an interference effect can only occur
in the coherent (Raman) part of the process, our exper-
iments enable us to give an unambiguous answer to this
question.

Following a brief description of the experimental equip-
ment in Sec. II, we develop the necessary theoretical basis
in Sec. ITI. In particular we discuss the selection rules for
phonon scattering in resonance with the 1S quadrupole
exciton and derive expressions for the polarized intensi-
ties in certain geometries. As we investigate magneto-
quantum beats, the splitting and mixing of the states
in a magnetic field is considered. Finally a detailed de-
scription of the relaxation processes is given affecting the
exciton polariton. In Sec. IV we present numerous exper-
imental results and their analysis especially regarding the
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polariton character of the exciton that has to be taken
into account to obtain a quantitative picture of exciton
relaxation in the case of a direct-gap material like Cu,O.
In the appendix we summarize briefly the theory of time-
resolved light scattering as needed in the interpretation of
the experimental results. Some preliminary results were
already published previously.!”

II. EXPERIMENTAL SETUP

The experimental arrangement to investigate quantum
beats is basically that used in conventional time-resolved
spectroscopy, however, with the time resolution highly
improved.'® The sample mounted in a magnetic-field
cryostat can be excited by nearly transform-limited short
laser pulses from a dye laser, synchronously pumped
by a mode-locked frequency doubled Nd-doped yttrium-
lithium-fluoride laser system with a repetition rate of 76
MHz. Inserting spectral filters with different bandwidths
or an additional saturable absorber into the optical res-
onator of the dye laser we can achieve pulse durations of
0.4-35 ps. With rhodamine 6G as a laser dye the tuning
range lies between 570 and 630 nm (2.18 and 1.97 eV).

The transmitted and scattered light was analyzed by
means of a 1 m double monochromator with subtractive
mounting of the gratings to compensate the light transit-
time spread by a single grating and avoid a temporal
broadening of the signals. For measuring the time de-
pendence we had available either a system for inverse sin-
gle photon counting with a fast microchannel plate pho-
tomultiplier (Hamamatsu R2566U-07) or a synchroscan
streak camera (Hamamatsu C1587), their use depending
on the necessary sensitivity and dynamic range. Because
of the weak Raman signals, for all measurements pre-
sented in the following we took advantage of the higher
sensitivity of the photon counting system (about 10%-
103 in comparison to the streak camera). In that case,
the time resolution, i.e., the system response to a 5-ps
laser pulse was at its best 20 ps full width at half max-
imum. To reduce the zero point jitter along the time
scale we directly gave a fraction of the laser pulse via
a monomode fiber to the photomultiplier tube. This
pulse served as common time reference. To extract the
maximum amount of information contained in the time-
resolved spectrum, the setup had to be operated trans-
form limited, i.e., with simultaneous optimal spectral and
temporal resolution.!®

An additional beam splitter in the detection beam path
imaged a part of the sample surface containing the laser
spot on a high sensitivity video camera followed by an
image processing system. This allowed us to select an
appropriate spot position on the sample and simultane-
ously guaranteed a high accuracy in reproducing the op-
tical alignment which was particularly important in view
of the existence of a zero-field splitting in strained regions
of the samples (see below).

For reasons of sample dimension and quality of the var-
ious surfaces we used a 0° scattering (transmission) ge-
ometry whereby the scattered light was collected within
a cone of 6.5°. We have chosen a crystal orientation

V. LANGER, H. STOLZ, AND W. von der OSTEN 51

where the quadrupole transition and, hence, the phonon-
assisted dipole transition is allowed. The wave vector
of the incident and scattered light were directed along
a [001] direction with polarizations along [100] or [110].
The external magnetic field was also applied along [001],
i.e. in Faraday configuration (B || k L E). Even though
this geometry requires efficient stray light suppression the
advantage in the present case is that the selection rules
are simple.

The samples came from the University of Dortmund
where they had been cut from high quality natural single
crystals and oriented by x-ray diffraction. All measure-
ments were performed by cooling the crystals down to
about 2 K in superfluid helium.

III. THE QUADRUPOLE POLARITON

Cuz0 is a semiconductor that exhibits a number of
hydrogenlike exciton series (for a review, see e.g., Ref.
14). We investigated the 1S exciton of the yellow se-
ries, which is formed of an electron from the lowest con-
duction band (symmetry I'y) and a hole from the top
valence band (I'7). The exciton is split by the electron-
hole exchange interaction into a threefold degenerate I'y
orthoexciton and a nondegenerate '] paraexciton. Since
the conduction and valence bands have the same parity,
the 1.5 orthoexciton transition is electric dipole forbidden
and only quadrupole allowed. Even though the exciton-
photon coupling, due to the quadrupole interaction, is
only weak (oscillator strength f = 3.6x107%; cf. Ref. 19),
it leads to a characteristic polariton structure with two
branches that represent mixed modes of photon and ex-
citon states. In addition, the quadrupole character leads
to a complicated dependence of the oscillator strength on
wave vector and light polarization in spite of the cubic
symmetry of the material (see e.g., Ref. 20). While for
most of the discussion below the exciton picture is suffi-
cient, the analysis of the relaxation behavior requires us
to introduce the polariton concept.

A. 1T; and 2I'; phonon scattering

To study the coherence properties of the quadrupole
exciton state, we have investigated light scattering in-
volving one and two odd parity I'; phonons [energy
RQ(I'y) = 13.6 meV]. These processes have been stud-
ied by various groups both under stationary and pulsed
excitation?™2% and are illustrated in Fig. 1 with the
exciton-photon interaction neglected for the time being.
One-phonon scattering becomes resonant if the incident
laser (at energy FEpL) is tuned either directly into the
quadrupole transition at Eg = 2.0329 eV [Fig. 1(a); in-
coming resonance] or to the onset of the indirect absorp-
tion at Eg + AQ(T3) [Fig. 1(b); outgoing resonance).
In both cases the scattering process involves an electric-
quadrupole and a phonon-assisted electric-dipole tran-
sition each. Because of the small oscillator strength of
the quadrupole transition, enhancement over the non-
resonant background occurs only very close to the two
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FIG. 1. Schematic representation of the 1S orthoexciton
dispersion E'°(K) in Cu;O and considered scattering pro-
cesses. FEL, Es, and Eg are the energies of the incident
laser, the scattered photon and the quadrupole exciton, re-
spectively. (a), (b) One-phonon scattering with resonance for
the incident and scattered photon. (c) Two-phonon scatter-
ing. AQ: energy of I'; phonon. The dotted lines represent
virtual states.

resonance poles.

Due to the selection rules,?4:2% the scattered intensi-
ties are strongly polarized. Making use of the theory
of time-resolved light scattering as developed in the ap-
pendix (see also Ref. 18) and considering first of all the
incoming resonance (Ep, = Eg), the intensity as function
of time of the polarized 1I'; phonon Raman process in
the exciton picture, where only states at K = 0 are taken
into account, is given by

Ics(t, ey, es)

2

o« Z Z(ng -er) (MFTI,)L . es)*\Ilm(t) . (3.1)
l m

In this equation, | = 1,2 enumerates the two degen-
erate I'; phonon modes and m = 1,2,3 the threefold
degenerate '] exciton states. MEQ and ME,?L are the
electric-quadrupole and phonon-assisted electric-dipole
transition matrix elements. They can be evaluated by
group theory and have to be multiplied by the polariza-
tion unit vectors for the incident (er) and scattered light
(es). In Eq. (3.1), the outer summation is performed
over the momentum-conserving phonons so that they do
not influence the coherence properties of the intermediate
exciton states.

Apart from the exciton eigenenergies (E,,) and homo-
geneous linewidths 8 Eyom,m, which are assumed to be
equal for all states, the scattering amplitude ¥,,(t) in
Eq. (3.1) depends according to Eq. (A7) on the spectral
bandwidth and time structure of the excitation pulse and
the detection system.'® While the details of the excitation
and the detection process are important when polariton
effects are considered (Sec. IV C), for the analysis in the
exciton picture it is sufficient to use the white light limit
(excitation with a §-laser pulse and no spectral analysis).
In that case the right-hand side of Eq. (A7) reduces to
exp [—i(Em — © 6 Ehom)t/H].

To describe the outgoing resonance of the I'y phonon

scattering process, the order of the transition matrix el-
ements in Eq. (3.1) has to be reversed, resulting in the
same time dependence as for the incoming resonance.

In contrast to one-phonon scattering, the two-phonon
process [compare Fig. 1(c)] allows to create excitons with
different kinetic energies and wave vectors because of
the phonon participation in the absorption and emis-
sion part of the Raman process. As is well known from
Raman studies under stationary excitation,?! the two-
phonon process becomes resonant for laser photon ener-
gies (EL) larger than the indirect absorption threshold
Eg + AQ2(I';) whereby the kinetic energy of the exciton
states is given by € = Ep — Eg — AQ2(I';). The time-
dependent intensity of the 2I'; process is obtained from
Eq. (3.1) by replacing MEQ by MFP and summing twice
over the phonon modes. '

Figure 2 displays two scattering spectra showing the
processes described above. In the right-hand side, excita-
tion is accomplished at E;,=2.048 eV, i.e., slightly above
the I'; phonon assisted exciton absorption edge. Besides
the strong I'; and much weaker I'; one-phonon replica
(X°-TI3; X°-Ty), two-phonon scattering occurs in this
situation, too, giving rise to the line 2I';. The lumines-
cence line X° is due to the orthoexciton (zero-phonon)
recombination. Its remarkably narrow width compared
to the laser line is a clear indication of the polariton
character of the exciton. Following excitation and relax-
ation, the emission originates from the bottleneck region
of the polariton dispersion curve where the homogeneous
linewidth is minimal.?¢ For excitation in resonance with
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FIG. 2. Light-scattering spectra of CuO at T=1.8 K.
Right-hand side: excitation (L) at EL=2.048 ¢V, i.e.,, e = 1.5
meV above the I'; phonon-assisted absorption edge marked
by the arrow. X°: resonance fluorescence of the 1.5 orthoex-
citon at energy Fg = 2.0329 eV. The lines X° — I'; and
X°® —T; at lower energies are corresponding phonon replicas.
2T'; marks the resonantly enhanced two-phonon scattering
involving I'; phonons. Left-hand side: excitation (L) at the
quadrupole resonance of the 1S orthoexciton; the one-phonon
scattering processes are denoted by I'; and I';. Wave vectors
and polarizations of the incident and scattered light: kz ks ||
[001]; e, es || [100].
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the orthoexciton state at Ef, = Eg = 2.0329 eV (left-
hand side) only one-phonon scattering is visible.

B. Magnetic-fleld splitting of the I'J exciton

For quantum beats to be created from the 1S orthoex-
citon, an external magnetic field B was applied. In the
presence of this field, the I‘; states split into three com-
ponents (see below inset of Fig. 3) whereby the energy
and wave functions of the excitons are described by the
effective Zeeman Hamiltonian?’

Hz = %(gc"'g’v)ll'BF'Bv (32)

where F is a pseudospin vector with z-component F, =
+1,0, the quantities g. and g, are the g values for con-
duction and valence bands, and pp is the Bohr magneton.
In our experiments we applied the magnetic field paral-
lel to the incident and scattered light (B || k. || ks),
i.e., in Faraday geometry. In this case only the F, = +1
states are optically allowed interacting with light of cir-
cular (0%) polarizations. These states show a linear Zee-
man energy splitting

AE = lgc + gvl/-"BB (33)

Intensity (arb. units)

0 1 2 0 250 500 750
Time (ns) Time (ps)

FIG. 3. Left: Time-dependent polarized intensity of the
1I'; phonon scattering process at zero magnetic field (lower
curves) and for B=0.25 T (upper curves) excited at the
quadrupole exciton (FL = Eg). The exciting light with kz ||
[001] is polarized along ey || [100], the scattered light along
es || [100] (]|) and [010] (L). Inset: Energy-level scheme
and magnetic-field splitting of the 1S orthoexciton. Beat-
ing occurs between the optically allowed I' and I'} states.
Right: Quantum beats at B=0.25 T for different detection
polarizations to demonstrate the selection rules in Table I.
Corresponding beat maxima are marked to make clear the
systematic phase shifts of subsequent signals.
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so that the coherent excitation of these states by short,
linearly polarized laser pulses should give rise to beat-
ing in the Raman signal with a corresponding oscillation
frequency w = AE/hA.

To calculate the scattered intensities in the case of an
applied magnetic field B, the mixing of the exciton states
must be considered. To this end, the exciton is described
by a set of unperturbed wave functions ¢,.,d.z, by
transforming as yz,zx, and zy, respectively. With the
magnetic field applied, each level can be described by a
linear combination of these functions?4 according to

@, = am¢yz + Bmtze + 'Ym¢a:ys (3'4)

where the values of the coupling parameters a,,, Bm, and
Ym depend on the directions of the magnetic field and
the wave vector and polarization of the light field.

In Table I, the intensities are listed that were calcu-
lated from Eq. (3.1) for the chosen Faraday geometry and
different polarizations taking into account the mixing of
the exciton states [Eq. (3.4)]. For linearly polarized ex-
citation along [001], the beat signal for parallel (0°) and
perpendicular (90°) polarizations shows complete modu-
lation (degree of modulation = 1), while for polarizations
under 45° and 135° (eg || [110] and [110], respectively)
the degree of modulation is only 1/2. Contrary to these
cases, circularly polarized detection (%), due to the se-
lection rules, probes just one of the exciton states so that
they are no longer indistinguishable and no beating oc-
curs. Moreover, Table I shows that the oscillations for
polarizations orthogonal to each other are phase shifted
by a factor of . This is of advantage for extracting the
coherent part from the scattered intensities by a simple
subtraction.

TABLE I. Calculated time-dependent 1I'; phonon Raman
line intensities. The wave vectors of the incident and scat-
tered light and the magnetic field are ky || ksB || [001]. The
corresponding light polarizations (er,es) are as shown. For
reasons of clearness we assumed T3 = 0, i.e., Tcon = 2T1. A
factor exp(—2t/7con) is omitted in all intensity expressions
(from Ref. 35).

er es I(er,es,t) with B #0

(100] [100] (0°) To(1 — coswt)
[010] (90°) Io(1 4 cos wt)
[110] (45°) Io(1 + 1/2sin wt)
[110] (135°) Io(1 — 1/2sinwt)
[1i0] (o) Io
[170) (o7) I

[110] [110] (0°) Io(1 — 1/2coswt)
[110] (90°) Io(1 + 1/2 cos wt)
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C. Exciton-polariton relaxation

So far the discussion was restricted to the exciton state
with the exciton-photon interaction neglected. Coupling
between the exciton and the light field, however, leads
to the formation of polaritons accompanied by a split-
ting of the uncoupled photon-exciton dispersion curves
near their crossing point in two branches (see e.g., Ref.
28). Because of the quadrupole character of the exciton
transition the splitting is small (of the order of 20 ueV)
but associated with a very strong dispersion of the po-
lariton branches within a narrow range of wave vector K
(for a quantitative computation of the dispersion curves
in CuzO see Refs. 19 and 20). Consequently, polaritons
created at the entrance surface of the sample having only
slightly different energies around the exciton resonance
propagate with group velocities v4(K) that are strongly
dispersive and vary by orders of magnitude.

The consideration of the polariton character has a dra-
matic effect on the relaxation times. This is because,
besides intrinsic processes due to elastic and inelastic
scattering, the transformation of polaritons at the rear
of the crystal into external photons represents an addi-
tional decay channel. Neglecting the traveling time of
photon states at the scattered photon energy Eg (which
for typical sample dimensions is of the order of 5 ps, i.e.,
smaller than all relevant relaxation times), this decay is
characterized by the time-of-flight rate

th(K) = #
with d denoting the sample length along the polariton
flight direction (see also Ref. 29). This rate may also be
interpreted as the probability of the polaritons to escape
from the sample and, as will be shown below, determines
the time-dependent scattering intensity at small times.

Accordingly, the total exciton-polariton relaxation rate
(with § Epom = Alot) may be written as

(3.5)

Fiot = Tex + th(K) + Lelast - (36)

Here I'ex = 1/T} represents the inelastic scattering rate
due to the exciton part of the polariton. In Cu;0, it
essentially consists of three contributions3®

Tex =T + Fofp + Tg, (37)
where the most important term I',. accounts for intra-
band scattering of excitons by phonons,?! T',,-,, represents
the conversion rate of orthoexcitons into paraexcitons3!
and I'y characterizes defect-induced exciton decay.3? The
last term in Eq. (3.6) describes elastic scattering pro-
cesses of polaritons into different momentum states and
between the degenerate exciton states (F, = 0,%+1).
These elastic processes just give rise to the hot polari-
ton luminescence but are expected to be strongly sample
dependent.

In Cuz0O at low temperatures, exciton-phonon scat-
tering arises entirely from interaction with longitudi-
nal acoustic (LA) phonons and for which the temper-
ature dependence may be calculated theoretically.2¢ In
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this case the transition rate from an initial exciton state
|1S(K;)) with kinetic energy €; = A%kZ/2M* to a final
state |15(Ky)) with e; = h?k%/2M* is given by3?

. 2
DS (e, T) = Caol <10
Vel

X [nphon(|e,~ —_ Cfl,T) + % + %] , (38)

with the abbreviations

1 E%
= ——=D_ .9
Ca 4w Bipul (3.9)
QlewL (3.10)

2

and the + signs for Stokes (S) and anti-Stokes (AS) scat-
tering. Ep and uj are the deformation potential and
sound velocity of the LA phonons, M* is the effective
exciton mass, and p the mass density of Cu;O.

The final exciton energy €f is determined by momen-
tum and energy conservation. For S scattering it varies
according to

max {ei,ei — 4¢; (,/ei/ea - 1)} <es<e, (3.11)

and for AS scattering according to

min{ei,ei — 4€} (1 - \/ei/e:‘,) }
<ef <€ +4€ (1 + \/ei/eg) . (3.12)

The phonon occupation number for a lattice tempera-
ture T is given by the Bose-Einstein distribution

1
exp(|le; —eg|/kpT) — 1

with the Boltzmann constant kg. To calculate the total
scattering rate I',. one has to integrate over all possible
energies of the final states and add up the S and AS
contributions

Tiphon (l€; — €¢],T) , (3.13)

B D
Pac = / ch(eia €fs T)dEf + / FQCS (Ei’ €5 T)déf ’
A c

(3.14)

whereby the integration limits are taken from Eqgs. (3.11)
and (3.12), respectively.

Calculations of the exciton-phonon scattering rate
using Eq. (3.14) show that in the measured low-
temperature range I',-, and I'y are much smaller com-
pared to I'n. (see Sec. IVD) which itself is found to
be K independent. The conversion of orthoexcitons into
paraexcitons takes place by interaction with one acous-
tic and one optical phonon3! with rates of the order of
Top ~ 2.5x108 571 at 2.5 K.34 Ty is essentially caused by
nonradiative recombination being in the first place rele-
vant for the paraexciton lifetime. According to the inves-
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tigations of Mysyrowicz et al.,32 the paraexciton lifetime
is determined by the sample quality, i.e., by extrinsic ef-
fects. Their measurement in a laboratory grown crystal
and in a high quality natural crystal yielded lifetimes
of 10 ns and 13 us, respectively, corresponding to defect-
induced rates of about 10® and 10% s~1. For these reasons
I'sp and I'y can be neglected.

As the polariton near the crossing point is consid-
ered a mixed state between exciton and photon hav-
ing equal weights, the acoustic phonon scattering rate
into a final purely excitonic state is given by I',./2 (see
Sec. IVD).28:35

IV. EXPERIMENTAL RESULTS AND ANALYSIS
A. 1T'; phonon scattering processes

Using the geometry described in Sec. IT we have investi-
gated quantum beating both for the 1I';” and 2I';” phonon
process (see Fig. 2). In Fig. 3 (left-hand side), the time
dependence of the polarized one-phonon scattering inten-
sity is shown excited precisely at the quadrupole exciton
(EL = Eg) with er, ||[100] and analyzed with es {|[100]
and ||[010] (]| and L, respectively). As displayed in the
lower two curves for B=0 T, except for a small depolar-
ized hot-luminescence component complete polarization
occurs as expected from the selection rules that predict
an intensity ratio I, : Iy =1:0 (see Table I for w =0).
The intensity occurring in the forbidden (||) polarization
represents the hot luminescence from the exciton states.
It is rather weak indicating a small contribution of the
pure dephasing processes to the homogeneous linewidth
[Eq. (1.1)].

It is worth noting at this point that without a magnetic
field no beating occurs in the one-phonon scattering in
spite of the inherent polariton splitting described above.
The reason is that in the one-phonon process considered
here, the polariton states excited at the two branches
interact with two different phonons. The scattering pro-
cesses, therefore, do not end in the same final state but
rather correspond to distinguishable relaxation channels
that cannot engender beating.! This situation is quite
different from recent pulse transmission experiments in
Cuz0 (Refs. 19 and 20) in which simultaneous excitation
of states of the upper and the lower polariton branches
by a spectrally broad laser pulse led to an oscillatory
structure in the transmitted pulse intensity. As phonons
are not involved, this process corresponds to resonance
scattering leading back into a common final state which
is the crystal ground state. This makes the two chan-
nels of polariton decay indistinguishable and results in a
beating structure.

With a magnetic field applied (B=0.25 T; upper two
curves in Fig. 3) and the exciton states split, the coher-
ent nature of the scattering process is revealed by the oc-
currence of quantum beats. They are observed for both
polarizations and are superimposed on a small incoher-
ent luminescence background. According to the selec-
tion rules in Table I, the oscillations are phase shifted
by a factor of . Their slowly decreasing amplitudes im-

ply relatively long coherence times and show that the
dephasing mainly arises from the depopulation of the in-
volved exciton-polariton states. As had been decribed
previously,® the analysis of these signals was accom-
plished by performing a discrete Fourier transformation
of the coherent intensity contribution (I, — Ij). Fit-
ting a Lorentzian to the transformed data, from the po-
sition (v) and width (Av) of the obtained spectral peak
an energy splitting hv = AF =~ 26 peV (6.3 GHz) and
a coherence time Tcop = 2/7Av = 1 ns were deduced.
This corresponds to a homogeneous linewidth of only
0FEhom = 1.4 peV. For very long times the beats become
entirely damped out, the intensity ratio I, : I = 1 in-
dicating unpolarized scattering. This demonstrates the
anticipated transformation from coherent Raman scat-
tering to incoherent hot luminescence. Furthermore, the
hot-luminescence background is found to be almost field
independent. This is in full agreement with the theoret-
ical expectations that the quantum beats show up only
in the polarized Raman part of the scattered intensity
sitting on top of the hot luminescence component.

Measurements to test the calculated intensities by us-
ing different detection polarizations are presented in Fig.
3 (right-hand side). Closer inspection of the oscillatory
structure and comparison with Table I gives excellent
agreement with regard to the degree of modulation and
the phase shift. In particular the figure makes clear the
7/2 phase shift found between the corresponding beat
maxima by rotating the analyzer in steps of 45° which is
entirely consistent with the calculated intensity expres-
sions (for an interpretation of this phase shift in terms of
the Hanle effect, see Ref. 12).

The oscillation frequency of the beat signal can be used
to explore the Zeeman splitting of the 1“; exciton state
as function of the magnetic field (see Fig. 4). From ana-
lyzing measurements up to 1 T we found a strictly linear
dependence for the optically allowed M = +1 compo-
nents. Using Eq. (3.3) to fit the data gives an accu-
rate effective g value of |g: + g,| = 1.78 £ 0.05 which is

0101 |g+gq,|=1.78£0.05
0.08 }
% 0.06|
go
w 0.04}
<
0.02}
0 . , . .
0 025 050 075 1
B (T)

FIG. 4. Zeeman splitting of the I'7 and I'] (M = +1)
exciton sublevels derived from the oscillation frequency as
function of magnetic-field strength. Scattering geometry as
in Fig. 3. The experimental data are shown with a fit (full
line) according to Eq. (3.3).
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slightly larger than that reported earlier from high-field
measurements.2” We especially emphasize that even at
the highest field of 1 T no spectral splitting of the ex-
citon quadrupole emission (line X° in Fig. 2) could be
detected. This is because of inhomogeneous line broad-
ening and demonstrates very clearly the enormous poten-
tial of quantum beating to reveal small energy splitting
of states.

In addition to the Zeeman quantum beats, we have
observed beating due to zero-field splittings that are
found strongly dependent on the investigated spot at the
sample.?® In Fig. 5 (left) the time dependence of the po-
larized one-phonon intensity is shown for different lin-
ear excitation polarizations. Although here no magnetic
field was applied, a clear beating structure is observed
and ascribed to exciton splitting caused by an internal
local strain. The experimental finding resembles that in
the recently studied case of CdS.® For the +45° polariza-
tions (eg || [110] and [110]) only one of the linearly polar-
ized states is excited so that the quantum-beats vanish.
For all other excitation polarizations a weakly modulated
quantum-beat signal is observed. The degree of modu-
lation is very small, due to the fact that only a small
number of the states in the investigated region of the
sample are subject to strain splitting. All others con-
tribute to the polarized intensity for which, in this case,
the selection rules predict a ratio I, : I = 3 : 1 (see Ref.
35 and also Table I). The corresponding Fourier spectra
are displayed in the right-hand side of Fig. 5. From these
an energy splitting of AE =~ 8 peV (about 2 GHz) and
coherence times between 0.8 and 1.1 ns were deduced in
spite of the poor signal-to-noise ratio.

According to the theory developed in Sec. IITA [Eq.

— i
[2) =
= c
C 3
3
. o
g 5
\()/ N
> =
= |
< —
] =
c . b
- 45° 2
1
I )
0 1 2 3 2 4 6 8
Time (ns) Frequency (GHz)

FIG. 5. Quantum beating due to a zero-field strain split-
ting of the exciton. Left: Time-dependent polarized 1I';
phonon intensity for different excitation polarizations. 0°
and 45° are equivalent to ey || [100] and [110], respectively.
Right: Fourier transforms of corresponding difference inten-
sities I, — I} (full points) together with a fit to a Lorentzian
(full curves) using the parameters given in the figure.
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FIG. 6. Left: Time dependence of the polarized intensity
of the 1T'; phonon scattering process at B=0.25 T in the case
of the incoming (upper part) and outgoing resonance with the
quadrupole exciton (lower part). The excitation and detection
conditions are as in Fig. 3. Right: schematic representation of
the corresponding phonon scattering processes (arrows) and
polariton dispersion.

(3.1)], one-phonon scattering in the incoming and out-
going resonance case [cf. Figs. 1(a) and 1(b)] can be
expected to give identical beat signals. This is indeed
the case as seen by comparing the corresponding experi-
mental data in Fig. 6. The analysis of the signals, apart
from an energy splitting of 26 peV at B=0.25 T, gives a
coherence time of 7.on =~ 1 ns identical for the two exci-
tation conditions. This justifies the assumptions of the
theory and implies that the phonon itself does not destroy
the phase of the intermediate states. The participation
of phonons obviously is necessary only for reasons of en-
ergy and momentum conservation but has no influence
at all on the exciton coherence.

B. 2I'; phonon scattering

To study the exciton relaxation behavior at higher en-
ergies, experiments were performed with the 2I'; phonon
line that gradually emerges when the excitation is tuned
into the exciton band [see Figs. 1(c) and 2]. In Fig.7
a typical result for an exciton kinetic energy of ¢ =
EL—[Eq+hQ(T3)] =~ 0.2 meV at B=0.25 T is presented.
Compared with one-phonon scattering, much larger con-
tributions from incoherent processes are found with only
a small oscillating structure sitting on top. To a large
part the background is due to the emission from thermal-
ized exciton states populated via the nonresonant 1I'y
phonon-assisted absorption process that simultaneously
takes place.

The evaluation of the 2I'; phonon scattering signals by
means of Fourier analysis shows that the coherence time
is drastically reduced with increasing exciton kinetic en-
ergy. At the lowest energy close to the bottom of the
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exciton band (¢ =~ 0 meV) we find 7con = 820 ps, prac-
tically identical with the value derived from one-phonon
scattering, while for € ~ 0.2 meV it has already dropped
to Tcon = 510 ps. To get comparable data in spite of
the observed local dependence, special precautions were
taken to guarantee that the measurements were done ex-
actly at the same sample position. For higher kinetic
energies (e > 0.3 meV), the quantum-beat signals com-
pletely vanish because of the rapidly increasing impor-
tance of relaxation processes. As anticipated, the energy
splittings obtained as a function of the magnetic field
from one- and two-phonon scattering are the same.

C. Influence of polariton propagation

As pointed out above (Sec. III C), the polariton nature
of the exciton, via the strongly dispersive time-of-flight
damping I'y(K) [cf. Eq. (3.5)], has a drastic effect on
the coherently scattered one-phonon intensity I, — Ij.
In Fig. 8 (left), the measured time dependence is repre-
sented for two different bandwidths AEy of the excita-
J

Ics(t,eL,e_g) o Z Z

K; I=1,2 m

Corresponding to the spectral width of the laser pulse,
the contributions with different wave vectors of the upper
and lower polariton branch have to be added up as im-
plied by the outer (incoherent) summation over K;. The
right-hand side of Fig. 8 displays the scattered intensities
numerically calculated from Eq. (4.1) for the indicated
spectral bandwidths. Very close to our experimental con-
ditions, the exciting laser pulse was approximated by a
single-sided exponential

Fi(t) = /AEL/RO(t)exp (— AELt/(2R))  (4.2)

with spectral widths AFp as indicated. Instead of the
actual grating monochromator which is difficult to treat
theoretically, for the calculation a Fabry-Perot was as-
sumed as spectral filter having an amplidute transmission
function

Fs(t) = /AEs/hO(t) exp (— AEst/(2k))  (4.3)

with the spectral bandwidth set to AEs = 0.25 meV.
In the calculation, we used the oscillator strength (en-
tering the polariton dispersion and, hence, the time-of-
flight broadening) known from pulse propagation experi-
ments with the same samples (fo = 3.6 x 1079).1%:20 The
only other parameter to be specified is the sum of the
inelastic and elastic relaxation rates I'g = Dex + Telast
in Eq. (3.6). Obviously, this rate is identical with the
oscillator damping used in classsical polariton theory,3®
and, due to the small range of polariton wave vectors
involved, can be taken as constant. Using the damp-

. eL) (MZE’;,I,)l . es)*q’m,xj (t)

> (Mz?
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tion pulse. The upper curve was obtained for excitation
with a spectrally broad pulse and represents the differ-
ence of the polarized signals for B = 0 T in Fig. 4.
Polaritons are impulsively excited with a wide spread in
group velocity and, hence, arrive at quite different times
at the rear of the sample. A large portion is traveling
fast resulting in the rapid initial decay of intensity, while
the rest is much slower arriving only at later times. In
contrast, the lower curve in Fig. 8 was measured for
narrow spectral width excitation. In that case all po-
laritons have nearly uniform group velocity. They arrive
almost simultaneously, the exponential decay reflecting
essentially their coherence time.

To account for this polariton effect, Eq. (A7) has to
be modified by replacing E,, by the polariton dispersion
E,.(K;) (j = UP, LP for the upper and lower branch)
and by setting 0 Fnom = Altor [Eq. (3.6)], respectively,
so that the scattering amplitude ¥.,,(t) becomes wave-
vector dependent.'! Rewriting then Eq. (A6) to include
the polariton effect, one obtains for the time-dependent
polarized 1I'; phonon signal

(4.1)

ing constant derived from the propagation experiments
(To = 1.0 x 10° s71),1° very good agreement is achieved
with the experimental results. Comparing with the co-
herence time derived from the quantum-beat experiments

i
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FIG. 7. Time dependence of the polarized intensity of the
2I'; phonon scattering process for B=0.25 T. Excitation at
Er = 2.0467 eV slightly above the 1S exciton absorption
(e =~ 0.2 meV). The other conditions are as in Fig. 3. In-
set: Fourier transform calculated from (I — I;;). The peak
width corresponds to Tcon = 510 ps.
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FIG. 8. Time dependence of the 1I'; phonon Raman con-
tribution excited with two different laser pulses (B=0 T).
AEL and Atp are the spectral and temporal widths of the

pulses. Left: experimental curve. Right: calculation accord-
ing to Eq. (4.1) as discussed in the text.

described above (Tcon =~ 1 ns), we can draw the conclu-
sion that the contribution of the time-of-flight rate to the
total relaxation rate is of the same order as those of all
other relaxation processes. This unambiguously proves
the necessity to include polariton effects in a quantitative
analysis of light scattering from direct exciton states.

D. Temperature dependence of the 1I'y process

The decay of the quantum-beat signal allows one to
follow the dependence of the coherence time of the ex-
citon on external parameters like impurity content and
others. As an example, Fig. 9 shows the Raman signal
(IL-1 “) at three different temperatures. From the num-
ber of oscillations that develop it is right away obvious
that the coherence time rapidly decreases by raising the
temperature only slightly from 2.1 K to 10 K. The cor-
responding rate is plotted in the inset, its temperature
dependence being ascribed to inelastic scattering.

Recalling that LA phonon scattering is the dominant
energy relaxation mechanism, we may rewrite Eq. (1.1)
in the form

1

Tcoh

(T) = %Fac(T) + %(th) + %27 y (44)

whereby we account for the polariton nature of the
exciton?®35 by the additional factor 1/2 in front of I,
and by an average time-of-flight rate (I'y¢) (cf. Sec. IIIC).
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Also we assume pure dephasing with rate 1/T tempera-
ture independent.

To fit the experimental data in Fig. 9 by Eq. (4.4),
the pure dephasing rate was determined with the help of
Eq. (1.1) and the measured low-temperature (2.1 K) val-
ues Teon = 800 ps and Ty = 1/[Tac(T)/2+ (T'se)] = 910 ps
for this sample giving 1/T% = 0.7 GHz. The average
time-of-flight rate under the given excitation conditions
is about 1 x 10° s7!. T, (T) then was calculated from
Eqgs. (3.8) to (3.14) using the deformation potential for
LA phonons (Ep = 2.1 V) (Ref. 37) and the mass den-
sity of CusO (p = 6.1 x 10® kgm™2).3® According to
experiment, the kinetic energy of the exciton was chosen
€ = 0.01 meV.

As seen from the inset of Fig. 9, excellent agreement
is achieved between the experimental data and the cal-
culation with no adjustable parameters. It confirms the
suggestion that at increasing temperatures the major de-
phasing mechanism of the polaritons is inelastic scatter-
ing by LA phonons. As exciton-phonon scattering due
to the small number of available final states is strongly
reduced at the lowest temperatures, this explains the rel-
atively long coherence times found in Cu;O. Also our
samples are of high structural quality so that scattering
from static imperfections is negligible.

<6
g -
4T
@ O+ é810
= Temp. (K)
5 T =
¥ Teon= 180 ps
S
A 5.5K
360ps
2.1K
800ps

0 0.5 1 1.5
Time (ns)

FIG. 9. Quantum beats in the 1I'; phonon line at differ-
ent temperatures (B=0.25 T). Excitation and detection con-
ditions are as in Fig. 3. Inset: measured (points) and calcu-
lated (line) temperature dependence of the coherence decay
rate of the ' exciton polariton (see text).
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V. CONCLUDING REMARKS

With the investigations in Cuz;O we have demonstrated
that quantum-beat spectroscopy in resonance light scat-
tering is an important and elegant method to study ex-
citons in semiconductors. Not only that, but the beat
frequencies as a function of magnetic field provide ex-
tremely small energy splittings and precise g values. Also
the detailed analysis of the temporal characteristics of
the beating, especially at different temperatures, gives
quantitative information on the dephasing and relevant
scattering mechanisms. Moreover, the particular direct
(quadrupole) exciton offers the opportunity to reveal and
clarify the influence of the polariton nature and phonon
interaction on the intermediate state coherence. Finally,
the method allows a clear distinction of Raman scatter-
ing and hot luminescence solving a question that for the
1S yellow exciton in CupO had led to much controversy
in the literature.
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APPENDIX

In this appendix we present a brief derivation of
the theory of time-resolved light scattering leading to
Egs. (3.1) and (4.1) and allowing one to discuss the rele-
vant physical parameters that determine Raman and hot-
luminescence processes.

As is well known, a physically meaningful time-
resolved spectrum of light can only be defined by the
use of a measuring setup (see e.g., Ref. 18) that here we
assume to consist of a spectral filter [with transmission
function Fs(t)] to select the frequency of the light field
and of a time-resolving detector to measure its tempo-
ral behavior. This gives the following expression for the
experimentally registered counting ratel8:

R(ws,t) :/ dt’/ dt"F&(t —t')Fs(t —t")

x( B () ESD (") ) . (A1)

The expression in brackets is the quantum mechanical
field correlation function with Eg’”(t) denoting the pos-
itive frequency part of the electric field operator of the
light field under investigation. The maximum amount
of information on the light field can be obtained, if the
spectral filter is bandwidth limited, i.e, its spectral and
temporal transmission functions are Fourier transforms
of each other (for examples see Refs. 11 and 18).

To calculate the field correlation function, we apply
standard perturbation theory using Feynman diagrams
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to systematically take all contributions to the light scat-
tering of an exciton system interacting with a thermal
phonon bath into account.3®!® Inserting the usual mode
expansion of the field operator into the field correlation
function we obtain the following expression:'®

(BS () BGD(¢") ) = (kses| TralU (¢ o)

Xp(to)U(t",to)t”kses). (AZ)
Here due to the spectral and spatial selection of the op-
tical filter only modes with a certain wave vector ks and
polarization es are observed. The trace operation is to
be performed over the bath states. U(t,%o) is the time-
development operator and p(to) is the density matrix of
the system at time to, which for ty & —oo is assumed to
be

p(—o0) = |krer)(kreL| ® pp. (A3)
Here pp denotes the density matrix of the bath in ther-
mal equilibrium. The exciting laser pulse (wave vector
ky, frequency wr, and polarization er) is specified by
a photon state |kper) that corresponds to an envelope
function Fp (t) of the laser pulse.

In the case of weak interaction between exciton and
bath states, only laddertype diagrams3® contribute sig-
nificantly to the scattered intensity. Furthermore, to sim-
plify the calculations, we assume the following.

(1) The memory time of the bath is short compared
with the time scales of the exciton and photon system
(Markoff approximation).

(2) The exciton propagator contains all relaxation
processes of the exciton states (denoted by quantum
numbers a) as a complex self-energy with homogeneous
linewidth 6 Ehom,a = B/2Tcoh,a, Where Teon o is the total
coherent lifetime, which in this case is identical to the op-
tical dephasing time T5. In the Markoff approximation,3°
0 Eyom,o can be decomposed into the contributions due to
energy-relaxation 1/T} ,, containing the radiative decay,
and the pure dephasing by elastic interactions wq

Wao = E ha,a' )
al

with —Ea,ar denoting the squared average exciton-bath in-
teraction matrix element

(A4)

o =213 |haa (L) e (ns + 1)8(es — er).  (A5)
L

Here the bilinear interaction matrix elements hqy o (1,1")
describe elastic scattering between bath states I,I’ and
exciton states a,a’. m; denotes the phonon occupation
number. This results in relation (1.1) with T, , = 2/wa-

(3) The exciton-photon coupling is expressed by M,, -
er, s with appropriate transition moments M, that in
case of scattering by phonons also include the exciton-
phonon interaction. Accordingly, the Raman phonons
correspond to outer lines in the Feynman diagrams.!®
Therefore, the summations in Eq. (A6) involve only exci-
ton states at the same wave vector, the final result being



obtained by summing the scattered intensities of all par-
ticipating states with different k. The phonon dynamics
thus should have no influence on the coherence properties
of the intermediate exciton states.

The lowest order diagram (zero order in the exciton-
bath interaction) describes processes that proceed with-
out loss of coherence of the exciton states and will be in-
terpreted, therefore, as coherent scattering (CS). It repre-
sents the true Raman part of the spectrum. On the other
hand, all diagrams with one or more exciton-bath interac-
tion vertices represent processes during which the phase
memory is lost (instantaneously in the Markoff approx-
imation) and, therefore, correspond to hot luminescence
(HL).

The coherent contribution to the scattering spectrum
is then given by
2

% = !Z(Maes)*(Ma -er)¥q(t) (A6)
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with the complex function
+oo +o0
\I’a(t) = / dtl/ dtzFL(tz)Fg(t—tl)
— 00 — 00

x expliwst; — iwpts — {(Em — 16 Ehom,a/2)

x (t1 — t2)/H] - (AT)

The hot-luminescence component may be written as
M =3%"1(@) (A8)
n=1

with the contribution of the nth order diagram

+oo
I(’n) (t) — Z hoqaz' . 'hanan+1 ‘(Mal . eS)(Ma,.+1 . eL)V/ dtze(t‘iEhom,m1 _JEh"m'"z)tz/h‘\Pl,al (t,t2)|2

1O

ts t
X / dtae(aEhom’az"'6Ehom,a3)t8/h/
—oo —oo

and the abbreviations

Ty 0 (t,t) = / dt'"Fg(t —t")
tl

iwst" —i(Bay — %6 Bhom,ay )t /B

xe (A10)

and

Upr s () = /

-0

¢

dt" Fp(t")
Xe—ith”+i(Ean+1 - %‘SEh°m""n+1 )t”h- (All)

Equations (A6) and (A7) imply that the time depen-
dence of the coherent component is determined by the
homogeneous linewidth § Fyom of the exciton states. The
hot luminescence depends through Ea‘.ak in addition on

3
dty -

tn
dtn+le(5Ehom,a,. —6Ehom,apqq )t"+1/h|‘1’2,a,.+1 (tn+1) |2

— 00

(A9)

r

the pure dephasing rate w [Egs. (A4) and (A9)]. From
both quantities, with Eq. (1.1) the energy-relaxation time
T; may be deduced.

In the case of resonant excitation of an ensemble of en-
ergetically split states, Eq. (A6) shows that the polarized
coherent part of the scattered intensity oscillates with
frequencies given by the energy differences of the states.
Obviously the unpolarized hot luminescence [Eq. (A8)]
does not show such oscillations indicating that the co-
herence is lost by phase relaxation. Therefore, quantum
beats do occur only in the Raman scattered light. This
provides the basis for the experimental discrimination be-
tween these processes as exemplified in the investigations
reported here and represents a distinct advantage of time-
resolved light scattering compared to other techniques by
which only 7., can be obtained.
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