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J. S. Weiner(@) and P. Y. Yu

Department of Physics, University of California and Materials and
Molecular Research Division, Lawrence Berkeley Iaboratory,
Berkeley, California 94720.

The time dependence of one-phonon and two-phonon Raman modes at the 1S
yellow ortho—exciton of Cu,0 is reported. In both cases it is found that
these modes should be more correctly identified as hot luminescence. The
data are fitted using a model which has no adjustable parameters.

Resonant Raman scattering (RRS) with tunable continuous wave (cw) lasers is a well
established technique for studying electronic and vibrational transitions in various
materials, ranging fram semiconductors to her‘oglobin.l'2 It has been suggested that
time-resolved RRS will give information about the dynamics of relaxation processes
which are not provided by cw RRS measurements. 3 Also, there has been considerable
debate in the literature about whether RRS, a one-step coherent process, is
distinguishable fram hot luminescence (HL), a two-step absorption-emission process.3™2
It is now generally agreed that it is difficult to distinquish the two processes by cw
experiments, but they can be readily distinquished by their temporal behavior after
pulsed excitation.

The HL versus RRS controversy was triggered by a cw study of two-phonon Raman
scattering in Cu,0 performed by Yu and Shen,]'0 who found that the resonance enhancement
of this mode was consistent with that expected for HL. We have studied the time
dependence of both one- and two-phonon Raman modes in Cuzo and found that they are both
indeed dominated by HL. From the time dependence of the two-phonon modes we directly
determine the ortho-exciton lifetime és a function of its kinetic energy. By observing
the time dependence of the camplete one-phonon Raman lineshape we have been able to
directly observe the thermalization of the intermediate state excitons and
quantitatively explain our results using an extension of the theory developed in Ref.
11. ' '

Our resonant intermediate state is the 1S ortho-exciton in Cuy0 (w,=16,397 an ).
The ortho-exciton is electric-dipole (ED) forbidden, but electric quadrupole (EQ)
allowed. Enhancement of several one- and two-phonon Raman modes have been reported,
however we will restrict ourselves to the strongest one and two I';, Raman modes.

The experiments were performed in a backscattering geometry with a meltgrown singlé
crystal of Cu,0 at 2 K. The Raman modes were excited by a tunable synchronously pumped,
modelocked dye laser, and detected with subnanosecond t:une resolution by a time-
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Fig. 1: Time-integrated Raman spectra
of Cu,0 at 2 K. The dotted line
represents the thermalized luminescence
background. (a) Two-phogon Raman
spectrun for E = 4 am . (b) One-phonon
Raman spectrum. The insets in (a) and
(b) are respectively the schematic
diagrams of two- and one-phonon Raman
scattering discussed in the text.
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Fig. 2: Time-dependence of two-phonon RRS
in Cu,0 for incident laser frequencies
corresponding to E=f(w;-w,-w;5) equal to

(1) 1 an}, (ii) 4 el and (iii) 7 am™!
respectively. The dotted curve super-
imposed on (iii) represents a typical fit
to the experimental curves by convolution
of the system response with a decay
function of the form:

-t/1.5ns -t/0.26ns
0.126e +e .

delayed coincidence photon counting systen.lz Using this system the lifetime of
the ortho-exciton at 2 K has been determined to be 1.5 nsec.13
The two-phonon resonant Raman scattering process in Cu,0, shown schematically in

the inset of Fig. 1(a), involves excitation of ortho-excitons by phonon-assisted ED
transitions and emission of photons also via phonon-assisted ED transitions. Because

of the phonon participation, excitons with non-zero quasi-momentum can be excited.

Their kinetic energy is given by E-fi(w;-w,Wy5), where wy, is the frequency of the

dispersionless T ], phonon.

Fig. 1(a) shows the time-integrated two-phonon spectrum of our sample, which is
similar to the cw spectra previously reported.10 The strengths of the Raman peaks are
comparable to the background, so care must be used to determine their decay times. The
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o

time dependence of the two I‘Iz Raman mode for various excitation energies is shown

in Fig. 2. We found that the curves in Fig. 2 show one or two decay components

depending on the ortho-exciton kinetic energy E. The slow camponent decays with a

lifetime of 1.5 nsec, which is just the population lifetime and can be explained in

terms of the decay of the luminescence background. The fast component has a decay time

which depends on E, and is associated with the Raman peak. Its behavior can be
explained if we assume that the scattering is dominated by HL, so the variation in the

decay time reflects the dependence of the ortho-exciton lifetime on exciton energy. Yu
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and Shenl® concluded from the ow two-phonon RRS in Cu,0 that for E greater than a few
wavenumbers the ortho-exciton lifetime is limited by acoustic phonon scattering. Using
the model and parameters presented in Ref. 11, we calculate the acoustic phonon
scattering rates for E=4 and 7 am L to be (1.0+.4)x10° sec™! and (2.8+.7)x10% sec™!
respectively. These values are in fair agreement with the fast decay rates of
(1.8+.6)x10° sec™} and (3.341)x10% sec™! deduced from curves (ii) and (iii). For E=l

' "cm"l, howevér, the acoustic phonon scattering rate becomes too small to affect the

lifetime, which is then daminated by the ortho— to para-exciton conversion rate,l3
hence, in curve (i) both HL and the thermalized luminescence background will decay with
the same time constant of 1.5 nsec. -

The one-phonon Raman modes in Cu,0, as shown in the inset of Fig. 1(b), involve
the excitation of zone center excitons by EQ transitions and emission of photons via
phonon-assisted ED transitions. The important points to note are that: (i) only the
zone-center phonon is excited resonantly. (ii) The EQ transition is strongly polarized
for radiation incident on the [110] surface of Cu,0 in spite of the cubic symmétry
of the unit cell. and (iii) the one-phonon RRS is strongly polarized.

The experimental time-dependent 'y, Raman spectra are shown in Fig. 3 (a) énd (b).
They were reconstructed fram the luminescence decay curves measured at frequency

intervals of 1 an™l

using the tin\e?-integrated luminescence intensity for normali-
zation. We explain our results in terms of HL of an exciton population which heats up
by longitudinal acoustic (IA) phonon scattering.

Our model is depicted schematically in the inset of Fig. 1(b). Excitons are created
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Fig. 3: Lineshape of the one ' 7, phonon Raman mode as a function of time at a
temperature of 2.5 K. (a) and (B show Ehe measured lineshapes. The experimental
points are spaced at intervals of 1 am ~. (c¢) and (d) show the corresponding lineshapes
calculated using the model discussed in the text. :
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directly at k=0 by absorption. Those excitons which radiatively recombine without
scattering produce the sharp peak at 16,288 cm L. The amplitude of this peak decays
with time as the excitons either decay non-radiatively or are scattered by longitudinal
acoustic phonons up to higher energy states. The slope of the acoustic phonon
dispersion is much larger than that of the exciton dispersion near the bottom of the
band due to the large effective mass of the ortho-exciton. As a result, excitons at k=0
can only be scattered by absorption of acoustic phonons of 5 em™L
the appearance of a broad peak at 16,293 am 1. at2x RpT= 2 am l, so the rate of this

scattering process is slow. On the other hand, excitons with kinetic energy greater

energy, resulting in

than 2.5 an® can scatter by emission of acoustic phonons, which will occur much
faster. The faster of the two processes will determine the risetime of the peak at
16,293 cm"l, while the slower process will limit the rate at which equilibrium is
reached.

The theoretical curves in Fig. 3 (c) and (d) clearly reproduce all of the features
of the experimental spectrum, including the position, width and amplitude of the high
energy peak, and the time needed to reach a steady state distribution. Also, by
camparing Fig. 3 (b) and (d) we see that the theory correctly predicts the risetime of
the high energy peak. '

In conclusion, we have found that HL provides a self-consistent interpretation of
all the cw and time-resolved measurements of RRS in Cu,0. We have shown that
time—dependent measurements can determine the intraband scattering rates due to
acoustic phonons, which cannot be determined by cw measurements.
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