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Coherent Propagation and Quantum Beats of Quadrupole Polaritons in Cu20
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Coherent propagation of quadrupole polaritons in CuzO is demonstrated by time-resolved spectrosco-
py. This manifests itself in a strong distortion of the temporal shape of a picosecond optical pulse which
is in resonance with the 1S exciton polariton. Oscillations with time-dependent period in the transmitted
light intensity are quantitatively explained as resulting from quantum beats between the two branches of
the exciton polariton. The analysis yields the homogeneous linewidth and oscillator strength.

PACS numbers: 71.36.+c, 42.50.Md, 78.47.+p

Coherent optical spectroscopy is a very powerful tech-
nique to investigate the dynamics of nonstationary states.
For instance, the observation of quantum beats yields
very direct information about the coherence properties of
electronic or vibronic excitations, as was shown for atoms
and molecules in many experiments [1]. Recently, sev-
eral groups have succeeded in observing quantum beats of
extended states such as excitons in semiconductors, where
the much faster dephasing processes require ultrafast
laser and detection techniques [2-5]. In all experiments
so far the decay of exciton coherence was observed in

physical situations where propagation effects were of no
relevance.

In this Letter we report the first observation of corre-
sponding coherent phenomena from polaritons. The re-
sults are novel for two reasons: First, in contrast to the
previous cases of quantum beats, only one exciton state is
needed. The coupling of the exciton with light automati-
cally leads to two branches which can interfere. Second,
polaritons are propagating modes. As a consequence, the
observation of quantum beats is the signature of conser-
vation of coherence over macroscopic distances.

The problem of pulse propagation in a dispersive medi-
um has been addressed by several authors [6-Sl. Puri
and Birman [6] discuss different situations which are
characterized by the ratio of polariton damping constant
I and spectral width r ' of the incoming Gaussian pulse.
In our case, we have the interesting situation of I i((1.
The authors predict a broadening and a distortion of the
pulse and even oscillations. In our experiments we mea-
sure the time-resolved transmission of an optical pulse,
which is tuned to the 1S exciton resonance in Cu20.
Indeed, we observe a strong distortion of the pulse shape
as well as pronounced oscillations. Surprisingly, the
period of these oscillations depends on the delay time and
the thickness of the crystal. The oscillations are inter-
preted as quantum interference between polaritons of the

two very closely spaced branches of the quadrupole reso-
nance.

For several reasons the quadrupole polariton of the
lowest 1S exciton transition of Cu20 is ideally suited for
the study of coherent propagation effects: (i) The oscilla-
tor strength of the quadrupole transition is very small
(f—10, Ref. [9]). This leads to a small splitting of
the polariton into two branches, and, therefore, to a nar-
row region of strong dispersion in (co,k) space. (ii)
There exist samples of high structural quality so that
scattering from static imperfections can be neglected.
(iii) Exciton-acoustic-phonon scattering, which is the
major remaining cause of polariton dephasing, is strongly
reduced at low temperatures (T~ 2 K) due to the small
number of available final states. (iv) Although Cu20 is
cubic (Ot, symmetry), the oscillator strength of the quad-
rupole absorption is anisotropic. By proper choice of the
k vector and polarization direction one can thus excite
polariton branches with different splitting. We therefore
expect a dependence of the beat period on the excitation
conditions (k vector and polarization direction).

For the observation of polariton propagation we employ
two setups. Both allow measurements with high time and
spectral resolution. In the first setup we use the second
harmonic of an active-mode-locked and Q-switched Nd-
doped yttrium-aluminum-garnet (YAIG) laser for the
synchronous pumping of two dye lasers with a repetition
rate of 10 Hz. One dye laser beam (pulse energy up to
0. 1 mJ, pulsewidth of 60 ps, and spectral width of 70
peV) is sent through the sample, whereas the other beam
is sent as a time reference through a variable delay. Both
beams are then focused on a KDP crystal for sum fre-
quency generation. The intensity of the sum frequency
signal is measured with a monochromator and a pho-
tomultiplier as a function of the delay between the two
dye laser pulses. With the use of two dye lasers, which
are tuned to different photon energies, we avoid problems
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due to second-harmonic generation for each laser beam,
which ~ould lead to background light independent of the
delay between the pulses. In some measurements we use
pulses of the YA]6 laser as the time reference instead of
the second dye laser. With this setup we are able to mea-
sure signals with delays up to 6 ns with a background
suppression of 6 orders of magnitude. The intensity on
the sample can be increased to well above 10 W/cm by
proper focusing.

In the second setup we use a mode-locked Nd-doped
yttrium-lithium-Auoride laser, which is frequency doubled
to synchronously pump a dye laser with a repetition rate
of 76 MHz (average power of 10 mW, pulsewidth of 30
ps, and spectral width of 2S peV). The measurement of
the time profile of the pulses is achieved by time-resolved
photon counting. %e use a microchannel-plate pho-
tomultiplier behind a double monochromator with sub-
tractive dispersion in order to avoid any transit time
spread. The overall time resolution is 60 ps (FWHM).
For details of this optical setup and the electronics we
refer to recent publications [10].

For the measurements we use high-quality natural
crystals of Cu20 which were oriented by x-ray diArac-
tion. The crystals are cooled down to about 1.8 K in a
helium cryostat.

Figure 1 shows an experimental result obtained with
the second setup for a crystal of thickness d=0.91 mm
and light propagation along a [110] direction. The laser
was tuned to the 1S exciton at hrIIo =2.0329 eV and was
polarized along [001], since the quadrupole transition is

allowed for this configuration. Note that the transmitted
pulse has acquired a long-lasting trailing edge. Superim-
posed on this long decay we find a clearly resolved modu-
lation, the period of which increases by more than a fac-
tor of 5 within the first 2.5 ns. If it were not for this

time-dependent period, the decay would resemble a typi-
cal beat signal of two closely lying states, which are
coherently excited. %e are able to explain the striking
time dependence of the oscillation period quantitatively
by an analysis of the polariton propagation.

The propagation properties of polaritons are deter-
mined by the dielectric function s(co, k ). In the region of
a quadrupole it is given by [11]

s(k, ro) = ek 2g 2

070+ ak —N —lCOI

where eb =6.5 is the background dielectric constant, ArIIo

=2.0329 eV is the 1S exciton energy, and ak =rIIohk /
M accounts for spatial dispersion with M =m, +ms
=2.7rno for the total exciton mass. I is a phenomenolog-
ical damping rate that accounts for the dephasing of the
states and f=fskt is the oscillator strength, where [hkl] is

the direction of the k vector. Equation (1) diA'ers from
the usual dielectric function for a dipole transition by the
k factor in the numerator. Also, the quadrupole oscilla-
tor strength is smaller by at least 5 orders of magnitude
as compared to a dipole-allowed transition. This results
in a very small splitting of the polariton branches, as seen
in Fig. 2(a).

For a quantitative fit of the experimental results we
have to start with the Fourier components of the polari-
ton pulse at the entrance of the crystal which propagate
according to the dispersion of the quadrupole resonance
to the rear side of the crystal. %e then calculate the
electric field E, (z, t) of the signal beam as a function of
time by the Fourier integral of its frequency distribution

10

10

(D~ 10'- '
C

60

4,0

~ 20
h0

e 0—

—20—

(I
I

I
I
I
I
I
I
I

k

I

2.626 2.628

(b)

8 6

10 10 10 10

10
k vector (10 m ) group vel ocity (m/s)

500 1000 1500 2000 2SOO

time (ps)

FIG. 1. Temporal evolution of a 30-ps laser pulse tuned to
the 1S exciton resonance in a Cu&Q crystal of thickness d=0.91
mm. k vector and polarization direction are along [110] and
[001], respectively. Solid circles denote experimental results;
the solid line denotes the numerical calculation. The numbers
mark the values of n, in accordance with Eq. (4).

FIG. 2. (a) Calculated dispersion of 1S exciton polariton in

Cu&O, and (b) the corresponding group velocity. The zero ener-

gy scale refers to Acoo=2.0329 eV. Solid lines denote oscillator
strength f I Io =3.6 x 10;dashed lines denote f I I I

= 1.4X 10
solid circles refer to the experimental time-dependent beat
period of Fig. 1, numbered by their values of n; open circles
refer to experimental results for the k vector along a [111]
direction.
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at z=d:

A@(z) =hkz —htpz/v~ . (4)

Superposition of these pulses then results in a time-
dependent total intensity. Clearly, in order to show beats
both pulses must experience little damping and dephasing
as they propagate through the sample. The time depen-
dence of the beat period can be understood by considering
the group-velocity dependence of the energy splitting
Ah, co and the difference in wave vector h, k which follows

E, (z, t) cx
~ g tt&(k& , tp. )Ep(QP)exp[t'(kqz —tot)]dt's.—oo""J

(2)

The sum over j accounts for the two polariton branches
which are excited with amplitudes a~. (kl, tp). These am-
plitudes are calculated with the use of Pekar's additional
boundary conditions [12]. Ep(tp) is the Fourier ampli-
tude of the exciting laser pulse; its amplitude profile is
taken as a Lorentzian centered at hoop with FWHM of
25 peV. The detected signal S(t) is calculated by convo-
luting the signal intensity with the response function Z(t)
of the detection system. Z(t) is approximated by a
Gaussian function with FWHM of 40 ps. So,

lp oo

S(t) ~
„~ (E,(t —r)('Z(r)dz. (3)

The result of the numerical calculation is shown as a solid
line in Fig. 1. The oscillator strength f and the damping
constant I are taken as adjustable parameters for a best
fit. The period of oscillations is very sensitive to the value
of f, which can thus be determined with high accuracy.
We find f~~p=3.6x10 in good agreement with a value
reported in Ref. [9] and a value of I =6.5&&10 eV. We
have also fitted experimental curves obtained on diA'erent

crystal thicknesses by the use of the same parameters f
and I and the appropriate value of d. As expected we ob-
serve that at a given delay the period decreases with in-

creasing thickness.
As mentioned before, the quadrupole oscillator

strength depends upon the direction of light propagation
and the polarization orientation. For instance, if the
wave vector is chosen along a [111]direction, one expects
a reduced oscillator strength f ~ ~ ~

= —,
' f~pp

=
3 f 1 lp with a

corresponding dispersion curve shown as dashed lines in

Fig. 2. From our experiments in the [111]configuration
we derive f ~ ~ ~

=1.4x 10, which is close to 3 f ~ ~p

=1.2 x10
A more intuitive explanation for the appearance of the

oscillations and of their time- and thickness-dependent
period is given as follows. Consider for simplicity a pair
of pulses, one from each branch, propagating with the
same group velocity vg. During propagation along z the
pulses experience a relative phase shift h@(z), which de-
pends both on the diA'erence htp in frequency and Ak in

wave vector of the polariton wave packets, -

from Eq. (1). In Fig. 2(b) we have translated the time-
varying beat period of Fig. 1 into an energy splitting as a
function of group velocity (solid circles). For the analysis
we consider a minimum at the time t=d/vg. For this
minimum the phase diA'erence [Eq. (4)] at the end of the
crystal has to fulfill the condition d@(d) =(2n+1)tt,
with n =0, 1, . . . numbering the subsequent minima. For
these minima we thus get discrete values of the corre-
sponding group velocity, although the group velocity
varies continuously. In Fig. 2(b) we could have plotted
the maxima or points for any phase in between [see Eq.
(4)] which would then cover the whole range of group ve-
locities. Since the splitting decreases for lower group ve-
locities we expect a corresponding increase of the beat
period at later times. The experimental results confirm
this interpretation. We have marked the minima by their
values of n in Figs. I and 2(b).

We have performed the same analysis for propagation
along a [111] direction, where the oscillator strength is
reduced by a factor of 3 (dashed lines in Fig. 2). The
open circles mark the minima, which are gained from the
experimental results with the use of Eq. (4). By the same
token, for a thicker sample a given delay corresponds to a
larger group velocity, resulting in a shorter period, which
is confirmed by experiments. This simple picture also ex-
plains why polariton beats can only occur if both polari-
ton branches are simultaneously excited. We have
verified this point experimentally by slightly detuning the
laser from the resonance frequency.

For the measurements of Fig. 1 the intensity was kept
well below 10 W/cm . With the use of the first setup,
we performed experiments with intensities up to 4xi0
W/cm . Intensities higher than 10 W/cm lead to a fas-
ter decay and a clear reduction of the beat amplitude.
We believe that this is due to exciton-exciton interaction
near the front surface resulting in a loss of coherence.
We also observed a similar trend by raising the tempera-
ture, which is probably due to scattering by acoustic pho-
nons. Further detailed measurements of the temperature
dependence are necessary for a quantitative investigation
of this point.

With an external magnetic field the polariton can be
split. This should lead to additional beats due to the
coherent excitation of the split states. We have indeed
observed pronounced oscillations in magnetic fields up to
0.5 T, the frequency of which scales with the applied
field.

In conclusion, we report the first observation of polari-
ton beats. This is clear evidence for coherent propagation
of the quadrupole excitation over macroscopic distances.
The observed oscillations and the change of their period
with time is explained by quantum interference between
the excitations of the two polariton branches. The
analysis yields a spectacular small homogeneous line-
width of I =6.5x10 eV corresponding to a coherence
time r„h =26/I =2 ns and a precise value for the oscilla-
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tor strength (f~ ~o =3.6X 10 ).
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