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LA Phonoritons in Cu2O
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We report the observation of LA-phonoriton eigenstates, which are a pump-induced coherent
superposition of excitons, photons, and longitudinal acoustic (LA) phonons developing in up-conversion
Brillouin scattering of an intense polariton. The excitonic component of the LA phonoritons in a
Cu2O bulk crystal in the presence of a coherent orthoexcitonic polariton is studied by stimulated two-
photon emission spectroscopy. For optical intensities of30 200 MW�cm2 the relevant scale of the
pump-induced spectral changes is5 10 meV. The theory of LA phonoritons in Cu2O quantitatively
reproduces the experimental data.

PACS numbers: 71.35.–y, 42.65.–k, 63.20.Ls
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Since the discovery of an exciton in Cu2O [1] this
semiconductor became a prototype material in the phy
of excitons, due to the large binding energy of the grou
state exciton and due to an extremely high quality of
naturally grown crystals. A ground-state1S orthoexciton
of the yellow series (binding energyex � 150 meV and
Bohr radiusax � 7 Å) is dipole forbidden. However,
at low temperatures the quadrupole interaction betw
the orthoexciton and the light field leads to a weak, b
still well-defined, polariton [2]. Recently, the quadrupo
polaritons in Cu2O were finally visualized by propagatio
beat spectroscopy [3].

The polariton is an example of a linear mode (coher
superposition of exciton and photon). Usually, this co
trasts with purely scattered, incoherent states in, e
Raman and Brillouin scattering of polaritons [4–6]. How
ever, when pumped by an intense laser, up-conver
phonon-assisted scattering can reveal aphonoriton spec-
trum [7–11]. It is a quasilinear mode depending param
rically on the intensity of the pump light. It characteriz
a coherent superposition of exciton, photon, and phon
The phonoriton spectrum associated with optical phon
gives rise to the phonon-mediated optical Stark effe
which has already been observed in some polymers (
polydiacetylene) as well as in the inorganic semicond
tors CdS and HgI2 [12]. In this Letter we report the
first observation of longitudinal acoustic (LA) phonoriton
For this purpose we study stimulated two-photon emiss
(STPE) from virtual excitons created by up-conversio
Brillouin scattering of a high-intensity quadrupole pola
ton in Cu2O. Because of the linear dispersion of acous
phonons the resulting dispersions are different from th
of optical phonoritons. Furthermore, the thermally ac
vated LA phonoritons contribute to STPE even at heliu
temperatures.

The quadrupole polaritons in Cu2O are characterized b
the dispersion equation�vg

p �v�2 2 1 � V2
c�p����vx

p�2 2
v2�, wherevx

p � vt 1 h̄p2�2Mx andv
g
p � cp�p´b are

the orthoexciton and photon dispersions, respectively,Mx
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is the exciton translational mass,h̄vt is the energy of
an orthoexciton at rest,̄hp is the exciton momentum
and´b is the background dielectric constant. The polarit
parameter isVc�p� � f1�2v

g
p ~ p, wheref � 3.7 3 1029

is the dimensionless oscillator strength of the orthoexcit
photon interaction [3]. The spectral separation betwe
the upperv1

p and lowerv2
p polariton dispersion branche

at the resonant wave vectorkR � 2.62 3 105 cm21 is
given by v

1
kR

2 v
2
kR

� Vc�kR� � 124 meV. The de-
phasing rateGx of orthoexcitons in Cu2O is very low, i.e.,
Gx # 1 meV at temperaturesT # 2 K [3,6]. Because of
the weak exciton-exciton interaction, estimated byU0 �
4p h̄2ax�Mx � 2.8 3 10222 eV cm3, up to a high concen-
tration of orthoexcitonsNx

0 � 1018 cm23 the main scat-
tering mechanism is the exciton-LA-phonon deformati
potential interaction [13]. Because2h̄yskR � 155 meV
is comparable toVc�kR� (ys is the LA-sound velocity),
the quadrupole polariton withv2

p , vt undergoes mainly
anti-Stokes Brillouin scattering.

An intense laser pulse with the frequencyv � vk be-
low vt 2 Max �Gx , V2

c�kR��2vt	 induces amacroscopic
or pump polariton with the exciton wave vectork given by
the equationvk � v

2
k . The excitonic component of th

macroscopic polariton keeps the coherence of the inc
ing pump light and couples with other excitonic (polarito
modesp, due to the exciton-LA-phonon interaction. Th
concentration of pump-induced virtual orthoexcitonsk is
given byNx

0 � �I0�h̄vk� �p´b�c� �V2
c�k��4�vt 2 vk�2�,

whereI0 is the intensity of the pump light. In the presen
of a quasi-cw macroscopic quadrupole polariton�k, vk�,
the orthoexciton-photon-phonon Hamiltonian of a Cu2O
crystal is approximated by

H �
X
p

h̄

∑
�vx

p 2 vk�By
pBp 1 �vg

p 2 vk�ay
p ap

1 V
ph
p2kc

y
p2kcp2k 1 i

Vc�p�
2

�ay
p Bp 2 By

pap�

1 iQ�p 2 k� �By
pcp2k 2 c

y
p2kBp�

∏
, (1)
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where Bp , ap , and cp2k are the exciton, photon, and LA-
phonon operators, respectively, and V

ph
p2k � ysjp 2 kj is

the LA-phonon dispersion. The matrix element Q of the
pump-induced orthoexciton-LA-phonon interaction is
given by Q�p 2 k� � Dx�jp 2 kj��2h̄rys��1�2

p
Nx

0 ,
where Dx is the exciton deformation potential, and r is the
mass density. The approximation of the exciton-phonon
interaction by the last term on the right-hand side of
Eq. (1) means that we include only the orthoexciton-LA-
phonon coupling mediated by the pump polariton.

The quadratic Hermitian Hamiltonian (1) describes the
LA-phonoriton eigenstates of bulk Cu2O virtually excited
by coherent light with the frequency vk # vt . From
Eq. (1), the phonoriton dispersion equation is

�vx
p 2 v� �vg

p 2 v� �vk 1 V
ph
p2k 2 v� 2

Q2�p 2 k� �vg
p 2 v� 2

V2
c�p�
4

�vk 1 V
ph
p2k 2 v� � 0 .

(2)

Two basic parameters Vc�p� and Q�p 2 k� ~
p

I0,
which characterize the exciton-photon quadrupole inter-
action and the pump-induced anti-Stokes transitions, re-
spectively, enter Eq. (2). With decreasing pump intensity
I0, the phonon coupling strength Q�p 2 k� vanishes
and the LA phonoriton p decouples into the polariton p
and LA phonon p 2 k. The LA-phonoriton spectrum
consists of three dispersion branches v � vi�1,2,3�p, I0�
(see Fig. 1; i � 1, 2, 3 refer to the upper, middle, and
lower pump-induced LA-phonoriton dispersion branches,
respectively) and originates from the mutual hybridiza-
tion of the initial orthoexciton, photon, and LA-phonon
dispersions, similarly to how the polariton dispersion
develops from the exciton and photon spectra.

The LA-phonoriton spectrum can be interpreted in the
following way. The pump quadrupole polariton k ab-
sorbs a thermal LA phonon with momentum p 2 k. As
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FIG. 1. Dispersion of LA phonoritons in Cu2O (solid lines,
Nx

0 � 1018 cm23). The bold arrow indicates the pump polari-
ton [h̄�vk 2 vt� � 2170 meV]. Dashed lines, orthoexciton
and LA-phonon dispersions.
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a result, a virtual orthoexciton with wave vector p is cre-
ated by anti-Stokes scattering. In turn, the created exci-
ton can undergo a stimulated Stokes transition back into
the mode k, assisted by the emission of the initial LA
phonon p 2 k. The coherent LA-phonon-mediated os-
cillations between the scattered modes p and the pump-
driven mode k result in the development of a split at the
anti-Stokes resonance of the pump polariton (see Fig. 1).
In the general case, the phonoriton eigenstate p originates
from the complicated pump-induced coherent nutations
between the three states, exciton p, LA phonon p 2 k,
and photon p. The standard picture of phonon-mediated
polariton scattering implies that the up-converted Bril-
louin replicas of the scattered polariton k arise at the spec-
tral positions given by the equation v6

p � vk 1 V
ph
p2k,

due to energy-momentum conservation. In contrast, the
phonoriton eigenstate allows a pump-induced virtual exci-
tonic component at spectral points �p, vi�p�� outside the
polariton dispersion.

The STPE method detects the excitonic occupation of
the mode p � kpr 1 ksig [14]. The STPE signal at wave
vector ksig and frequency vsig is induced by the probe
light �kpr , vpr �. The orthoexciton state G

1
5 is threefold

degenerate. According to the quadrupole selection rules,
only the G

1
52 
 �1�

p
2� �G1

5x 2 G
1
5y� component of the

orthoexciton is excited for kk�111� and polarization along
�11̄0�. The probe light with kprk�111� and polarization
along �112̄� induces the STPE signal with ksigk�111�
and polarization along �11̄0� in the forward-scattering
direction (see the inset of Fig. 2). The above geometry
corresponds to our model, which operates with the one-
component orthoexciton.

Intense light pulses of 7 ns duration at l � 1064 nm
were generated by a Nd:YAG laser. A dye laser with

FIG. 2. The STPE signal for the intensity of the pump
light I0 � 30 MW�cm2 (solid line), 45 MW�cm2 (dashed line),
60 MW�cm2 (dotted line), and 200 MW�cm2 (dot-dashed line);
T � 1.9 K. The spectra are normalized at the spectral position
of the maximum signal at low I0 (zero detuning, i.e., d �
vx

p0
2 vk 2 V

ph
p02k � 0). Left inset: vt 2 vsig 2 vpr vs

vt 2 vk. Right inset: the STPE geometry.
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Sulforhodamine B was pumped by the second harmonic
and served as pump laser which can scan the 1S ortho-
exciton at h̄vt � 2.0327 eV. The probe beam at h̄vpr �
0.6496 eV was gained by Raman shifting the YAG laser
in H2 gas. Both the dye laser and Raman laser were
focused on the sample to produce the STPE signal in the
forward-scattering geometry. Using a double 0.85 m
monochromator, the STPE signal was selected and
recorded by a N2-cooled CCD camera [h̄vsig � h̄�vt 2

vpr � � 1.383 eV] with spectral resolution of about
6 meV. The frequency-integrated STPE signal was
detected by a GaAs photomultiplier. We used a naturally
grown Cu2O crystal with a quadrupole absorption line of
80 meV width at T � 1.9 K.

The STPE signal from the Cu2O crystal in the pres-
ence of the macroscopic polariton �k, vk� induced by the
pump light of various I0 is shown in Fig. 2. According to
the inset of Fig. 2, for negative detunings (vk 2 vt , 0),
one has h̄�vpr 1 vsig 2 vk� � 18 meV. From this we
specify the STPE-probed mode p � p0 along �111� by
p0 � 2.02 3 105 cm21. Basically, three spectral points
Si�1,2,3 � �p0, vi�1,2,3�p0�� of the LA-phonoriton disper-
sion can contribute to the STPE signal. However, the
spectral point S3 has no excitonic component, because
h̄�vt 2 vi�3�p0�� � 0.47 eV ¿ Vc�kR�. Thus only the
upper and middle phonoriton dispersion branches can po-
tentially contribute to the STPE signal (see the spectral
points S1 and S2 in Fig. 1).

The photon component of the phonoriton state p0 is
approximated by f

g
i�1 � �Vc�p0��4D�2 and f

g
i�2 � �Q0�

d�2f
g
i�1, where D � vx

p0
2 v

g
p0 , Q0 � Q�p0 2 k�, and

d � vx
p0

2 vk 2 ysjp0 2 kj (h̄d is the energy separa-
tion between the spectral points S1 and S2, see Fig. 1).
Because f

g
i�2�p0� ø f

g
i�1�p0� � 1.6 3 1028, the pho-

ton component is negligible and the LA-phonoriton dis-
persion Eq. (2) reduces to

�vk 1 V
ph
p02k 2 iGLA 2 v� �vx

p0
2 iGx 2 v� � Q2

0 ,

(3)

where the dephasing rates of LA phonons and orthoexci-
tons, GLA and Gx , are included. The quadratic Eq. (3) de-
scribes the phonoritons of the dispersion branches i � 1, 2
as a quantum superposition of the exciton and phonon
states. The interaction strength Q2

0 between the excitonic
and LA-phonon dispersions is proportional to D2

xV2
c�k�I0,

i.e., the quadrupole polariton effect refers only to the pump
light dressed by virtual excitons k.

The lifetime of a long wavelength LA phonon with
wave vector q originates from the lattice anharmonicity
and can be estimated by tLA � 1�GLA � �h̄3ry4

s ��
��kBT �4q� [15]. The estimate yields tLA�p0 2 k� on a ms
time scale, i.e., GLA�Gx � 1026. For the spectrally well-
separated terms vx

p0
and vk 1 V

ph
p02k, when d � S1S2 ¿

Q0, Gx , the phonoriton frequencies are given by vi�1�p0� �
vx

p0
1 Q2

0�d 2 iGx and vi�2�p0� � vk 1 V
ph
p02k 2 Q2

0�
d 2 iGLA 2 iGx�Q0�d�2. For intensities in the range
10 MW�cm2 # I0 # 200 MW�cm2, the pump-induced re-
pulsion 2Q2

0�d between the two frequencies is much less
than Gx , but much larger than GLA 1 Gx�Q0�d�2. This
means that for the STPE-probed upper polariton disper-
sion branch (see point S1 in Fig. 1) the phonoriton effect
is relaxed and removed by dephasing, while for the
spectral vicinity of S2 the phonoriton eigenstate is well
defined. For the resonant condition vk 1 V

ph
p02k � vx

p0
,

when the spectral points S1 and S2 coincide (d � 0), the
STPE signal relates to the pump-induced phonoriton split.

The STPE method is very suitable to study phonoritons,
because it tests the I0-dependent excitonic component of
the phonoriton p0 rather than the pump-induced spectral
changes, which occur on a few meV energy scale. The
inset of Fig. 2 shows that, for negative detunings of
the pump light from the excitonic resonance, the STPE
signal refers to the phonoriton dispersion branch i � 2,
i.e., to the spectral point S2. In contrast, for positive
detunings of the pump light (vk 2 vt . 0) the STPE
signal stems from the upper dispersion branch, i.e., from
the spectral point S1 (see the inset of Fig. 2). This is
because for positive detunings the efficiency of Stokes
scattering is very high. The latter is not accompanied by
the phonoriton spectrum [7] and populates the bottom of
the upper polariton dispersion branch.

For negative detunings of the pump light, the STPE
signal is proportional to the pump-induced excitonic
component at the spectral point S2 � �p0, vi�2�p0��:

IS ~ fx
i�2�p0�Ni�2�p0� , (4)

where Ni�2�p0� is the phonoriton occupation number,
and f

x
i�2�p0� is the excitonic weight function. The tran-

sient population of the LA-phonoriton dispersion branch
i � 2 is given by Ni�2�p0� � f

ph
i�2�p0�nph

p02k, where n
ph
p02k

is the LA-phonon occupation number. For d � S1S2 ¿
Q0, the weight functions are given by f

x
i�2�p0� �

Q2
0���vx

p0
2 vk 2 V

ph
p02k�2 1 �Gx�2�, f

ph
i�2�p0� � 1 2

f
x
i�2�p0� � 1, and IS does not depend upon the LA-

phonon wave vector p0 2 k, because Q2
0 ~ jp0 2 kj while

n
ph
p02k � kBT�h̄V

ph
p02k ~ 1�jp0 2 kj.

The maximum of the STPE signal (see Fig. 2) occurs
at the resonant condition d � 0. In this case, however,
the pump light already nearly resonates with the exciton
level, h̄�vt 2 vk� � 11 meV, and effectively populates
the orthoexcitonic band. The exciton-exciton scattering
becomes dominant, Gx increases with intensity, and the
phonoriton effect is relaxed. Therefore, for a quanti-
tative analysis of the experimental data by Eq. (4) we
will concentrate on negative detunings h̄�vk 2 vt� #

2100 meV. For the frequency band specified above, one
finds the following using Eq. (4):

IS�vsig� ~
V2

c �k�I0

�vx
k 2 vk�2

D2
xT

�vx
p0

2 vpr 2 vsig�2 Ipr , (5)
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where Ipr is the intensity of the probe light and vpr 1

vsig � vk 1 V
ph
p02k. Figure 3 demonstrates that Eq. (5)

indeed fits the experimental data on the STPE signal at
negative detunings h̄�vk 2 vt� # 2100 meV.

With increasing intensity I0 of the pump polariton
multiphonon scattering processes develop. A biphonori-
ton eigenstate originates from two-LA-phonon-assisted
anti-Stokes scattering given by the interaction termP

p,l,q�M̃x22phBy
pBlc

y
2p1qc

y
l2q 1 H.c.�. The biphono-

riton is a coherent superposition of two-phonon, exciton,
and photon states coupled through the pump polariton
k and characterized by the triplet of the operatorsP

l cp1lcl2k, Bp , and ap , respectively. Because of
the larger phase space of two-phonon scattering, the
pump-induced biphonoriton dispersion has a much less
resonant character than that of the phonoriton. We
ascribe the nonresonant increase of the STPE signal at
pump intensities I0 $ 200 MW�cm2 (see the dot-dashed
curve in Fig. 2) to the biphonoriton effect.

Because the pump polariton can be interpreted in terms of
the laser field induced macro-occupation of the mode p �
k, the phonoriton spectrum, generated by the Bogolubov
transformation of the reduced photon-exciton-phonon
Hamiltonian (1), can also be attributed to nonequilib-
rium pump-induced Bose-Einstein (BE) condensation of
orthoexcitons. The strongly quantum-statistically degen-
erate quasiequilibrium distributions of orthoexcitons have
been detected in Cu2O [16]. However, the quadrupole
polariton effect prevents the natural BE condensation of
orthoexcitons into the mode p � 0 [17]. In contrast, the
pump-induced BE condensation of orthoexcitons, which
gives rise to the LA-phonoriton spectrum, is detectable,
particularly due to an anomalously small absorption co-
efficient �3 cm21 of the pump light. Recently, kinetics
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FIG. 3. The normalized phonoriton STPE signal IS�I
�0�
S with

I
�0�
S � IS�d � 120 meV� vs detuning parameter �130 meV�4�

��vx
k 2 vk�2�vx

p0
2 vk 2 V

ph
p02k�2� for I0 � 30 MW�cm2

(circles), 45 MW�cm2 (triangles), and 60 MW�cm2 (dia-
monds). According to Eq. (5), all curves coincide and show
linear dependence on the detuning parameter. Inset: Fit by
Eq. (5) on a linear detuning scale, IS � IS�d�.
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of the laser-induced BE condensation of orthoexcitons
were studied in high-precision experiments [18].

In conclusion, we report the first observation of LA
phonoritons, composite quasiparticles consisting of ortho-
exciton, LA phonon, and photon components, which arise
in bulk Cu2O virtually excited by the coherent laser light.

We appreciate valuable discussions with L. V. Keldysh,
A. Mysyrowicz, and D. F. Nelson. Support of this work
by the EPSRC and DFG is gratefully acknowledged.
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