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The paraexciton in Cu2O is optically forbidden to all orders. By means of a magnetic field, it obtains
oscillator strength from the quadrupole allowed orthoexciton. With an external magnetic field, we are able to
excite resonantly ultracold paraexcitons. We observe a pronounced resonant Raman signal on top of the
luminescence from thermalized paraexcitons. We present the magnetic-field dependence of the �3

− phonon
replica of the paraexciton. In addition, we show the spectra of the �2

−, �4
−, and �5

− phonon sidebands. We are
even able to observe two-phonon scattering of the paraexciton.
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I. INTRODUCTION

Resonant optical-phonon �LO and TO� scattering from
orthoexcitons in Cu2O was extensively studied in the past.1,2

Recently acoustic- and optical-phonon scattering in high
magnetic fields was reported.3 It was shown that
longitudinal-acoustic �LA� as well as transverse-acoustic
�TA� phonon scattering has to be considered to analyze the
rich spectrum of inter- and intraband processes. LO-phonon-
scattering processes are of special interest, since the almost
dispersionless optical phonons allow us to study directly the
thermal distribution in search of the Bose-Einstein conden-
sation �BEC� of excitons.4 The paraexciton in Cu2O is the
favored candidate for BEC, since it is the exciton of lowest
energy with a long lifetime on the order of a microsecond5

compared to the orthoexcitons with a lifetime of only a few
nanoseconds.6 From the paraexciton of �2

+ symmetry, only
the scattering by a �5

− phonon dipole is allowed. Since the
paraexciton is forbidden for direct optical excitation, the �5

−

phonon sideband has been detected only by higher-energy
excitation �band to band, orthoexciton� and subsequent relax-
ation by TA-phonon emission to the paraexciton.7,8 In a mag-
netic field B, however, the paraexciton gains quadrupole os-
cillator strength from the orthoexciton.9,10 The orthoexciton
splits into three components �M =0, �1�. The M =0 compo-
nent of the �5

+ orthoexciton mixes with the �2
+ paraexciton

and gives rise to a paraexciton polariton and thus a resonance
for one-photon absorption. This resonance was recently mea-
sured as a narrow absorption band with a half-width of 80
neV.11 As a consequence, in addition to the �5

− phonon, other
optical phonons of �2

−, �3
−, and �4

− symmetries become al-
lowed. These additional phonon sidebands of the paraexciton
can be seen either by excitation in the orthoexciton or by
resonant excitation in the paraexciton, thus yielding resonant
optical-phonon scattering which, up to now, has been ob-
served only for the orthoexciton. By excitation in the ortho-
exciton, the intensity of the �3

− phonon sideband shows a
perfect B2 dependence as expected from the field-induced
mixing. By direct excitation it is now possible to detect reso-
nant Raman scattering from the paraexciton with the polar-

ization selection rules of the M =0 component.3 In connec-
tion with the observation of BEC of paraexcitons, there is
hope that LO-phonon scattering from a condensate �macro-
scopic occupation of excitons at k=0� might be distinguish-
able from resonant Raman scattering from k=k0 �photon
wave number�. As was shown for the orthoexcitons,2 there
are scattering processes with two optical phonons. We are
able to resolve two-phonon sidebands of paraexcitons.

The paper is organized as follows: After a short section on
the theory of magnetic field–induced mixing of ortho- and
paraexcitons and the polarization selection rules for optical-
phonon scattering from paraexcitons, we will describe in
Sec. III the experimental setup. In Sec. IV we present our
experimental results and a discussion, and in Sec. V we
present a conclusion.

II. THEORY

In this section we briefly introduce the theory of field-
induced mixing of ortho- and paraexcitons. In a magnetic
field B, the degeneracy of the threefold orthoexciton is lifted
and it splits into three components M =0 and M = �1. The
interaction can be expressed by the following matrix in the
basis of the �2

+ paraexciton and the three orthoexciton states
M =0, M = �1:

ĤB =�
− � i�B 0 0

− i�B 0 0 0

0 0 �B 0

0 0 0 − �B
� , �1�

with the coefficients �=92.5 �eV /T and �=47.7 �eV /T
describing the coupling of the ortho- and paraexciton states
and the splitting of the orthoexcitons, respectively.3

This interaction matrix �Eq. �1�� shows that the �2
+ paraex-

citon state mixes only with the M =0 component of the
orthoexciton. The admixture can be described by the field-
induced mixing coefficient11
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aO =
�B

���B�2 + �2
�

�B

�
. �2�

Due to this admixture, the paraexciton gains oscillator
strength from the quadrupole allowed orthoexciton,

fP = 	�B

�

2

fO = 5.8 	 10−5fOB2, �3�

where fP is the paraexciton and fO=3.7	10−9 �Ref. 12� is
the oscillator strength of the orthoexciton.

It has been shown that the k2-dependent exchange
interaction13 leads to a splitting of the threefold degenerate
orthoexciton. The perturbation due to this interaction, how-
ever, can be neglected since it is only 5 �eV, compared to
the splitting 
E�1=954 �eV at 10 T. The diagonalization of
the matrix �Eq. �1�� yields the new eigenstates ��B�.

For a given polarization e of the outgoing light, the rela-
tive oscillator strength O� j for optical-phonon emission is
given by

O� j = �
i=1

gj

�e�̂i
j��B��2. �4�

gj denotes the degeneracy of the optical phonon j �j
=2,3 ,4 ,5� and �̂i

j is the coupling matrix of the phonon. The
component of the paraexciton wave function ��B� with �2

+

symmetry can couple only to a �5
− phonon, whereas the

orthoexciton admixture of �5
+ symmetry �M =0 component�

can couple also to the other phonons ��2
−, �3

−, and �4
−�. The

polarization selection rules for �3
−, �4

−, and �5
− phonon emis-

sion for the orthoexciton �M =0 component� are given in Ref.
3. Since the coupling matrix between the �5

+ states �M =0
component of the orthoexciton� and the dipole operator ��4

−�
via the �2

− phonon is diagonal,14 the polarization selection
rules of the �2

− phonon replica are the same as for the �5i
+ �i

=x ,y ,z� components of the quadrupole excited M =0 state.
As the dispersion of the �2

−, �3
−, and �5

− optical phonons
and the longitudinal component of the �4

− phonon can be
neglected close to the zone center, the optical-phonon lumi-
nescence exhibits directly the thermal distribution of paraex-
citons NP�E�. For the transversal components of the dipole
allowed �4

− phonon, however, the dispersion �phonon polar-
iton branches� has to be taken into account.

III. EXPERIMENTAL SETUP

The high-resolution setup is shown schematically in Fig.
1. We use a single-frequency dye laser with a bandwidth of
about 5 neV �Coherent 899-29� pumped by a solid-state laser
�Verdi V-10�. The high resolution of the laser allows ultra-
cold resonant excitation of paraexcitons at k0 with a kinetic
energy of 13.2 �eV �0.15 K� for a paraexciton mass of
MP=2.61.11 About 10% of the laser light is coupled into a
diagnostic setup consisting of a 300 MHz scanning Fabry-
Pérot spectrum analyzer �SA�, a beam profile analyzer, and a
wave meter with an absolute accuracy of 30 MHz. With the
aid of this diagnostic setup, we ensure stable excitation at
k=k0 with a TEM00 Gaussian mode. The light beam passes a

polarizer �P�, a half-wave plate �WP� used to choose the
appropriate polarization of the M =0 component, a bandpass
filter �BP� used to suppress amplified spontaneous emission
�ASE� from the laser, and an attenuation filter �AF�. Suppres-
sion of ASE is crucial, since in the spectral region of the
phonon-assisted luminescence, the intensity of the observed
luminescence is on the same order of magnitude as the in-
tensity of the ASE. The laser beam is focused �L1� onto a
spot of 30 �m on the sample �S�. The samples are cut from
a natural crystal and mounted strain-free in a split coil cry-
ostat. They are immerged in liquid helium inside a variable
temperature insert �VTI� and cooled to a temperature of
about 1.2 K by pumping on the VTI. The cryostat allows the
application of a magnetic field in Faraday �B k� and Voigt
configurations �B�k� up to 10 T. The light transmitted
through the sample is detected by a diode �D� on a 1.5 GHZ
oscilloscope �OSC�. The transmission was always monitored
prior to the luminescence measurement for two reasons: �i�
selection of a strain-free part of the sample with narrow reso-
nance and �ii� tuning into resonance for maximum absorp-
tion. For further details on transmission experiments, we re-
fer the reader to Ref. 12. For detection of the luminescence,
the transmitted light is collected �L2� and focused �L4� onto
the entrance slit of a double monochromator �DMC� with a
focal length of 0.85 m. The ratio of the selected focal lengths
of L2 and L4 leads to two times enlarged images of the
sample on the entrance slit. A cylindrical lens �CL� in front
of the monochromator corrects for astigmatism. A half-wave
plate �WP� in front of the entrance slit allows the rotation of
the polarized luminescence into the preferred polarization
plane of the monochromator. A low-frequency pass filter
�LF� is used to suppress scattered laser light. Two objectives
�O1 and O2� behind the exit slit of the monochromator yield
a four times magnified image of the plane of the exit slit on
the nitrogen-cooled charge coupled device �CCD� camera

FIG. 1. �Color online� Schematic setup for high-resolution spec-
troscopy: AF, attenuation filter; BP, bandpass filter; CCD, charge
coupled device camera; CL, cylindrical lens; cryo, magneto-optic
cryostat; D, diode; DMC, double monochromator; L1, L2, L3, and
L4, lenses; LF, low-frequency pass filter; P, polarizer; O1 and O2,
objectives; OSC, oscilloscope; S, sample; SA, spectrum analyzer;
WP, half-wave plate.
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�pixel size 25 �m�. With this setup we achieve in second
order a resolution of about 10 �eV.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

In the following we present our experimental results.
Without external perturbation, only the �5

− phonon couples
with a photon ��4

− dipole� to the paraexciton ��2
+

� �5
−=�4

−�.
The �2

− ,�3
− ,�4

− phonon emission is forbidden ��2
+

� ��2
− ,�3

− ,�4
−���4

−�. In a magnetic field they become al-
lowed by the admixture �coefficient aO, Eq. �2�� of the M
=0 component of the �5

+ orthoexciton into the paraexciton
��4

− is contained in �5
+

� ��2
− ,�3

− ,�4
−��. In order to study the

B-field dependence of the �3
− phonon emission of the paraex-

citon, we excite in the orthoexciton resonance �M =0 com-
ponent�, since orthoexcitons convert to paraexcitons7 and the
orthoexciton absorption is expected to be independent of the
magnetic field. Figure 2 shows spectra of the �3

− and �5
−

phonon-assisted luminescence of the paraexciton as a func-
tion of magnetic field. The dependence of the ratio of the
integrated luminescence intensity of the �3

− and �5
− phonon

replica on the magnetic field is plotted in the inset of Fig. 2.
The solid line represents the ratio calculated from Eq. �3�.
The experimental data follow the expected B2 dependence.

Figure 3 shows the �3
− and �5

− phonon replica of the
paraexciton for excitation in the paraexciton resonance at 10

T. Subtracting the thermal distribution from the spectrum
yields resonances �Fig. 4�, which are interpreted as a reso-
nance Raman effect �ingoing resonance at k=k0�. E=0 cor-
responds to E�0�−E��i

−� , i=3,5, with an uncertainty of
�5�eV, showing that the resonances are not at k=0 but at
k=k0. The resonances can be fitted by Lorentzians of width
i �i=3,5� of the corresponding phonon convolved with a
slit function to account for the finite spectral resolution of
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FIG. 2. �Color online�
Magnetic-field dependence of the
�3

− and �5
− phonon-assisted lumi-

nescence of paraexciton at 1.2 K
for excitation in the orthoexciton.
Inset: ratio �3

− /�5
− of integrated lu-

minescence of phonon replica of
�3

− and �5
−; solid line: B2

dependence.
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FIG. 3. �3
− and �5

− phonon replica of paraexciton for resonant
excitation of paraexciton at 10 T and 1.2 K. Note a factor of 10
enlargement of �5

− replica.
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10 �eV. As shown in Fig. 4, the damping 3�25 �eV of
the �3

− phonon is a factor of 2 larger than the damping 5
�11 �eV of the �5

− phonon. As the kinetic energy E�k0� is
13.2 �eV �Ref. 11� above E�0�, the small width of the �5

−

peak should allow the identification of an extra peak from a
phonon emission from a BEC at k=0. Up to now there is no
evidence for such a scenario.

Figure 5 shows the intensity dependence of the �3
− Raman

peak on laser energy. The solid line shows an absorption
spectrum measured on the same sample. There are deviations
between the absorption and emission data mainly in the tails,
which might be due to the fact that different spots on the
sample were used in the absorption and emission experi-
ments. Tuning the energy of the exciting laser shows a linear
dependence of the energetic position of the �3

− Raman peak
on the laser energy as it is expected for a Raman transition
�inset of Fig. 5�. Both the intensity dependence of the peak
and the linear dependence of the peak energy on laser energy
confirm the interpretation of the peak as a resonance Raman
effect.

Besides the �3
− and �5

− phonon replica, we were able to
measure the �2

− �Fig. 6� and the �4
− �Fig. 7� phonon emission.

The narrow line at 1.97 786 eV �Fig. 6� is probably due
to a bound exciton emission. From our data we get
E��2

−�=43.3 meV, which agrees well with Ref. 15. The
�4

− phonon has to be considered as a polariton, since it is
dipole allowed. Thus we expect a single longitudinal
�E��4,LO

− �=19.1 meV� and doubly degenerate transversal
components �E��4,TO

− �=18.8 meV�. The splitting of 0.3 meV
is confirmed.15

With our method of resonant excitation of paraexcitons,
we are even able to detect two-phonon processes. In Fig. 8
we present two-phonon sidebands of the paraexciton at 10 T.
From the energy shifts of 24.2 and 27.2 meV, we assign these
resonances to ��3

−+�5
−� and 2�3

− processes, respectively. Al-
though a two-phonon Raman process is forbidden due to
parity, one observes a luminescence signal. The scattering
becomes allowed with increasing k since the distance to the
zone center increases and parity is no longer conserved. As
scattering at high k values is favored as compared to scatter-
ing at k=k0, one does not observe a Raman resonance. The
two phonon lines can be distinguished from excitons bound
to impurities by variation of the excitation intensity. For high
excitation intensity I=3 kW /cm2, impurity lines are satu-
rated �solid line in Fig. 8�, whereas for low excitation

�75 �50 �25 0 25 50 75 100
Energy (ΜeV)

0

0.2

0.4

0.6

0.8

1

In
te

ns
ity

(a
rb

.u
ni

ts
)

FIG. 4. �Color online� Resonance Raman lines from Fig. 3 after
subtraction of thermal distribution. Full line and dots, �3

− phonon;
dashed line and squares, �5

− phonon. E=0 corresponds to E�0�
−E��i

−�, i=3,5. Solid �i=3� and dashed �i=5� lines: fits to data by
Lorentzians of width i and corrected for finite spectral resolution
�10 �eV�.

FIG. 5. �Color online� Dependence of �3
− Raman peak on laser

energy. Filled dots: experimental results; dashed line: fit to data by
a Lorentzian; full line: absorption spectrum measured on the same
sample. Inset: dependence of the �3

− Raman peak on laser energy;
solid line: fit to data by a line with slope 1.

1.977 1.9775 1.978 1.9785 1.979
Energy (eV)

0

0.2

0.4

0.6

0.8

1

In
te

ns
ity

(a
rb

.u
ni

ts
)

FIG. 6. �2
− phonon-assisted luminescence of paraexciton for

resonant excitation of paraexciton at 10 T and 1.3 K.
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FIG. 7. �4
− phonon-assisted luminescence of paraexciton for

resonant excitation of paraexciton at 10 T and 1.3 K.
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intensity I=1 W /cm2 �dotted line in Fig. 8� the phonon rep-
licas are much weaker as compared to the impurity lines.

V. CONCLUSIONS

We have shown that with excitation in the orthoexciton,
the ratio of the integrated intensity of the paraexciton �3

− and

�5
− phonon replica depends quadratically on the magnetic

field. By excitation in the orthoexciton or even at higher
energy �phonon sideband of the orthoexciton or band to band
transition�, the thermal distribution of paraexcitons was ob-
served in former experiments only via the emission of �5

−

phonons.6,16 Resonant excitation yields in addition a Raman
peak, which we clearly resolve for the �2

−, �3
−, �4

−, and �5
−

optical phonons. As expected, the �4
− phonon replica shows a

splitting of 0.3 meV into a longitudinal and a transverse
component. We observe a difference in width between the �3

−

�3=25 �eV� and �5
− �5=11 �eV� resonance Raman

peaks. For the narrow �5
− emission �5=11 �eV�, our reso-

lution of about 10 �eV should allow the detection of a
population of paraexcitons at k=0 caused by BEC.
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