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We show that in a magnetic field B the otherwise forbidden lowest exciton in Cu2O (paraexciton of ��2
symmetry) gives rise to a narrow absorption line of 80 neV at a temperature of 1.2 K. The B2 dependence
of the field-induced oscillator strength and the low energy shift �E with increasing field strength are
measured. From two-phonon excitation spectroscopy measurements we derive by a merely kinematical
analysis a very reliable value for the paraexciton mass. A blueshift and a broadening of the absorption line
are observed for increasing excitation intensity. These observations are discussed in connection with a
Bose-Einstein condensation of paraexcitons in Cu2O.
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Very recently the intense activities to obtain an excitonic
Bose-Einstein condensate (BEC) have been mostly fo-
cused on confined semiconductor heterostructures such as
indirect excitons in coupled quantum wells [1] or polar-
itons in microcavities [2,3]. While showing very promising
results, condensatelike phenomena in these systems are
most likely obtained far from equilibrium due to rather
short carrier lifetimes. Still the candidates which come
closest to the requirements for a quasiequilibrium excitonic
BEC are the lowest exciton transitions in Cu2O. These
excitons of the so-called yellow series consist of a three-
fold orthoexciton of ��5 symmetry, which is only quadru-
pole allowed and a paraexciton of ��2 symmetry, which is
optically forbidden. The orthoexciton is split off from the
paraexciton by 12 meV to higher energy due to isotropic
exchange. It was recently shown by high resolution spec-
troscopy that the orthoexciton can split in up to three
components by anisotropic exchange [4].

In most experiments concerning BEC in Cu2O nonreso-
nant or resonant excitation of the orthoexcitons was studied
[5–7]. The orthoexcitons decay on a nanosecond time scale
to paraexcitons [8]. Because of the energy shift of 12 meV
this scheme of paraexciton excitation leads to hot para-
excitons, which have to cool down by exciton-exciton and/
or acoustic phonon interaction to exhibit at high densities
BEC with a macroscopic population at k � 0.

Direct excitation by absorption at k � k0 (photon wave
number) yields ultracold excitons. High resolution experi-
ments in a magnetic field allow one to measure paraexciton
absorption spectra as was first shown in Ref. [9]. At 10 T
and 1.2 K we get in high quality samples an absorption
coefficient of about 80 cm�1 with an extremely small
linewidth of 80 neV. Because of the high resolution of

our absorption measurements we are able to measure di-
rectly a blueshift and an increase of linewidth which point
to an onset of repulsive interaction, a necessary prerequi-
site for a phase transition of the exciton gas to a conden-
sate. For a weakly interacting Bose gas of excitons, the
critical density nc depends only on the product of exciton
mass M and critical temperature Tc. The exciton mass is
therefore the decisive parameter to calculate a BEC phase
diagram. As discussed in detail in Ref. [10], mass values
between 2:2m0 and 2:7m0 are cited in the literature. These
values are gained from different line shape analyses.
Making again use of our high resolution laser setup, we
are able to determine the exciton mass MP by two-phonon
excitation spectroscopy. The purely kinematical analysis
requires only the sound velocity as an input parameter,
which is known even at low temperatures. Our experimen-
tal technique yields in addition a value for the background
refractive index n at the paraexciton resonance, which
agrees well with an early publication [11] and recent
measurements [12]. From our analysis we get MP �
�2:61� 0:04� (in units of free electron mass m0) and n �
2:94� 0:05 and a kinetic energy E0�@

2n2k2
0=�2MPm0��

�13:2�0:2��eV, which corresponds in thermal equilib-
rium to a temperature of 0.15 K.

In the following we will give a short description of our
experimental setup and the theory of magnetic field-
induced mixing of ortho- and paraexcitons. We will present
our experimental results as function of field strength and
intensity. After presentation of the two-phonon measure-
ments we will give an analysis of the data and discuss their
implications on BEC of paraexcitons in Cu2O.

For our measurements we used a single frequency dye
laser (Coherent 899-29) with a bandwidth of about 5 neV
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[4,13]. A 10 Tesla magneto-optical cryostat allowing mea-
surements in Faraday and Voigt configuration was used.
Pumping on the variable temperature inset we achieved
temperatures down to 1.2 K. For the two-phonon excitation
spectroscopy we used the quadrupole emission of the para-
exciton (outgoing resonance) to monitor the two-phonon
(optical and longitudinal acoustical phonon) excitation
processes as function of laser energy. The main advantage
of this method lies in the fact that the accuracy of the
energy reading of the phonon resonances depends only
on the photon energy of the laser which is directly mea-
sured by a wave meter (High Finesse WS-U 30, accuracy
of 100 neV). Measurements in forward and backward
configuration lead to the same results. Strain-free prepara-
tion and mounting of the samples is of great importance
to avoid inhomogeneities and thus to obtain narrow
resonances.

As shown in detail in Ref. [14], the orthoexciton splits in
a magnetic field into three components with quantum
numbers M � 0 and M � �1. The paraexciton of ��2
symmetry mixes with the M � 0 component of the or-
thoexciton [15,16], thus gaining quadrupole oscillator
strength. For the field-induced mixing coefficient aO and
the repulsion �E of the M � 0 orthoexciton and the para-
exciton we get

 aO �
�BB��������������������������

��BB�
2 � �2

p �
�BB
�

and �E �
��BB�2

�
(1)

with the parameters � � 12:12 meV and �B �
92:5 �eV=T [14]. The paraexciton oscillator strength fP
is related to the orthoexciton oscillator strength fO by:

 fP�B� �
�
�BB
�

�
2
fO � 5:8� 10�5fOB

2: (2)

For 10 T the oscillator strength of the paraexciton is only
0.006 of the oscillator strength of the orthoexciton (B k
k k 	110
 and polarization e k 	001
).

In Fig. 1 we present an absorption measurement of a
250 �m sample in a field of B � 10 T at a temperature of
1.2 K with a laser intensity of less than 0:5 W=cm2. The
spectrum was taken in Faraday configuration (B k k k
	110
). According to the quadrupole selection rules the
transition is allowed for a laser polarization e k 	001
.
The laser was scanned across the crystal for selection of
highest absorption (80 cm�1). Under these conditions the
smallest linewidth was about 80 neV. There is an almost
perfect fit to a Lorentzian (solid line) suggesting only a
small inhomogeneous broadening. The magnetic field de-
pendence of the absorption coefficient up to 10 T is shown
in the right inset. The dashed line is a fit of the low field
data to a B2 dependence. For each field setting the laser
spot on the sample had to be readjusted for maximum
absorption because of slight movements of the sample.
The deviations at high field strength from the predicted
B2 dependence [Eq. (2)] are probably caused by a reduced

scattering rate at high field strength due to a low population
of LA phonons. In the left inset we show the shift �E of the
paraexciton resonance as function of B field. The solid line
shows the dependence expected from Eq. (1) with the
parameters cited.

In Fig. 2 we present our two-phonon excitation spectrum
taken in Faraday configuration (B k k k 	110
) in a mag-
netic field of 10 T at T � 1:2 K. The signal (quadrupole
emission of paraexciton) is measured as function of laser
energy EL � EP � ELO � E, where EP and ELO are the
paraexciton and ��5 optical phonon energy values, respec-
tively. Thus the laser energy EL is at least by one LO-
phonon energy ELO above the paraexciton resonance EP.
For 0<E< E1 excitons are excited via a ��5 phonon
emission and are monitored after relaxation by quadrupole
emission of the paraexciton. As shown in the inset, at E �
E1 the emission of an additional longitudinal acoustic
phonon sets in which prevails up to E � E2 and thus leads
to the enhanced quadrupole emission. For the fit of the
background we assume a square-root dependence as ex-
pected from the phonon-assisted absorption [17].

The resonance at E � 0 is broadened because of the
finite lifetime of the phonon. It is fitted by a Lorentzian
(FWHM 4:5 �eV). From the reading of the high precision
wave meter of the paraexciton resonance EP and the laser
reading at the phonon-assisted resonance (EP � ELO), we
get a very accurate value for the phonon energy ELO �
�10:58� 0:01� meV. For the analysis of the kinematics it
is advantageous to shift the axes origin to the resonance on
the exciton parabola (nk0, E0) and then derive expressions

FIG. 1 (color online). Absorption coefficient ��E� of para-
exciton resonance in a magnetic field of 10 T at a temperature
of 1.2 K; B k k (Faraday configuration) with k k 	110
 and
polarization e k 	001
; full dots, experimental results; solid
line, fit to a Lorentzian with full width half maximum
(FWHM) 80 neV, resonance energy EP � 2:020 598 eV. Right
inset: B-field dependence of absorption coefficient ��B� of the
paraexciton; dashed line, expected B2 dependence. Left inset:
B-field dependence of energy shift �E; full dots, experimental
results; solid line, fit to Eq. (1).

PRL 99, 217403 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
23 NOVEMBER 2007

217403-2



for MP, n, and E0 with the known slope vLA of the phonon
dispersion as function of E1 and E2:

 MP �
1

4m0c2

�
c
vLA

�
2
�E2 � E1�;

n �
1

4EP

�
c
vLA

�
�E2 � E1�; E0 �

1

8

�E2 � E1�
2

�E2 � E1�
:

(3)

From the fit of the rise and fall of the LA-phonon plateau in
Fig. 2, we obtain E1 � �453� 3� �eV and E2 � �820�
3� �eV. For the velocity of sound we used vLA � 4:63�
103 ms�1. This value is calculated from the room tem-
perature measurements (vLA � 4:56� 103 ms�1 from
Ref. [18]) by taking into account the temperature depen-
dence of the elastic constants [19]. From Eq. (3) we derive
the following values: MP � 2:61� 0:04, n � 2:94�
0:05, and E0 � �13:2� 0:2� �eV. The errors are calcu-
lated with the above errors of E1, E2 and a 1% error of vLA.
It should be noted that our method allows to determine E0

and thus n2=MP solely from E1 and E2. With an indepen-
dent measurement of n one can thus determine MP without
knowledge of vLA and therefore even measure vLA.

For the resonance absorption we observe with increasing
excitation intensity an increase of the linewidth and in
addition a blueshift of the absorption peak. The observa-
tion of a blueshift is especially important as it clearly
indicates a repulsive exciton-exciton interaction potential.
Assuming that the exciton-exciton scattering contributes
additively to the exciton damping, we plot in Fig. 3 the
difference of linewidth @�� at intensity I and lowest

intensity. A fit by a simple power law yields �� / I0:6

(solid line). Assuming merely collision-induced broaden-
ing [5,20] as a mechanism for the increase of linewidth, we
expect a linear dependence of �� on the exciton density
nex

 �� � nex� �v; (4)

where �v is the average exciton velocity and � the colli-
sional cross section. The observed power dependence im-
plies that the density increases only sublinear with
excitation intensity, which is well known from many ex-
periments on orthexcitons [8] and explained by a bimolec-
ular decay mechanism. The linewidth increases with laser
intensity and thus the absorption coefficient � decreases.
For an intensity I � 1 kW=cm2 � drops to 15 cm�1. If one
assumes that each photon missing in the detection channel
leads to a paraexciton with lifetime �, one can estimate the
paraexciton density nex [21]:

 nex �
I��
@!

; (5)

where @! is the energy of the incoming light.
The lifetime of the excitons under these excitation con-

ditions is � � 150 ns. With these parameters we obtain a
density nex � 7� 1015 cm�3, which for an ideal Bose gas
corresponds to a critical temperature of 0.4 K, a tempera-
ture which might be accessible by a 3He cryostat. The cross
section for elastic scattering of excitons� � 8�a2

s , with as
denoting the scattering length, has been calculated recently
by a quantum Monte Carlo technique [22] for mass ratio of
1 (which almost applies to Cu2O). Their calculation yields
as � 1:51aB (aB denoting the exciton Bohr radius) for
antisymmetric scattering. Because of the spin alignment
of the exciton states at high magnetic fields, the repul-
sive interaction does not contradict the recently proposed
existence of a biexciton [8]. With aB � 0:8 nm [23] and
the above estimate for the density, the broadening at

FIG. 3 (color online). Intensity induced line broadening @��
as a function of excitation intensity I; solid line, @�� / I0:6.
Inset: intensity induced blueshift �Eb as function of line broad-
ening; full dots, experimental results; solid line, �Eb / @��0:6.

FIG. 2 (color online). Two-phonon excitation spectrum at
1.2 K monitored as quadrupole emission of paraexciton at EP �
2:020 598 eV. E � 0 corresponds to a laser energy EL � EP �
ELO � 2:031 178 eV. Full dots, experimental points; solid line is
a fit to a Lorentzian (FWHM � 4:5 �eV) for the LO-phonon
resonant process, a square-root dependent background and a
plateau for the region of LO- and LA-phonon processes. Inset:
schematics of the LO- and LA-phonon scattering. Zero energy
corresponds to the energy at wave number nk0, which is shifted
from the minimum of the exciton parabola (k � 0) by the kinetic
energy E0.
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T � 1:2 K is 0:3 �eV. This number has the right order of
magnitude but it can only be taken as an estimate, since the
effect of electron-hole exchange interaction was neglected
in Ref. [22]. However, exchange interaction is known to
influence strongly the exciton-exciton interaction potential
[24].

As the shift of the exciton line results from the same
physical mechanism of exciton-exciton interaction, we plot
the dependence of the blueshift �Eb on the line broadening
as an inset in Fig. 3, which is a presentation independent of
the exciton density. In contrast to the simple linear depen-
dence expected from a hard core interaction [25], we again
observe a sublinear dependence showing that a more rig-
orous analysis is needed that includes exciton diffusion and
two-body decay. There is, however, a difficulty to get
reliable values for the exciton density. As was recently
discussed in Ref. [23], Lyman spectroscopy is a promising
method to determine absolute densities of para- and
orthoexcitons.

The results of high resolution spectroscopy of the para-
exciton absorption are very promising for further experi-
ments on excitation of high densities of ultracold
paraexcitons towards BEC. Despite the fact that the oscil-
lator strength of the paraexciton in a magnetic field of 10 T
is only 0.006 of the oscillator strength of the quadrupole
allowed orthoexciton, we achieved in carefully prepared
and strain-free mounted samples an absorption coefficient
up to 80 cm�1 and a linewidth of 80 neV. With our new
method of two-phonon excitation spectroscopy we get
reliable values of the paraexciton mass, which solves a
long lasting discussion [10]. The importance of central cell
corrections as discussed in Ref. [26] is thus confirmed. The
higher background refractive index of 2.94 as compared to
2.55 [4,9,13] will lead to detailed corrections of the polar-
iton dispersion and the anisotropic orthoexciton mass val-
ues [4,27]. The main advantage of our method lies in the
fact that it provides reliable values of the exciton mass by a
merely kinematical analysis, the accuracy of which is
determined by the accuracy of the laser energy and the
sound velocity. Line broadening and a blueshift at higher
excitation intensity are caused by a repulsive exciton-
exciton interaction, which is a prerequisite for a stable
BEC.
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[4] G. Dasbach, D. Fröhlich, H. Stolz, R. Klieber, D. Suter,

and M. Bayer, Phys. Rev. Lett. 91, 107401 (2003); Phys.
Rev. B 70, 045206 (2004).

[5] J. P. Wolfe, J. L. Lin, and D. W. Snoke, Bose-Einstein
Condensation, edited by A. Griffin, D. W. Snoke, and
S. Stringari (Cambridge University Press, Cambridge,
England, 1995).

[6] T. Goto, M. Y. Shen, S. Koyama, and T. Yokouchi, Phys.
Rev. B 55, 7609 (1997).

[7] M. Y. Shen, T. Yokouchi, S. Koyama, and T. Goto, Phys.
Rev. B 56, 13 066 (1997).

[8] J. I. Jang and J. P. Wolfe, Phys. Rev. B 74, 045211
(2006).
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