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We investigated temperature dependence of wavelength modulated (WM) absorption
spectra for studying stress eﬀects on a Cu2 O thin ﬁlm. In these spectra, 2P∼4P spectral
structures can be clearly detected in both yellow and green excitons even at 180 K. From
temperature dependences of these resonance energy, one can ﬁnd that, because of a diﬀerence
in the thermal variation of the lattice constant between Cu2 O and MgO, the band gap
energies of these excitons systems in the thin ﬁlm vary in diﬀerent behaviors from those
in Cu2 O bulk crystals. By comparing our experimental results and Trebin’s model, it is
understood that this diﬀerence is caused by a symmetrical diﬀerence of the valence bands
+
between the yellow (Γ+
7 ) and green (Γ8 ) exciton systems in Cu2 O.

§1.

Introduction

Para-excitons in Cu2 O have attracted much interest because 1S para-excitons
have great feasibility to realize excitonic Bose-Einstein condensation (BEC) in high
density regime.1) Recently, K. Yoshioka et al.2) have revealed that the formation of
a shallow potential is the necessity for the attainment of the excitonic BEC in Cu 2 O
in order to suppress inelastic scatterings among high density excitons. 2) Uniaxial
stresses on Cu2 O crystals are useful to trap the para-excitons, because a certain
uniaxial stress shifts their resonance energies to lower energy side in the 1S yellow
excitonic series.3)
In our study, we employ Cu2 O thin ﬁlms sandwiched by MgO plates in order
to investigate the uniaxial stress eﬀects on Cu2 O. In such ﬁlms, a lattice mismatch
between Cu2 O and MgO is expected to cause compressive stresses to Cu2 O thin
ﬁlms near hetero-interfaces. On the other hand, it is well known that the yellow
exciton state consists of a valence band with a symmetry Γ+
7 diﬀerent from that of
+
the green exciton state (Γ8 ). Therefore, the compressive stresses in the Cu2 O thin
+
ﬁlms are expected to have diﬀerent eﬀects on these valence bands (Γ+
7 and Γ8 ). In
our paper, we study temperature dependences of band gap energies in the yellow
and green excitons of Cu2 O thin ﬁlms and focus on the energy shift of their band
gap energies in the Cu2 O thin ﬁlms from bulk crystals for clarifying the compressive
stress eﬀects in the Cu2 O thin ﬁlms.
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§2.

Experimental

Fig. 1. A photograph of a Cu2 O thin ﬁlm sandwiched by MgO plates. The dimensions of the
sample are 5 × 10 × 1 mm3 . The thickness of the Cu2 O thin ﬁlm is 1.3 ∼ 4.3 μm.5)

Figure 1 shows a photograph of a Cu2 O thin ﬁlm sandwiched by MgO plates. The
thin ﬁlm was fabricated in a small gap between paired MgO plates by melting and
re-crystallization from Cu2 O powder.4) By heating to higher temperature than the
melting point of Cu2 O (1508 K), which is lower than that of MgO, the Cu2 O powder
melts and percolates into the small gap by capillary force. The lattice constants of
Cu2 O and MgO are 4.2696 and 4.2126 Å at room temperature, respectively. Since
a lattice mismatch of Cu2 O and MgO is small (+1.34 %), the Cu2 O thin ﬁlm is
re-crystallized epitaxially on the MgO (100) surface.4) By comparing an absorption
intensity of the thin ﬁlm and an absorption coeﬃcient of the Cu2 O bulk crystal at
7.5 K,5) the thickness of the Cu2 O thin ﬁlm (Fig. 1) is estimated to be 1.3∼4.3 μm.
As far as we use an ordinary absorption measuring system, it is diﬃcult to
analyze spectral structures of the excitonic resonances because of their much weak
absorption intensities. We utilized a wavelength modulation (WM) system for highly
sensitive absorption spectroscopy in order to observe ﬁne structures of the excitonic
resonances. Figure 2 shows a schematic diagram of our WM absorption system. In
this system,6) an output mirror in a monochromator was yawed slightly for the WM
by a resonating vibration unit (WM unit) in Fig. 2.
As shown in Fig. 2, the reference light intensity I0 (λ) passing through the
monochromator was recorded by a picoammeter. By yawing of the output mirror
with a WM frequency f , the light intensity I(λ, t) transmitted through the sample
is expressed by Eqn. (2.1).
I(λ, t) = I0C (λ) − ΔI(λ) sin (2πf t + δ) .

(2.1)

In this equation, I0C (λ) is a transmitted light intensity without WM. On the other
hand, ΔI(λ) was measured as a WM signal by a lock-in ampliﬁer with the frequency
f , and can be written as Eqn. (2.2) under a small amplitude condition (Δλ  λ),
 
dI
ΔI(λ) ≡
Δλ,
(2.2)
dλ
where Δλ is a WM amplitude.
From Eqns. (2.1) and (2.2), one can obtain a wavelength derivative of an absorption coeﬃcient α(λ) as follows:
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Fig. 2. A schematic diagram of a wavelength modulation (WM) system for high sensitively absorption spectroscopy. A light source is a quartz tungsten halogen (QTH) lamp. In our system,
the wavelength modulation is realized by yawing an output mirror in a monochromator. The
transmitted light intensity through a sample is measured by a lock-in ampliﬁer to detect WM
absorption signals.

dα(λ)
1 ΔI(λ)
=
,
dλ
xΔλ I0C (λ)

(2.3)

where x is a sample thickness. In our measurements, the WM amplitude was adjusted
to be 3.2 nm.
§3. Results

3.1. WM absorption spectra
Figures 3-(a) and -(b) show an ordinary and a WM absorption spectrum of
the Cu2 O thin ﬁlm, respectively. In Fig. 3-(a), one can identify 2P and 3P resonance peaks of yellow excitons7) in 2.14∼2.17 eV and those of green excitons8) in
2.25∼2.29 eV. On the other hand, 2P∼4P dispersive spectral structures of the yellow and green excitons can be clearly conﬁrmed in these WM absorption spectra
depicted in Fig. 3-(b).
As described in Sec. 2, a lattice mismatch arises in the Cu2 O thin ﬁlm owing
to a diﬀerence of lattice constants between MgO (aMgO ) and Cu2 O (aCu2 O ). In
addition, due to a diﬀerence of thermal variations between aMgO 9) and aCu2 O 10) , the
lattice mismatch becomes obvious with cooling down. Therefore, we investigated
temperature dependence of the WM absorption spectrum in the Cu2 O thin ﬁlm to
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Fig. 3. An ordinary (a) and a WM (b) absorption spectrum of the Cu 2 O thin ﬁlm, respectively.
The ordinate is for optical density (a) and a WM signal intensity ΔI/I 0C (b), respectively.

clarify the compressive stress eﬀects on the yellow and green excitons.
Figures 4-(a) and (b) indicate thermal variations of WM absorption spectra in
the yellow and green excitons of the Cu2 O thin ﬁlm, respectively, in which the ordinates are WM signal intensities ΔI/I0 and the ordinates above 120 K are magniﬁed
to 2.5 times compared to those below 90 K. In Fig. 4, it is found that the 2P∼4P
yellow- and green-excitonic resonance structures shift to low energy side with elevating temperature.
3.2. Temperature dependences of band gap energies
In order to investigate the compressive stress eﬀects in the Cu2 O thin ﬁlm, we
need to evaluate the band gap energy Eg of the yellow and green excitons from Fig. 4.
Down arrows in Fig. 4 indicate the central energies between the maximum and the
minimum of dispersive spectral structures by 2P∼4P excitonic resonances. In Cu2 O,
the excitonic resonance energy En (T ) with a quantum number n can be written by
Ry∗
,
(3.1)
n2
where Eg (T ) and R∗y are the band gap energy and the eﬀective Rydberg constant,
respectively. From the 2P∼4P excitonic resonance energies (Fig. 4), we obtained the
band gap energies in the yellow and green excitons of the Cu2 O thin ﬁlm by using
Eqn. (3.1). Open circles in Fig. 5-(a) and -(b) show temperature dependences of
the band gap energies in the green and yellow excitons, respectively. On the other
En (T ) = Eg (T ) −
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Fig. 4. Thermal variations (T = 7 ∼ 180 K) of WM absorption spectra in the yellow (a) and green
(b) excitons of the Cu2 O thin ﬁlm sandwiched by MgO plates.

hand, the thermal variations of the band gap energies have been clariﬁed well in the
Cu2 O bulk crystal. According to a previous work,11) the band gap energies for the
(Y)
(G)
yellow (Eg ) and the green (Eg ) excitons can be expressed by Eqns. (3.2) and
(3.3), respectively.


ω
(Y)
Eg (T ) = 2.1984 − 0.0257 coth
eV,
(3.2)
2kB T


ω
(G)
eV.
(3.3)
Eg (T ) = 2.3304 − 0.0281 coth
2kB T
(Y)

(G)

In Figs. 5-(a) and (b), broken lines denote the Eg (T ) and Eg (T ) as functions
of temperature. In Eqns. (3.2) and (3.3), ω is the energy of Γ−
12 optical phonon
(13.6 meV).
One can ﬁnd that the open circles deviate obviously in Fig. 5-(a) and slightly
in Fig. 5-(b) from the respective broken lines. Figure 5-(c) shows temperature dependences of the energy shifts of the band gap energies in the thin ﬁlm from the
Eqns. (3.2) and (3.3) in the bulk crystal. At low temperatures, it is found that the
red-shift of the green exciton is much larger than that of the yellow exciton in the
Cu2 O thin ﬁlm in Fig. 5-(c).
§4. Discussion

In Cu2 O, the yellow and green exciton systems consist of diﬀerent valence bands
+ 13)
having diﬀerent symmetries (Γ+
In this section, we take it into account
7 and Γ8 ).
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Fig. 5. (a), (b) Temperature dependences of band gap energies in the green (a) and yellow (b)
exciton systems. In both ﬁgures, open circles and broken lines denote temperature dependences
of band gap energies in the thin ﬁlm and the bulk crystal, respectively. (c) Temperature dependences of the energy shifts of the yellow and green excitons in the Cu2 O thin ﬁlm.

for understanding the diﬀerent behaviors of the red-shifts (Fig. 5-(c)) between the
yellow and green exciton systems and discuss a diﬀerence of compressive stress eﬀects
on their exciton systems in the Cu2 O thin ﬁlm.
4.1. Symmetries of the conduction and valence bands
Figure 6-(a) shows symmetries of the conduction and valence bands in the Cu 2 O
crystal. The conduction band consists of a hybrid orbit of 4s in Copper atoms and
3s in Oxygen atoms, which has a Γ+
1 symmetry. On the other hand, although the
valence band is based on a 3d orbit in Copper atoms, owing to a crystal ﬁeld of
a Oh symmetry in the Cu2 O crystal, the valence band splits into twofold Γ+
3 (Eg )
+
and threefold Γ+
(T
)
bands,
in
which
the
Γ
band
is
located
at
a
higher
energy
2g
5
5
side than the Γ+
band.
The
conduction
and
valence
bands
for
the
yellow
and
green
3
+
exciton systems are constructed in consideration of spin-orbit interactions (Γ 6 ) on
+
12) As a consequence, the conduction
the Γ+
1 (conduction) and Γ5 (valence) bands.
+
+
band has a Γ6 symmetry and the Γ5 valence band splits into two bands Γ+
7 and
+
Γ8 as shown in Fig. 6-(a), where the splitting energy is about 0.13 eV and the
+
degeneracies of the higher lying Γ+
7 and the lower lying Γ8 valence bands are twofold
and fourfold, respectively. Therefore, the yellow and green excitons consist of the
+
8)
valence band having the diﬀerent symmetries Γ+
7 and Γ8 , respectively. Figure 6-(b)
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Fig. 6. (a) A schematic diagram of symmetries of the conduction and valence bands in the Cu 2 O
crystal. (b) A band structure of the Cu2 O crystal in the vicinity of Γ point.

shows the band structure in the vicinity of the Γ point (k=0) in the Cu2 O crystal. A
wavefunction of an excitonic state is written by the product of an envelope function,
which describes electron-hole relative motion and a hole in the exciton state and
both Bloch wavefunctions of the electron (conduction band) and of the hole (valence
band). In the case of the yellow and green excitons in the Cu2 O crystal, their
wavefunctions have diﬀerent symmetries owing to the Bloch wavefunctions of the
+
hole in the diﬀerent valence bands (Γ+
8 and Γ7 ). Therefore, it is expected that the
compressive stress aﬀects the yellow and green excitonic states in a diﬀerent way.
4.2. Uniaxial stress eﬀects of the yellow and green excitons
H.-R. Trebin et al.14) demonstrated that the yellow and green exciton states are
strongly mixed by a uniaxial stress in the Cu2 O crystal and studied energy changes of
the excitonic states. Since we take into account of the mixing between the yellow and
green exciton states according to Trebin’s theory, we begin to consider the Γ+
5 valence
band before spin-orbit splitting (Fig. 6-(a)).14) For studying the unaxial stress eﬀect,
they introduced an eﬀective Hamiltonian Hx as follows:
Hx = H0 + Hex + Hd .

(4.1)

In this equation, H0 is an unperturbed Himiltonian and we use its eigenfunctions
for wavefunctions of the excitonic states. The second and third terms in Eqn. (4.1)
mean an exchange interaction and a perturbation due to the uniaxial stress. For
the Hamiltonian Hx , they employed linear combinations of the basis wavefunctions
as written in Eqn. (4.2)14) for describing the yellow and green exciton states under
uniaxial stress.

Ψx =
fLJF GGz (r) | LJF GGz  ,
(4.2)
where F ≡ L + J, L = r × p, J ≡ I + (1/2)σ h, G ≡ F + (1/2)σ e, I is
the angular momentum matrix and σ h and σ e are the Pauli matrices of holes and
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electrons, respectively. Without the perturbation of Hd , the yellow- and greenexcitonic wavefunctions can be expressed in Eqns. (4.3) and (4.4), respectively. 14)




 11
 31


(4.3)
| yGGz  = f0 1 1 GGz (r) 0 GGz + f2 3 1 GGz (r) 2 GGz ,
22
22
22
22






 33
 33
 13



| gGGz  = f0 3 3 GGz (r) 0 GGz +f2 3 3 GGz (r) 2 GGz +f2 1 3 GGz (r) 2 GGz ,
22
22
22
22
22
22
(4.4)
where fLJF GGz (r) are mixing coeﬃcients of the basis functions |LJF GGz . In the
Trebin’s expression of Eqns. (4.3) and (4.4), the 2S yellow para-exciton state is
described as a mixed state of 98% yellow S-type (L = 0, J = 1/2, F = 1/2) and
2% green D-type (L = 2, J = 3/2, F = 1/2) states. On the other hand, the 1S
green para-exciton state is expressed as a mixed state of 80% green S-type (L = 0,
J = 3/2, F = 3/2), 2% green D-type (L = 2, J = 3/2, F = 3/2) and 18% yellow
D-type (L = 2, J = 1/2, F = 3/2) states. By using these wavefunctions as basis
functions, one can obtain matrix elements of Hx . For instance, the matrix of Hx for
the yellow and green ortho-exciton states | y10  and | g10  (G = 1, Gz = 0) can
be written in Eqns. (4.5) and (4.6) for the basis wavefucntions of the ortho-excitons
(G = 1, Gz = 0) in the yellow |y10 and green |g10 exciton systems.


√
√
2 2
2
E(y)
+
hX
−
J
J
−
e
2X
y
3
√
√ 3
,
(4.5)
2 2
J
−
e
2X
E(g)
+
hX + dX − 43 Jg
3
J ≡−

c
(0)f0 3 3 GGz (0),
f 11
2 2
4π 0 2 2 GGz

Jg ≡ −

c 2
(0),
f 33
4π 0 2 2 GGz

c≡

C
,
Ra3

Jy ≡ −
C=

c 2
(0),
f 11
4π 0 2 2 GGz

 Γ+ | eiK·r | Γ+ 
1
5
.
K2

(4.6)

K=0

where E(y) and E(g) indicate the eigenvalues of the H0 for the basis wavefunctions
of the yellow- and green-exciton states and h, e and d are parameters characterizing
the uniaxial strain X, respectively.
+
As summarized in Sec. 4.1, the valence bands Γ+
7 and Γ8 degenerate in twofold
and fourfold, respectively. On the other hand, the conduction band having a Γ +
6
symmetry also degenerates in twofold as shown in Fig. 6-(a). On the basis of the
electron and hole states in these bands, ﬁve kinds of excitonic states are constructed
through exchange interactions among them. As a result, threefold Γ +
5 ortho-exciton
and a single Γ+
para-exciton
states
are
formed
in
the
yellow
exciton
system
from the
2
+
Γ+
conduction
(twofold)
and
the
Γ
valence
(twofold)
bands.
On
the
other
hand, in
6
7
+
+
the green exciton system, threefold Γ4 excitons and twofold Γ3 excitons as well as
+
threefold Γ+
5 ortho-exciton states are formed from the same conduction (Γ 6 : twofold)
+
and the Γ8 valence (fourfold) bands. Now, it should be noted that the ortho-exciton
states in both excitonic systems degenerate in threefold without uniaxial stress.
By using these formalism, H.-R. Trebin et al. studied a uniaxial stress eﬀect
along [100] direction in the Cu2 O crystal and demonstrated that the threefold orthoexciton states split into a twofold Πg state and a single Σ−
g state due to the uniaxial
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stress. They have given expressions of splitting energies ΔE (Y,G) (= E (Y,G) (Πg ) −
−
E (Y,G) (Σ−
g )) between the Πg and Σg states in both excitonic systems (Y: yellow,
G: green) as functions of the uniaxial strain X. Equations (4.7) and (4.8) represent
their results for the yellow and green ortho-exciton states, respectively.
ΔE (Y) = −

4Je
X
Δ

(< 0),

(4.7)

4Je
3
9
3e2  2
X − dX −
(4.8)
Δ X + d2 X 2 (> 0).

Δ
2
2
16
In the case of the compressive stress (X< 0) along [100] direction in the Cu2 O crystal,
they indicated that the parameters J, Δ (≡ E(g) − E(y)), e and d have the values
of J < 0, Δ > 0, e > 0 and d > 0, respectively.14) In Eqn. (4.7), the ΔE (Y) of
the yellow ortho-exciton is written only by the product of the exchange interaction
strength J and the uniaxial strain X. On the other hand, the ΔE (G) has a diﬀerent
dependence on the strain X as seen in Eqn. (4.8), where the third and fourth terms
having X 2 dependence are also included.
ΔE (G) = +

DE

Green
Eqn. (4.8)
-X
Eqn. (4.7)

Yellow
Fig. 7. Stress dependence of the energectic diﬀerence after the subtraction of a singlet from a
doublet in yellow and green excitonic series.

Figure 7 shows synoptic variations of ΔE (Y) (Eqn. (4.7)) and ΔE (G) (Eqn. (4.8))
as functions of the uniaxial strain X. In this ﬁgure, one can ﬁnd that the ΔE (Y)
has negative values and is propotional to X. On the other hand, the ΔE (G) has a
diﬀerent dependence on the uniaxial strain X along [100] direction as seen in Fig. 7.
Their model can well explain the experimental results by R. G. Waters et al. under
the uniaxial stress along [100] direction.13) In addition, H.-R. Trebin et al.14) also
demonstrated that, under another strain along [110] direction, the uniaxial stress
eﬀects are also diﬀerent between the yellow and green exciton systems reﬂecting
their symmetry diﬀerence.
In our sample, the Cu2 O thin ﬁlm is sandwiched by paired MgO plates with [100]
surface. The lattice constant of the Cu2 O crystal is slightly larger than that of the
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MgO plates as mentioned in Sec. 2. In consequence, it is expected that the Cu 2 O thin
ﬁlm undergoes two-dimensional compressive strain along perpendicular directions
to the [100] direction on the interface with the MgO plates. In the Cu 2 O thin
ﬁlm, we demonstrated that the thermal variation of the energy shifts depending on
temperature have diﬀerent behaviors between the yellow and green exciton systems
as shown in Fig. 5. Although more precise analyses are required for a quantitative
modeling for explanation of these experimental results, it is considered that such
diﬀerent behaviors come from the symmetry diﬀerence between the yellow and green
exciton systems in a similar way with the Trebin’s model.
§5.

Summary

In order to investigate the formation of an exciton-trapping potential in Cu 2 O
thin ﬁlms sandwiched by MgO plates, we examined temperature dependences of the
band gap energies of the yellow and green exciton systems in the Cu 2 O thin ﬁlm by
measuring thermal variations of the WM absorption spectra. In the WM absorption
spectra, we can detect the 2P∼4P resonance structures of the yellow and green
exciton systems in wide temperature range from 7 K to 180 K. From these results,
it is found that, because of a diﬀerence between the thermal variations of the lattice
constants in Cu2 O and MgO, the band gap energies of these exciton systems in the
thin ﬁlm vary in diﬀerent behaviors from those in the bulk crystal. In addition,
a diﬀerence of the exciton-traping potential depth between the yellow and green
excitons is also clariﬁed. At low temperature limit, the red shift of the band gap
energy from that of the bulk crystal in the green exciton system is much larger than
that in the yellow exciton system. It is qualitatively understood that this diﬀerence
is caused by the symmetry diﬀerence of the valence bands between the yellow (Γ+
7)
+
and green (Γ8 ) exciton systems.
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