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Interchange of the Quantum States of Confined Excitons Caused by Radiative Corrections
in CuCl Films
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The energy states of a particle confined in a narrow space are discrete and lined up in the order of
n=1,273,.... However, if the particle interacts with a radiation field, modification of the energy,
referred to radiative correction, will occur and quantum states are expected to interchange. We
investigated the center-of-mass confinement of excitons in CuCl films by a new method based on
“nondegenerate two-photon excitation scattering.”” The energies of confined excitons in a 19.3 nm thick
film are found to be lined up in the order of n = 1, 3, 5, because the radiative correction is very weak. On
the other hand, in a 35.3 nm thick film, in which the radiative correction becomes large, the energies of
quantum states are ordered n = 2, 3,4, 1,5,7. This interchange is confirmed by comparing the cal-
culated scattering spectra, in which radiative correction is taken into account, with the measured ones.
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Quantum confinement effects have been studied exten-
sively over the past few decades. When a particle is
confined in a narrow space, its wave function will be
modified and its energy becomes discrete. This behavior
has been reported in quantum wells [1], wires [2], and
dots [3] of semiconductors. These phenomena are ex-
plained based on separate confinement of electrons and
holes. In other words, the electrons and holes are quan-
tized, respectively, in different subbands, and excitons
are formed between quantized electron and hole levels. In
this case, the excitonic and intersubband transitions are
allowed only for the same quantum numbers (n, = ny,) of
the electron (n,) and the hole (n;,). These quantized states
are in the order of n = 1,2, 3,... from lower to higher
energies. This concept holds when the exciton Bohr radius
is larger than the size of the quantum structure. On the
other hand, when the exciton Bohr radius is smaller than
the size of the quantum structure, the center-of-mass
quantization of excitons will take place. CuCl Z5-1s ex-
citons have a small Bohr radius ( ~ 0.7 nm) and are a
good candidate for studying center-of-mass confinement.
Tang et al. [4] observed confined exciton states in CuCl
thin films (thickness = 15.7 nm), and analyzed the ab-
sorption spectra of excitons based on a long-wavelength
approximation (LWA). They concluded that the confined
exciton states of odd quantum numbers n = 1,3,5,...
with specific wave number k = nw/a are one-photon
allowed. Here a is the film thickness.

Because of their polarization characteristics, excitons
are modified due to the radiative corrections originated
from their interaction with a radiative field. In a bulk
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crystal, these corrections cause formation of polaritons.
Here, the radiative correction itself is a typical concept
known, for example, as Lamb shift in atomic systems.
However, differing to the atomic systems, radiative cor-
rection in excitonic systems is very large [5]. Moreover, as
the sample thickness is increased, the energy shift caused
by the radiative correction will become larger than the
energy separation between neighboring quantum states,
and the sign of the shift changes at a critical thickness
when the LWA is not satisfied. Therefore, phenomena such
as double resonances and interchanges of quantum states
[6] are expected. Experimental observation of the inter-
change, however, have not been reported yet.
Conventional one-photon transmittance spectroscopy
is suitable for investigating confined exciton states only
when the film thickness is small. In the center-of-mass
confinement regime and when the film thickness is small
(15.7 nm), absorption due to quantized excitons is known
to lead to dips in transmittance spectra [4]. However, in
the larger thickness sample (48 nm), there is no simple
correlation between the structures appearing in transmit-
tance and the quantum states [7]. The transmission struc-
ture was interpreted as the effect of either interference
between the upper-branch polariton (UBP) and the lower-
branch polariton (LBP) using Pekar’s ABC theory [7,8]
or, more specifically, interference between the incident
field caused by the background part of polarization and
the radiation field caused by induced polarization using
ABC-free theory [7,9]. Because of such interference ef-
fects, it is difficult to obtain accurate information on ex-
citon states and to observe interchange from one-photon
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transmittance spectra. The following discussion is based
on the ABC-free theory.

It is thus necessary to separate the real absorption due
to excitons and the interference from each other in order
to characterize accurately the properties of quantized
excitons. Two-photon spectroscopy is a useful method
of studying confined excitons because the incident photon
energy is far away from that of the exciton. In this case,
the interference effects can be avoided. In this Letter, we
developed a new technique, ‘“‘nondegenerate two-photon
excitation scattering,” by which the scattering intensity
of the sum frequency from the excitons excited by two
lasers with different wavelengths was investigated. By
using this method, we were able to observe the inter-
change of quantum states of confined excitons in CuCl
films.

CuCl films with (111) orientations were grown on MgO
(001) substrates by molecular beam epitaxy [10]. The
thickness of the CuCl films were estimated from the
growth rate and the measurement using atomic force
microscopy (AFM). Experiments were also performed
using a CuCl single crystal grown by the vapor growth
technique. The sample was simultaneously excited by the
1064 nm line, the fundamental light of an Nd:YAG laser,
and the light of a dye laser excited by the 532 nm line of
the second harmonic of the same Nd:YAG laser. The sum
of the excitation average power on the sample was
4 mW/mm?. The pulse width and repetition rate were
15 ns and 50 Hz, respectively. A dye laser of rhodamine
610 in ethanol was scanned from 600 to 612 nm. If the
sum energy of the photons from the two lasers resonates
with the Z3-1s exciton energy of CuCl, excitons will be
generated. Photons with the same energy will be gener-
ated due to exciton recombination and be scattered from
the sample. The scattered light was dispersed witha 32 cm
single spectrometer and detected using a liquid nitrogen-
cooled CCD. The measurement was performed in a back-
ward scattering configuration. The temperature of the
sample was 10 K. For comparison, transmission spectra
were also measured under normal incidence using a
tungsten lamp. The absorption spectrum was calculated
from the minus logarithm of the transmission.

The scattering spectra of a few CuCl films and the bulk
crystal obtained under nondegenerate two-photon excita-
tion are shown in Fig. 1 along with absorption spectra. In
the bulk crystal, absorption and two-photon scattering
spectra are completely different. Two-photon signals
were observed between the longitudinal exciton (E;)
and UBP, and there is no signal from LBP around the
transverse exciton (E7). Because of the momentum con-
servation law, two-photon transition is always forbidden
for LBP, but allowed for UBP and longitudinal excitons
[11]. Therefore, the two-photon spectrum is different
from the absorption spectrum because the latter is prob-
ing LBP.

Two-photon transition may become allowed even for
LBP when the film thickness is small enough. As shown
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FIG. 1. Two-photon scattering spectra (solid curves) and one-
photon absorption spectra (dotted curves) of bulk, 35.3 nm
thick and 19.3 nm thick CuCl films at 10 K. The energy
positions of E; and E; are transverse and longitudinal excitons.
In the case of a film thickness of 19.3 nm, the two-photon
spectrum is almost the same as the one-photon spectrum, and
transitions associated with quantum states of n = 1, 3,5 were
observed. When the film thickness was increased to 35.5 nm or
more, however, the two-photon spectrum is greatly different
from the one-photon spectrum.

in Fig. 1, the two-photon spectrum of a film with a
thickness of @ = 19.3 nm is very similar to the absorption
spectrum. This is due to the relaxation of a momentum
conservation law in thin films. Because of the spatial
localization, the momentum of the exciton is allowed in
a wider range based on the uncertainty principle. Conse-
quently, transitions for LBP become two-photon allowed.
For this film thickness, we can use LWA to describe the
absorption spectrum [4]. A comparison of the absorption
and two-photon spectra shows that these peaks corre-
spond to the quantum states of confined excitons.

As shown above, two-photon spectra probe different
exciton states in a bulk but the same exciton states in a
thin film compared with one-photon spectra. It is thus
interesting to examine the case of intermediate film
thickness. As shown in Fig. 1 for a film thickness of
35.3 nm, the difference of these two spectra is an inter-
mediate degree. This difference indicates that absorption
spectroscopy cannot accurately probe the quantum states
of confined excitons due to the influence of interference of
the incident light.

Now, we adopt a theoretical approach to interpret the
results. We consider the dependence of the energy on film
thickness after taking into account the radiative correc-
tion. Such dependence of the confined excitons for n = 1
in CuCl films [12] and for n = 1,2 in GaAs quantum
wells [5] has been reported previously. Here, we calculate
the radiative correction up to n = 7 based on the equation

Uy =1 [ e exlity, l; = 5l ds;.

The excitons, described by the wave function of i, (x;) at
the position x;, are considered as oscillators emitting the
radiation with a single frequency. This radiation propa-
gates and creates an electric field inside the film, which
further interacts with itself at the position x; and modifies
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its energy. This modification is generally a complex value
and can be written as U, = R, + il',. The real part R,
represents the energy shift and the imaginary part I',, is
proportional to the reciprocal of the radiative lifetime.
Therefore, the energy levels of confined excitons are writ-
ten as E, = E, — Eo +{1?/[2(m, + m}){(n7)/a* +R,,
where E, is the band gap of CuCl, E, is the Z3-1s exci-
ton binding energy, and m, and m, are effective masses
of electrons and holes, respectively. As shown in Fig. 2,
an interchange of the energies of confined excitons
takes place. For example, because of the positive shift
of the n = 1 state [6], the energy of this state is higher
than that of the n = 2 state when the film thickness is
larger than 15.5 nm. Here, the quantum number is named
the same as that corresponding to the exciton modes
before modification.

The two-photon excitation scattering spectra is calcu-
lated by the probabilities of exciton generation, exciton
recombination, and exciton existence. The last term is
calculated using a Lorentzian function including E, and
I',. In addition, when we compare the calculation with
experimental spectrum, we take into account all possible
interactions among quantum states and the fano effect
[13], which makes the spectrum slightly asymmetric. For
simplicity, we make some assumptions. The wave number
of the light is assumed to be constant in the measured
range. The wave function of excitons is assumed to be a
sine function, because the effect of the dead layer is
negligible [8].

The calculated results are shown in Figs. 3(a)-3(c)
together with that of measured results. The lower part
shows the experimental spectra and the upper part shows
the calculated ones. Figure 3(a) shows that the measured
spectra for a = 19.3 nm correspond well to the calcu-
lated results for a = 16.5 nm. Figure 3(b) shows that the
measured spectra for a = 27.0 nm correspond well to the
calculated results for @ = 26.6 nm, and Fig. 3(c) shows
that the measured spectra for ¢ = 35.3 nm correspond
well to the calculated results for ¢ = 29.1 nm. The mis-
match in film thickness may come from errors in the
measurement of the growth rate.
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FIG. 2. Calculated energy levels of confined excitons after
including radiative corrections. The energy of the quantum
number n =1 is crossing that of n =2 at 15.5 nm due to
radiative corrections.
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The dotted curves in Figs. 3 show the components of
every quantum state. The spectra of a = 19.3 nm were
found to be constructed only from odd states n =
1,3,5,... with no contribution from even states n =
2,4,6,.... This result is similar to that obtained under
LWA [4]. On the other hand, in the case of the film with a
thickness of 35.3 nm, the spectra were found to be con-
structed from not only odd states but also even states. The
phase of even states is inverse to that of odd states, so even
states appear as dips in the strong and broad n = 1 peak.
Moreover, the energies of these states are apparently in
the order of n = 2, 3,4, 1,5, 7. This reordering just comes
from the radiative correction. In the case of a film with an
intermediate thickness of 27.0 nm, the observed quantum
states are ordered as n = 2,3, 1,5,7, which is an inter-
mediate situation.

The calculated spectra agree well with the measured
ones. In this calculation, we used the following parame-
ters: dielectric constant €, = 5.59 [14], refractive index
n=1.97 for 610 nm and n = 1.92 [15] for 1064 nm,
exciton effective mass M = 2.3m, [14], longitudinal
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FIG. 3. (a)—(c) Measured (lower) and calculated (upper) two-
photon scattering spectra of CuCl films with different thick-
nesses. The calculated components of individual quantum
states are shown by dotted curves, and the total calculated
scattering spectra are shown by solid curves. (d) Curves (i) and
(ii) are calculated transmission spectra for a thickness of
29.1 nm using nonradiative damping 0.1 and 0.4 meV, respec-
tively. (iii) The measured transmission spectrum for 35.3 nm.
Even if nonradiative damping is very small, we cannot identify
the position of » = 1 in the transmission spectrum.
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FIG. 4. Energy vs wave number of confined excitons for films
of various thicknesses. The wave number was calculated by
ni/a. In the film thickness a = 16.5 nm, the energy of the
n =1 state is higher than that of n =2, and, in the film
thickness a = 35.0 nm, the energy of n =1 is higher than
that of n = 4. As the film thickness is increased further to a =
120 nm, the n = 2 state pops to higher energy also. In the case
of a =330 nm, n = 1,2, 3,4 states keep higher energies and
become close to UBP.

exciton E; = 3.2079 eV [16] and transverse exciton
Er = 3.2022 eV [16], and nonradiative damping factor
of 0.4 meV. The calculation was broadened by assuming a
Gaussian fluctuation of 5% in film thickness.

Transmittance spectra are calculated using ABC-free
theory [7] and shown in Fig. 3(d) [(i) and (ii) along with
experimental result (iii)]. Avery good agreement between
calculated and measured spectra is obtained when the
nonradiative damping is 0.4 meV. If we consider the
case of very small damping 0.1 meV, the peaks of trans-
mittance spectra appear at the energy positions of the
quantum state n = 2, 3 and dips appear at \those of quan-
tum states n = 5, 6, 7. However, the quantum state n = 1
appears as neither a peak nor a dip. This is because the
broad structure of the n = 1 state is buried in the inter-
ference structures coming from the superimposed field of
the scattered and incident fields. Consequently, we cannot
identify the energy of quantum state n» = 1 from trans-
mittance spectra, even if the sample has very high quality
and the nonradiative damping is very small.

Interchange is easily understood by inquiring into the
dependence of exciton energy on the wave number
(n7/a). The results for a few films are shown in Fig. 4.
In the case of a very thin film (16.5 nm) where the
radiative correction is small, the quantum states are
ordered as n = 2, 1, 3, .... However, in a relatively thick
sample (35.0 nm) where the radiative correction is larger,
the energy of the n = 1 quantum state has a large energy
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shift and becomes higher than that of n = 4. As the film
thickness is increased further to 120 nm, the energy of
the n = 2 state pops to higher energy also. We noted that
the popping occurs when 2a/n is the same order as its
radiation wavelength. Finally, in the case of @ = 330 nm,
n =1 and n = 2 states converge to the energy of longi-
tudinal excitons. Since the interaction length of an ex-
citon and radiation determines the interaction strength,
the popping height is related to film thickness a. In the
infinity limit of the film thickness, these quantum states
pop from O to infinity. This behavior agrees with UBP or
LBP of the bulk polariton.

In summary, we have developed a new technique and
observed purely confined exciton states. We were also able
to observe interchange of exciton quantum states origi-
nating from radiative corrections. Our results shed light
on the physical nature of excitons in the center-of-mass
confinement regime.
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