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Excited-state absorption of excitons confined in spherical quantum dots
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The excited-state photoabsorption spectrum by an electron and a hole confined in spherical quantum dots is
calculated. As the dot size is reduced, the calculated absorption peak shifts to the high-energy side, and splits
into two peaks in the limit of strong confinement. This splitting represents the changeover of the quantum size
effect of the zero-dimensional excitons. Our theoretical result is in agreement with experimental data for the
transient infrared absorption spectra under size-selective excitation observed for CuCl nanocrystals embedded
in NaCl crystals.@S0163-1829~99!07415-9#
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The optical properties of semiconductor quantum d
~QD’s! have attracted much interest in recent years.1 For the
most part, attention has been focused on the dramatic m
fication experienced by the quantum state of the electr
hole ~exciton! system due to the zero-dimensional nature
QD’s. Recent advances in material growth and optical m
surement techniques allow for the observation of optical
sponses of an assembly of QD’s with a very narrow s
distribution dispersion,2 or even of a single QD.3 It is ex-
pected that the concentration of the oscillator strengths
essentially discretized energy levels in QD’s will be utiliz
in the optical device technology.4 From the theoretical side
this poses an interesting problem involving a few-body s
tem, namely that of determining the electronic structure
interacting electron-hole pair confined in nanocrystals.
number of theoretical works have been carried out
this subject from various viewpoints.5–14 Among these, a
model of a spherical QD with an effective-ma
approximation5–9,11,13has been widely used to gain insig
into the essential features of quantum size effects. It is w
established that there are two extreme situations, chara
ized by the ratio of the radiusR of the QD to the effective
Bohr radiusaB* of the exciton; namely, the regime of excito
confinement, in whichR/aB* *4, and the regime of indi-
vidual particle confinement, in whichR/aB* &2.8

CuCl nanocrystals are usually considered as belongin
the exciton confinement regime. Their optical propert
have been studied extensively from various viewpoints.15–18

Most of these studies are, however, concerned with tra
tions between the ground state and excited states, altho
some data on infrared absorption under band-to-b
excitation19 and two-photon excitation spectra20 have also
been reported. Recently, Yamanakaet al.21 performed mea-
surements of the transient infrared absorption spectra
CuCl QD’s embedded in NaCl crystals under the si
selective direct excitation of the lowest excitons. The o
tained spectra exhibit a characteristic dependence on the
size: The peak position of the infrared absorption gradu
shifts toward the high-energy side as the dotsize is redu
and the absorption band becomes broadened for the sm
size observed.
PRB 590163-1829/99/59~15!/9826~4!/$15.00
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The transient absorption spectrum is of special inter
because it contains detailed information on the structure
the excited states that cannot be obtained by studying
spectrum involving only direct absorption from the grou
state. In materials such as CuCl that possess a direct en
gap for allowed transitions, the final state resulting from t
optical absorption by the ground state can be regarded a
electron-hole state with the envelope function ofS-like sym-
metry if the QD is approximately spherical in shape. Tra
sient infrared absorption at low temperature occurs from
lowest S-like state of the confined electron-hole syste
Then, the final state resulting from the absorption sho
haveP symmetry, since the optical process in this case is
intraband transition, implying that the electromagnetic fie
act on the envelope function.

Most theoretical works carried out to this time have be
devoted to the analysis of theS-like excited state of QD’s,
while the wave functions of only a few low-lying excite
states with higher angular momenta have been calculate22

In the present paper, we show results of a theoretical ana
of the excited-state absorption spectra with a systematic
vestigation of the quantum states of the confined electron
hole in the cases in which the envelope function posse
S-like andP-like symmetry.

Consider a spherical QD with radiusR. Within the
effective-mass approximation, the Hamiltonian is simply

H5
pW e

2

2me
1

pW h
2

2mh
2

e2

kurWe2rWhu
, ~1!

whererW i , pW i andmi are the position, the momentum and th
effective-mass of the electron (i 5e) and the hole (i 5h),
and k is the dielectric constant. We assume complete c
finement for the electron and the hole, which requires t
the wave function vanishes aturWeu5R and urWhu5R. Because
of the spherical symmetry of the system, the eigenstates oH
can be completely classified in terms of the total angu
momentumL, its z componentLz , and one additional quan
tum number.23 It is convenient to employ the Hylleraas co
ordinate system24 and divide the six degrees of freedom in
9826 ©1999 The American Physical Society
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PRB 59 9827BRIEF REPORTS
two groups, represented by the ‘‘inner’’ coordinates and
‘‘outer’’ coordinates. The three inner coordinates can be c
sen asr e[urWeu, r h[urWhu, andr eh[urWe2rWhu. The outer coor-
dinates are chosen as the three Euler angles that deter
the plane spanned by the vectorsrWe andrWh at the origin. The
outer coordinates are then separated out, and the Schro¨dinger
equation is reduced to that involving only the inner coor
nates.

Herafter, we adopt the effective Bohr radiusaB*
[k\2/me2 as the unit of length and the effective Rydbe
energyERy* [\2/2maB*

2 as the unit of energy (m is the re-
duced mass!. In theS-like subspace (L50), the wave func-
tion depends only on the inner coordinates, and the effec
Hamiltonian is7

H052
ce

r e
2

]

]r e
S r e

2 ]

]r e
D2

ch

r h
2

]

]r h
S r h

2 ]

]r h
D

2S ce

r e
2 1

ch

r h
2D 1

sinu

]

]uS sinu
]

]u D2
2

r eh
, ~2!

whereu is the angle betweenrWe and rWh defined byr eh
2 5r e

2

1r h
222r er h cosu, andce andch are defined in terms of the

effective mass ratios[mh /me as ce[s/(11s) and ch
[1/(11s). For the subspace ofP symmetry, we extend the
formalism developed by Breit25 for the excited states of He
atoms to the electron-hole system. The subspace
P-symmetry (L51) itself is further divided into two sub
spaces according to parity. These subspaces are denoteP1

and P2. From the lowestS1 state, only transitions to the
subspaceP2 are optically allowed. The states belonging
P1 are optically inactive in one-photon transitions both fro
the ground state and from the lowest excitedS state. The
details of the energy scheme for each subspace will be
sented elsewhere. In the remainder of the paper, we con
trate on theP2 subspace.

Without loss of generality, we assume that the elec
field of the infrared radiation isz polarized, and we restric
ourselves to states withL51 andLz50 of odd parity. The
wave function in this subspace is written25

c~rWe ,rWh!5 f 1~r e ,r h ,r eh!cosu81 f 2~r e ,r h ,r eh!sinu8cosf,
~3!

whereu8 is the polar angle of the electron andf is the angle
between the plane spanned by thez axis andrWe and that
spanned byrWe and rWh . Essentially the same wave functio
has been used in Ref. 22. The Euler anglesu8, f andf8 ~the
azimuthal angle of the electron! can be removed from the
Schrödinger equation, and we obtain a set of simultane
equations,

(
j 51

2

Hi j f j~r e ,r h ,r eh!5E fi~r e ,r h ,r eh!, ~ i 51,2!, ~4!

for the eigenvalueE. Here, the effective HamiltoniansHi j
are given by

H115H01
2ce

r e
2 , ~5!
e
-

ine

-

e

of

e-
n-

c

s

H225H01
1

sin2uS ce

r e
2 1

ch

r h
2D , ~6!

H125
2ce

r e
2 S cotu1

]

]u D , ~7!

H2152
2ce

r e
2

]

]u
. ~8!

Equation~4! can be solved numerically by transforming
into an eigenvalue problem for the Hamiltonian matrix
expandingf i(r e ,r h ,r eh) in a series composed of a comple
set of orthonormal basis functions satisfying the bound
conditions. In the actual calculation, it is crucial to ado
basis functions which incorporate the electron-hole corre
tion from the beginning. We use the orthogonalized line
combination of the correlated basis set,8 wm(r e /
R)wn(r h /R)r eh

l exp(2areh), (l50,1,2,•••; m, n51,2,3,•••),
wherewm is the 2mth order polynomial defined by the Leg
endre polynomials,wm(x)5P2m21(x)(12x2)/x, anda is a
variational parameter, which is adjusted to minimize the lo
est eigen-energy.

The solid lines in Fig. 1 represent calculated energy lev
for the confined electron-hole system withP2 symmetry
with s53 as a function of the normalized radius of the Q
In the calculation, 250 basis functions were used and o
the lowest 24 levels are plotted here. The lowest energy s
with Ssymmetry, which is the initial state of the transition,
represented by the dashed line. We note that, in the we
confinement regionR/aB* *4, the energy scheme reflects th
separation of the motional degrees of freedom into
center-of-mass motion of the exciton and the relative mot
of the electron and hole. The exciton Rydberg states w
principal quantum numbers 1, 2, and 3 are clearly observ

FIG. 1. Calculated energy levels of an electron-hole pair in
spherical quantum dot withP2 symmetry~solid lines!. Only the
lowest 24 states are plotted for the mass ratios53. The lowest
energy level withS1 symmetry is represented by the dashed lin
The energy levels for low-lying states in the strong confinem
region are shown in the inset.
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The lower energy states correspond to the exciton 1s state
with thenP center-of-mass motional state (n51,2,3, . . . ) of
the confinement. We denote these states as (1s,nP). Higher
energy states are denoted as (2p,nS), (2p,nD), (2s,nP),
and so on. Of course, this separation is not complete s
the relative motion and the center-of-mass motion
coupled through the boundary conditions at the spherical
face. However, the magnitudes of level repulsions betw
states with different principal quantum numbers, (1s,nP)
and (2p,n8S) for example, at the avoided crossings are qu
small ~typically of order of 0.03ERy* for R/aB* .10). Thus,
the picture of the ‘‘confinement of the exciton’’ works fairl
well in the weak-confinement region. As we enter the reg
of strong confinementR/aB* &2, the notion of the exciton a
a quasiparticle loses its meaning, and here the eigensta
should be labeled by the quantum numbers of the indivi
ally confined electron and hole as (npe ,n8sh), (nse ,n8ph),
(npe ,n8dh)(n,n851,2,3, . . . ). The level scheme and the
transient absorption spectrum depend strongly on the m
ratio s in this region.

Figure 2 diplays the calculated size-dependence of
excited-state absorption spectrum fors53. The continuous
spectra were obtained by convoluting the line spectra wit
Gaussian function of width 0.4ERy* half width at half maxi-
mum. In the weak-confinement region, the main line cor

FIG. 2. Calculated transient absorption spectra of the confi
electron-hole pair withs53 for various quantum dot radii. In the
upper axis, the energy units for CuCl (ERy* .197 meV) are shown.
The intensities of the spectra have been normalized so that the
the same at their peak positions.
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sponds to the internal transition of the exciton from t
(1s,1S) state to the (2p,1S) state. The high-energy absorp
tion lines correspond to the transitions to (np,1S)(n>3),
which are mixed with other states. The very weak absorpt
lines at the low-energy side of the main line correspond
excitations of the center-of-mass motion, (1s,1S)
→(1s,nP)(n>1). Transfer of the oscillator strength t
these states is induced by the breaking of the translatio
symmetry. As the radiusR becomes smaller, the main lin
exhibits a moderate blueshift, indicating that the high-ene
shift of the (2p,1S) state is larger than that of (1s,1S) state.
This is essentially due to the fact that the 2p exciton has a
radius twice or three times as large as that of the 1s exciton.
It is pointed out in Ref. 8 that the free volume of a QD
effectively reduced by the dead-layer effect of the exciton
the regionR/aB* &2, the spectrum suffers a drastic chang
The lowestP2 state gains intensity, and the entire line sha
comes to display a double-peak structure. The lower p
corresponds to the transition (1se,1sh)→(1se,1ph) and the
higher one to (1se,1sh)→(1pe ,1sh) in the s.1 case. We,
thus, see that the dipole momentMW [2erWeh5erWh2erWe for
optical transition induces the internal polarization of the e
citon with respect to the center-of-mass in the wea
confinement region, while it gives rise to the individual p
larization of the electron and the hole with respect to
center of the QD in the strong confinement region. T
changeover most clearly reflects the size-dependent tran
mation of the motional states of the electron-hole pair a
the way it responds to external fields.

d

are

FIG. 3. The observed transient absorption spectra for C
nanocrystals embedded in NaCl crystals atT577 K. The radiiR of
the CuCl nanocrystals for~a!-~d! are estimated as>10.5, 5.8, 2.3,
and 1.8 nm, respectively, using the energy formula for exciton c
finement~Refs. 5 and 8! with a dead-layer widthaB* /2. The inten-
sities of the spectra have been normalized so that they are the
at their peak positions.



C
-
e

du
ta
t
b

l c
a-
h
ce
h
si

ea
te
a

is

is of
on-
orp-
pro-
ily
his
f the
lcu-
tal
for

r
u-
arch
of

PRB 59 9829BRIEF REPORTS
In Fig. 3, observed spectra of infrared absorption for Cu
nanocrystals in NaCl~Ref. 21! under size-selective excita
tions are shown. The parameter values for CuCl have b
estimated as21 s.3, aB* .0.7 nm, ERy* .197 meV. Al-
though the experimental data display a dispersion partly
to inhomogeneity of crystals and partly due to instrumen
broadening, a gradual increase of the peak energy with
reduction of the dot size is clearly seen. The agreement
tween the observed spectral features and the theoretica
culation is good, not only qualitatively but also quantit
tively. Thus we conclude that the size-dependent blue-s
of the transient absorption spectra reflects the dependen
the quantum size effect on the internal excitation. T
anomalous broadening of the spectrum for the smallest
of dots (R/aB* .2.5) shown in Fig. 3~d! is interesting. We
conjecture that this is due to the unresolved double p
structure, which is an indication that in this case the sys
is near the region of individual particle confinement,
ts
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shown in Fig. 2. Experimental investigation to confirm th
point is in progress.

In conclusion, we have presented a systematic analys
the electronic structure of the excited states of an electr
hole system in QD’s. The size-dependent transient abs
tion spectra observed for CuCl nanocrystals have been re
duced fairly well. The formalism proposed here can read
be extended to still higher angular momentum states. T
means that responses to various external perturbations o
QD’s can be calculated with a high accuracy. Such a ca
lations will be carried out in a separate paper. Experimen
investigations of the excited-state absorption spectra
QD’s of other materials are also desirable.
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