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The optical free induction decay (OFID) induced by the transition between 1s and 1p state in a
small isolated spherical CdSe/ZnS quantum dot quantum well (QDQW) has been studied numeri-
cally under the framework of effective-mass approximation. The size and relaxation time-dependent
properties of the OFID have been obtained and analyzed. It shows that the OFID-change mechanisms
dependent on shell thickness and core size are different. Moreover, the OFID signal decays sharply
in amplitude and life as the transverse relaxation time being reduced while the change is slight to the
longitudinal relaxation time. By comparing these two factors, we infer that the size mainly influences
the amplitude of the decay signal and the delay time is basically determined by the relaxation time.
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1. Introduction

Since the advent of laser, research on the field of
interaction between light and matter becomes more ac-
tive and gains plentiful achievements. By now, series of
nonlinear optical phenomena caused by the interaction
between laser and atomic system have been studied
theoretically and experimentally [1 – 5]. Among them,
the optical coherent transient effect (OCTE) definitely
arises from the matter irradiated by strong ultrashort
pulses which last far shorter than the relaxation times.
In this case, the interaction process is essentially im-
portant to be considered.

The optical free induction decay (OFID) is one of
the important coherent transient phenomena, a type of
electron sustained resonance in a short period of time,
which appears after the resonant system was detuned
by Stark switch or other methods. Brewer and Shoe-
maker developed the Stark-pulse technique to demon-
strate an OFID in NH2D in 1972 [6]. Several years
later, the observation of OFIDs in NH3 [7] and I2 [8]
as well as other gases with the method of Stark shift
has been reported. In 2002, Unyob and other authors
obtained an OFID in cold 85Rb atoms with the hetero-
dyne method [9]. But now, an ultrashort pulse is the
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optimum way to study a transient process and has been
adopted both in theory [10] and experiment [11].

However, little attention about OFID has been fo-
cused on the attractive artificial quantum dot quan-
tum well (QDQW) which has discrete energy levels
and possesses the property of high chemical stability
and strong luminescence. It is worthy to point out that
CdSe/ZnS draws more attention of engineers and re-
searchers due to the charming character of strong visi-
ble spectrum and high quantum yield [12, 13].

In this work, we investigate the OFID in an isolated
small spherical QDQW (CdSe/ZnS) by numerical cal-
culation. Under the framework of effective mass ap-
proximation, the two lowest energy levels (1s and 1p)
in the conductive band and the related electron wave
functions are obtained through solving the Schrödinger
equation. It may be mentioned that this method has
been adopted in some papers and proved to be an ef-
fective tool [14 – 16]. By paying attention to the en-
ergy interval and the electric dipole moment as well as
the electron density, we explore the influence of sizes
(core and shell) on the OFID signal. Additionally, the
relationship between the properties of OFID signal and
relaxation time is investigated. The results and conjec-
tures are discussed in detail among Section 3.
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2. Theory

The model we consider is an isolated spherical
QDQW with a centric well (CdSe) and a shell bar-
rier (ZnS) as shown in Figure 1. Due to the fact that
the band gap of CdSe is smaller than that of ZnS, we
choose the zero potential at the upper boundary of en-
ergy gap belonging to the core. The electron energy
forms some discrete levels in the potential well. While
a laser pulse with enough energy excites the system, an
electron may absorb the energy and transit to relative
energy level and vise versa.

Under the framework of effective-mass approx-
imation and the spherical coordinate, the steady
Schrödinger equation of the electron appears as{
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Fig. 1. Model of CdSe/ZnS QD with two energy levels
(1s and 1p) in the potential well irradiated by a short laser
pulse. Core: CdSe; shell: ZnS.

Vi(r) =




0, 0 < r ≤ r1,

Vc, r1 < r ≤ r2,

∞, r > r2,

(3)

The wave function of an electron in a spherically
symmetric potential and shape can be written as

Φnlm(r,θ ,ϕ) = Rnl(r)Ylm(θ ,ϕ), (4)

where Rnl(r) is the radial wave function and Ylm(θ ,ϕ)
the spherical harmonics which are unrelated to the po-
tential Vi(r) but completely depend on θ and ϕ .

In the following study, we just limit our calculation
to the intra-band transition between 1s and 1p (the low-
est two energies in the conduction band which also
satisfy to promise that the conclusions deduced from
effective mass approximation are efficient [17, 18]. To
get the wave function Φ1l we can only consider R1l(r),
because Ylm(θ ,ϕ) is independent of the radius of the
QD. The radial wave function R1l(r) can be expressed
as

R1l(r) =




A1 jl(k1lr)+ B1nl(k1lr), r ≤ r1,

A2h(1)
l (iκ1lr)+ B2h(2)

l (iκ1lr), r1 < r ≤ r2,

0, r > r2, (5)

where jl , nl , and hl are the l order spherical Bessel
function, spherical Neumann function, and spherical
Hankel function, respectively, A1, A2, B1, and B2 are
the normalization constants and k1l and κ1l are wave
vectors, which are expressed as

k1l =
√
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1E/h̄2, (6)

κ1l =
√
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According to the boundary conditions, we get
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From the equations above, the energy and the wave
function of the electron below the shell potential can be
obtained when the normalization constants have been
gotten from the normalization condition by numerical
calculation.
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All we have done above is to obtain the electric dipole moment, which depends on the wave function related to
the two energy levels we considered and the mathematical expression can be written as µsp = 〈Φ10|− er|Φ11〉.
Then the radiation intensity reads [19]
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where T1 and T2 are the longitudinal relaxation time
(means the energy relaxation) and the transverse relax-
ation time (means the phase relaxation), respectively.
Ω is the Rabi frequency related to µsp. Other param-
eters can be considered as constants because we just
focus on qualitative analysis.

3. Results and Discussions

In this section, we present a detailed numerical
study on optical free induction decay in an isolated
small spherical QDQW (CdSe/ZnS) with low exci-
tation. Suppose that the QDQW is irradiated by a
150 fs laser pulse with the electric field amplitude
of 5× 107 V/m and preset the system under a near-
resonant excitation state, then the QDQW possesses
the ability of photoluminescence. At time t = 0, the
pulse vanishes. Afterward, the QDQW will remain ir-
radiation but in a form of free induction decay because
the excited system needs time to recover.

For simplifying the model, we restrict our inves-
tigations under the weak excitation regime and the
lower temperature for ignoring the many-body effects.
Besides, we escape from the exciton effect through
limiting the size of the QDQW less than the exciton
Bohr radius in bulk CdSe [20]. If without specifica-
tion, the parameters used in the calculation are as fol-
lows: m∗

e,CdSe = 0.13m0, m∗
e,ZnS = 0.28m0, Vc = 0.9 eV,

T1 = T2 = 300 fs [21], and N0
a −N0

b = 5×1024 m−3.
To begin with, the size dependent effect which

means what to the radiation signal happens while
changing the shell or the core radius of the QDQW,
is studied. With caution, we only consider the electron
transition between 1s and 1p in the potential well for
the reason that effective-mass approximation is more
accurate when applied in finite potential well [21 – 23].
Besides, we limit the radius of the QDQW among
2 ∼ 3.5 nm for the exciton Bohr radius in bulk CdSe
is about 5 nm. The thickness of the shell is restricted
to less than 0.5 nm because a comparatively thick shell
will bring an additional problem of surface passivation
to the core.

Fig. 2. Optical free induction decay signal varied with differ-
ent r2 (2.1 nm, 2.3 nm, and 2.5 nm) under certain r1 (2 nm).

Fig. 3. Transition dipole moment µsp presented as a function
of the radius r2 of the CdSe/ZnS QD under the condition that
the core radius is steady at 2 nm.

For one thing, we discuss the influence of an in-
creasing shell on the OFID signal through steady r1
(2 nm) with varied r2 (2.1 ∼ 2.5 nm) shown in Fig-
ure 2. It is found that the OFID signal becomes weaker
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Fig. 4. Relationship between energy interval and radius r2 of
the CdSe/ZnS QD. The core radius is steady (2 nm).

Fig. 5. How electron density of 1s state in the core depends
on the radius of the CdSe/ZnS QD with stable core radius
(2 nm).

obviously along the increase of r2 and fades away ex-
ponentially almost in one picosecond. To explain the
results clear, we review the relationship between elec-
tric dipole moment and r2 (Fig. 3). The curve is non-
monotonous with varying r2 of a steep rise at first (last
less than 2 nm) and a relative slow decrease following.
As we can see, the first point (2.1 nm) we selected is
at the upward section whereas the other two are at the
downward section, and the difference between the for-
mer two is smaller than the later two, which is the rea-
son of low discrimination between the two downside
curves in Figure 2.

Generally speaking, two factors result in the line-
shape of the electric dipole moment along increas-

Fig. 6. Optical free induction decay signal varied with differ-
ent core radius (2.3 nm, 2.8 nm, and 3.3 nm) under certain
shell thickness (0.5 nm).

Fig. 7. Transition dipole moment µsp presented as a function
of the radius of the core under the condition that the shell
thickness is steady at 0.5 nm.

ing r2. The first one is the energy interval between
the two energy levels. In the region we study, the en-
ergy interval between 1s and 1p reduces fast and be-
comes smooth at last (Fig. 4). That means the thicker
the shell, the narrower the energy level interval. This
phenomenon has been observed in some experiments
and deduced in several papers [25 – 27]. The influence
of the energy interval on µsp must be that narrow en-
ergy interval induces big overlapping of the two related
wave functions so that the electron can transit easy
between the two energy levels and form a high tran-
sition dipole moment. However, the description does
not correspond to the curve when r2 grows bigger in
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Fig. 8. Relationship between energy interval and the radius
of the core. The shell thickness is steady (0.5 nm).

Figure 3 because the electron density (the other factor)
makes µsp lessening. Just as we thought, the electron
density in the core exhibit a significant drop as the shell
becomes thick (Fig. 5). Thereafter, the competition be-
tween energy interval and electron density determine
the forward of the transition dipole moment. When the
shell is thin, the electron tends to stay in the core and
the energy interval manifest as gradual decrescendo.
The two factors are beneficial to the electron transition
between the two energy levels. Along the shell grows,
the electron inclines to transfer into the shell, so µsp in-
evitable decrease despite the gradually decrescent en-
ergy interval. That is the origin of the subdued OFID
signal as r2 increased. Similar conclusions about the
competition have been investigated by theory in de-
tail [28 – 30].

For another, we applied the same method to reveal
the influence of increased r1 on the OFID signal. To
the three points of r1, the OFID signal of the third is
minor than the first but major than the second with
the same shell thickness of 0.5 nm (Fig. 6), i. e., there
must be a minimum signal exist. Considering the rel-
ative µsp and the energy interval, the whole current
of µsp appears with a rise first and a following down
as r1 grows (Fig. 7) while the energy interval varies to-
tally at contrary trend (Fig. 8) [27]. It abide the regular
mentioned above that the narrower (bigger) the energy
interval, the higher (lower) the transition dipole mo-
ment. As distinct from the r2-related energy interval,
the r1-related energy interval has a rising part when
the core is small due to the energy of the 1p state drops
tiny slower than the 1s state at the beginning.

Fig. 9. Optical free induction decay signal changed with
(a) different longitudinal relaxation time and (b) different
transverse relaxation time while the other is certain (300 fs).

In addition, our efforts are focused on understanding
the affection attributed to longitudinal relaxation time
(T1) and transverse relaxation time (T2). Of course, we
change the two parameters independently and set r1
and r2 at 2.5 nm and 3 nm, respectively. The OFID
signals related to different relaxation times decay from
the same amplitude but in different rates (Fig. 9). It is
obviously to see that the affection of T2 to the signal
is more significant than T1 and the relative conclusion
can be easy deduced from the (9). The OFID signal de-
cays sharply as T2 decreased and the delay time shorten
almost at the same rate.

Finally, we roughly compare the influences of size
with the affection of relaxation time. While the size of
core or shell varies, the amplitude of the decay signal
produces an obvious fluctuation but the life span has
tiny difference (Fig. 2 and Fig. 6). In contrast, relax-
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ation time makes great difference on the delay time of
the signal, with the same maximum amplitude (Fig. 9).

4. Conclusion

Under the framework of effective-mass approxima-
tion, we explore the OFID in an isolated small spheri-
cal QDQW (CdSe/ZnS) through numerical calculation.
The results reveal that all the decay signals vanish in
one nanosecond without other external influence. For
the case of changing the thickness of the shell, compe-
tition between energy interval of the two energy levels
and electron density induces a transition dipole mo-
ment abides the tendency of rise first and down later,
and the decay signal follows the same tendency. While
keeping the shell thickness but changing the core ra-
dius, the OFID signal decreases rapidly at the begin-
ning and then increases because the energy of 1p state
drops slight slower than the 1s state initially and faster
afterward, which makes the energy interval big first
then small. These conclusions imply that there exists
an optimum size of the QDQW in an ultrafast electro-
optic device to enhance or minish the free induction
decay signal. By altering the longitudinal and the trans-
verse relaxation time independently, we investigate the

influence of them on the OFID signal and draw the
conclusion that the signal decays remarkably fast in
amplitude and life span as T2 minish while slightly
as T1 minish. The influence can offer the opportunity to
adjust the response time of devices because the trans-
verse relaxation time (which is sensitive to temperature
and impurity, as well as electric field) plays a major
role on the duration of the decay signal. Comparing the
influence of size and relaxation time, we can conclude
that size mainly influences the amplitude of the decay
signal and the relaxation time basically determines the
delay time. This study can provide references for the
design of related ultrafast electro-optic devices and is
useful to the research on transient behaviour about re-
laxation property.

On account of the limitation of the model and the
calculation method, there is a vast development space
in this field. It is more beneficial to develop a proper
model and method to investigate transient behaviour in
a small QDQW which is consistent with experimental
results.
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