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A technique for preparation of a one-photon wave packet through action of a classical
electromagnetic field on a semiconducting quantum dot is proposed. We demonstrate that the
Coulomb repulsion between charge carriers allows one to select the frequency, amplitude,
and duration of an electromagnetic pulse so that one electron will transfer from an upper size-
quantized level of the valence band to a lower size-quantized level of the conduction
band with a probability close to unity. As a result of radiative recombination of the produced
electron–hole pair, exactly one photon is emitted~a one-photon wave packet!. This
source of one-photon states can be used in quantum systems of data transmission and in quantum
computers. ©1997 American Institute of Physics.@S1063-7761~97!00810-X#
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‘‘Classical’’ states of the electromagnetic field contai
ing a large~formally infinite! number of photons have b
now been studied in detail. This includes coherent and c
pressed states,1 in particular. In recent years, interest
‘‘constructing’’ nonclassical photon states has risen. For
ample, nonlocal two-photon interferometry2,3 and quantum
cryptosystems4–7 require so-called entangled photon state8

A line of research in modern quantum physics such as qu
tum cryptography is largely based on application of on
photon states, since the secrecy of quantum cryptogra
systems depends on the impossibility of cloning~copying! a
priori unknown quantum states.9

Presently the focus of studies in quantum cryptograp
has shifted from purely theoretical analysis of the problem
designing experimental facilities for quantum data transm
sion, for the time being over relatively short distances~30
km; see Ref. 5!. This effort requires reliable sources of on
photon states. Here, reliability means that the sources ge
ate only one-photon states~but not states with two or more
photons!.

What can be a source of such states? The simp
method of obtaining an ‘‘almost one-photon’’ state is to
ternate a coherent laser output originally containing ma
Fock states5 un& ~this technique was used in experiments
quantum cryptography based on phase coding6,7!. The field
at the output of an ideal laser above threshold can be
scribed as a coherent stateua& of the form

ua&5expS 2
uau2

2 D (
n50

`
an

An!
un&. ~1!

The coherent state attenuated downstream of an abso
medium corresponds to the limit of smalluau ~recall that the
intensity, i.e., the average number of photons, of a mo
chromatic coherent field is proportional touau2!. Expanding
Eq. ~1! in terms ofuau!1, we obtain
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&

u2&. ~2!

This equation shows that the largest contribution to the
herent state of the photon field is due to the vacuum com
nent (12uau2/2'1), whereas the contribution of the one
photon Fock componentu1& is small insofar asuau!1. The
latter condition means that the probability of detecting
single photon is also small.

It would seem that the situation could be improved
increasinguau, i.e., the intensity. But then, although the co
tribution of the vacuum component toua& would decrease
~see Eq.~2!!, the probability of emitting two photons~Fock
stateu2&! would markedly increase. In the quantum crypto
raphy this would destroy the security of the cryptosyste
since a fraction of photons could be ‘‘extracted’’ from th
line and used for eavesdropping.

Application of the attenuated state described by Eq.~2!
with uau!1 to quantum cryptography leads to another dif
culty. The problem is that a cryptosystem based on the p
ciple of phase coding6 ensures secrecy only if the states wi
phase shifts 0°/180° and 90°/270° are orthogonal to
another~see Ref. 6 for details!. The overlap of these state
however, is always nonzero, being proportional
exp(2uau2/2), and the smaller the value ofuau, the closer to
unity this overlap.

Note that in quantum cryptography, the requirement t
the one-photon state be monochromatic is not absolute
suffices to prepare a one-photon packet that can be desc
by the formula10–12

u1& f5 (
v50

`

f ~v!â1~v!u0&5 (
v50

`

f ~v!u1v&, ~3!

where â1(v) is the boson creation operator of monochr
matic stateu1v&. The one-photon nature of the wave pack
u1& f in Eq. ~3! means that only states with populationn51
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are included in the expansion ofu1& f in Fock statesu1v&,
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wherevR5u^cuV̂uv&u/2. Here^cuV̂uv& is the matrix element
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although they may have different frequencies. This state
the photon field is a ‘‘one-particle’’ quantum state, and
generates only a single activation of a light detector, or o
one transition in a detecting system~it cannot be split so as
to generate two detector outputs or two transitions!. In this
sense, the stateu1& f can be termed as a ‘‘single nonmon
chromatic photon.’’ The functionf (v) defines the spectrum
of the emitted wave packet, which formally contains an
finite number of modesu1v&, but with amplitudesf (v)
whose absolute values are smaller than unity. This func
is normalized,

(
v50

`

u f ~v!u251,

and is assumed to be centered about a certain carrier
quencyv0 .

The one-photon wave packet~3! can be produced in the
following manner. One electron, which is initially in a quas
stationary excited stateue& with energy«e , is transferred to
the ground stateug& with energy«g,«e as a result of inter-
action with the photon field, which is initially in the vacuum
state.

Thus, the problem of generating a one-photon state
be reduced to the problem of preparing a quasistationary
cited state of a single electron. This problem has been
cussed in the literature. For example, Imamoglu a
Yamamoto13 suggest a method for fabricating such a state
an Al–GaAs–GaAsp– i p– i – i n–n heterostructure by apply
ing an ac voltage with specially selected parameters. In
process, one electron and one hole resonantly tunnel f
the contacts~across the potential barriers! into the structure
and annihilate with emission of a photon. In their opinio
the effects of size quantization and Coulomb blocka
should suppress quantum fluctuations associated with th
jection of electrons and holes. This scheme, however,
other similar designs, imposes stringent requirements on
parameters of the nanostructure and applied electric field
that experimental implementation is questionable.

One can suggest another method for exciting a sin
electron to a quasistationary level, namely, to apply an
electromagnetic field to an isolated quantum dot with si
quantized levels in both the valence and conduction ba
At first sight, this suggestion seems trivial. Indeed, supp
that all levels of the valence band are occupied, and all c
duction band levels are vacant~which is usually the case in
semiconductor!. Let us denote by«v and«c the energies of
the upper~occupied! size-quantized leveluv& in the valence
band and the lower~vacant! level uc& in the conduction band
It is well known that a periodic perturbationV̂ cos(Vt) ~for
example, a classical ac electric field! with frequency
V5«c2«v ~hereinafter we take\51! leads to periodic os-
cillation of the probabilitiespv and pc of detecting an elec-
tron in levelsuv& and uc&.14–17 If pv(0)51 andpc(0)50 at
the initial moment, then

pc~ t !5sin2~vRt !, ~4!
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of the interband transition. It follows from Eq.~4! that one
can select the timeT during which the perturbation is on~for
example,T5p/2vR! so that the conditionpc(T)51 is sat-
isfied~so-calledp-pulse14–17!. Then at timeT, the electron is
in the quasistationary stateuc& with probability one.

This scheme, however, applies only when the levelsuv&
and uc& are nondegenerate. For example, suppose that
are doubly degenerate in the spin projection, and att50
level uv& contains not one but two electrons. One can ea
calculate the probability that the periodic perturbati
V̂ cos(Vt) has transferred only one electron~its spin projec-
tion is unimportant! to level uc&, whereas the other has re
mained in leveluv&:

pvc~ t !5
1

2
sin2~2vRt !. ~5!

It follows from Eq.~5! thatpvc<1/2, and one cannot be sur
that exactly one electron has been transferred to the qu
tationary stateuc& if levels uc& and uv& are degenerate~the
limitation pvc<1/2 is due to the ‘‘transfer of probability’’ to
the state with two electrons on leveluc&, i.e., pcc<1!.

Whereas the degeneracy in both angular momentum
its projection is usually lifted because a quantum dot is u
ally not spherically symmetric,18 spin degeneracy persists i
the absence of a magnetic field. To lift this degeneracy,
must apply a very strong magnetic field. Let us estimate
strengthH. Our estimate is based on the assumption that
longest experimentally attainable electron lifetime in the e
cited leveluc& of the quantum dot ist'10210–1029 s. The
perturbation duration timeT needed to transfer an electro
from the valence to conduction band should be much sho
thant, otherwise the probability of photon emission att,T
is high, and the emitted photon will be ‘‘lost’’ in the pertur
bation field. Thus, we should haveT'10212– 10211 s. But
in this case the perturbating field contains harmonics in
frequency rangedv'1/T'1011– 1012 s21. The bandwidth
dv should be much smaller than the Zeeman splitting ene
('mBH) of the size-quantized levelsuv& anduc&, since oth-
erwise the external field will still mix all the statesuv↑&,
uv↓&, uc↑&, and as beforeuc↓&, i.e., although the spin degen
eracy is formally lifted, its consequences persist. As a res
we have an estimateH@10 T, which is very difficult to
achieve experimentally.

In this paper we suggest an alternative approach to
problem. It is based on consideration of the Coulomb rep
sion between electrons with different spin projections t
occupy ~in the absence of interaction between them! the
same one-electron level~in a real quantum dot, Coulomb
repulsion is always present, and the smaller the dot the st
ger it is!. It is clear from qualitative considerations that if th
Coulomb repulsion~for example, in leveluc&! were infinite,
the transition of a second electron to this level would
forbidden, and one could generate the one-electron state
probability pvc51 at some timet5T. But if the Coulomb
repulsion energy is finite, this is not obvious.

Our aim is to check whether the transition of one ele
tron from the valence to conduction band is possible un

683Krasheninnikov et al.
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finite Coulomb interaction. It will be shown that for realist
parameters of the system~Coulomb repulsion energy, fre
quency and amplitude of applied periodic electric field, a
lifetime of the electron in the quasistationary state!, one can
select a pulse durationT such that the probability of driving
one electron to the conduction band is close to unity. Thu
is possible to design a source of one-photon wave packet
the basis of an isolated quantum dot without resorting
sophisticated techniques.

2. QUALITATIVE ESTIMATES. DESCRIPTION OF THE
MODEL

Let us first approximately estimate the splittingD« of the
doubly degenerate~in the spin projection! size-quantized
level uv& due to the Coulomb interaction between electro
in statesuv↑& and uv↓&:

D«'U5 K v↑U e2

«ur12r2u Uv↓ L '
e2

«a
~6!

is the matrix element of the Coulomb interaction,« is the
static dielectric constant, anda is the characteristic linea
dimension of the quantum dot. It follows from Eq.~6! that at
«'10 anda'10 nm, we haveU'10 meV. Our estimate o
U is in agreement with the experimental data to order
magnitude.19 A similar estimate is, naturally, obtained for th
splitting of level uc& in the conduction band due to the Co
lomb repulsion between electrons in statesuc↑& and uc↓&.

As was demonstrated in Introduction, it is possible
excite exactly one electron to the conduction band with pr
ability pvc51 only whenT!t and 1/T!D«. Thus, we ob-
tain from Eq.~6!

1/t!1/T!U. ~7!

Since 1/t'1023– 1022 meV, we have 1/T'0.1– 1 meV, so
condition~7! can be satisfied forU>1 – 10 meV, i.e., as fol-
lows from Eq.~6!, for a<10– 100 nm. The range of admis
sibleT can, of course be broadened. To this end, one sho
increaset and/or reducea. For our purposes, however, th
range ofT is sufficient, since condition~7! is then satisfied a
realistic values oft and a in semiconducting quantum dot
fabricated using contemporary technologies.

Note also that we would be satisfied, in principle, by t
situation in which the maximum value ofpvc(t) is not ex-
actly unity, but very close to it. Therefore, we determine t
time T of the external perturbation duration by the conditi

pvc~T!5max@pvc~ t !#. ~8!

In addition, let us agree to select the minimal value ofT
among those satisfying condition~8! ~otherwise the first of
the inequalities in Eq.~7! can be violated!.

Before proceeding to the description of our model, let
somewhat simplify the problem. Assume that both the
lence and conduction bands contain only one size-quant
level that is doubly degenerate in the spin projection. Gen
ally speaking, this is not so. Physically, this simplificatio
means that we take into account only electronic transiti
from the upper valence band level to the lower conduct
band level, and ignore low-lying~fully occupied! levels of
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band~the effect of these levels will be discussed below!. In
describing Coulomb repulsion, we use the Hubbard mode20

which is widely used in the theory of systems with stro
Coulomb correlations.21

Thus, taking into account the discussion above, we
press the model Hamiltonian of a semiconducting quant
dot in a periodic electric field as

Ĥ~ t !5(
s

~«vâvs
1 âvs1«câcs

1 âcs!1Uvn̂v↑n̂v↓

1Ucn̂c↑n̂c↓1E~ t !(
s

~dcvâcs
1 âvs1dvcâvs

1 âcs!,

~9!

whereâqs
1 (âqs) is the creation~annihilation! operator for an

electron with spin s5↑ or ↓ in size-quantized levels
uq&5uv& and uc& ~the subscriptv refers everywhere to the
valence band, and subscriptc to the conduction band!;
n̂qs5âqs

1 âqs is the particle number operator~population
number!; «q are energies of one-electron levels;Uq is the
Hubbard repulsion energy between two electrons in the s
level; dcv is the matrix element of optical dipole transition
(dvc5dcv* ); andE(t) is the external classical ac field.

Let us suppose that the external field is turned on att50
and turned off att5T, and has a carrier frequencyV, i.e.,

E~ t !5E0 cos~Vt !u~ t !u~T2t !,

whereE0 is the field amplitude,u(t) is the Heaviside step
function. The durationT of the applied field action and its
frequencyV are to be drived by maximizing the probabilit
that only one electron is transferred from the valence ban
the quasistationary level of the conduction band~Eq. ~8!!.

Since we consider two electrons with different spin pr
jections in two different one-electron energy levels, the to
number of two-electron states of the system is four. We
note these states by

u1&5uv↑,v↓&, u2&5uv↑,c↓&, u3&5uv↓,c↑&,

u4&5uc↑,c↓&, ~10!

where, for example,uv↑,c↓& means that the electron wit
s5↑ is in the valence band, and the electron withs5↓ is in
the conduction band, etc. For the system under considera
the set of states defined by Eq.~10! is complete, so the wave
function C(t) can be expressed at any moment as

C~ t !5(
i 51

4

Ai~ t !exp~2 iEi t !u i &, ~11!

where Ei are eigenvalues of the time-independent Sch¨-
dinger equationĤu i &5Ei u i & in the absence of an applie
field (t<0). With due account of Eq.~10!, we derive from
Eq. ~9!

E152«v1Uv , E25«v1«c , E35«v1«c ,

E452«c1Uc . ~12!

Note once again that we use the complete set of two-elec
states defined by Eq.~10! and schematically shown in Fig. 1
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The valuesAi(0) define the system wave function at th
initial moment~moreover,Ai(0)5Ai(t,0) since theu i & are
eigenstates of Hamiltonian~9! for t<0!. We assume that a
t<0 the semiconductor is in its usual state, namely, the
lence band is fully occupied and the conduction band
empty, i.e.,A1(0)51, A2(0)5A3(0)5A4(0)50. The prob-
ability pi(t) of detecting the system in stateu i & at an arbi-
trary time t is uAi(t)u2. We are interested in the value o
pvc(t)5p2(t)1p3(t), which is the probability~see Eq.~10!!
that both the valence and conduction bands contain one e
tron each~it follows from the normalization condition~11!
that, naturally,p1(t)1p2(t)1p3(t)1p4(t)51 at anyt!.

The coefficientsAi(t) in expansion~12! can be calcu-
lated by solving the time-dependent Schro¨dinger equation

i
]C~ t !

]t
5Ĥ~ t !C~ t !, ~13!

whereĤ(t) is given by Eq.~9!, i.e., it explicitly depends on
time when 0<t<T.

3. RESONANT APPROXIMATION

In order to solve the problem as formulated, we use
resonant approximation,14–17 which enables us to progres
reasonably far analytically and obtain an accurate solu
~in some limiting cases in analytic form!. One can, certainly,
go beyond the resonant approximation, but in this case
solution can be obtained only numerically and, as will
shown below, this will not lead to any significant changes
the results. In the resonant approximation, the Hamilton
~9! has the form

Ĥ~ t !5(
s

~«vâvs
1 âvs1«câcs

1 âcs!1Uvn̂v↑n̂v↓

1Ucn̂c↑n̂c↓1(
s

Fl2 exp~2 iVt !âcs
1 âvs

1
l*

2
exp~ iVt !âvs

1 âcsG , ~14!

where we have introduced the notationl5dcvE0 .
In what follows, we will obtain exact solutions. It i

noteworthy that, unlike the elementary case of a reson
transition between two one-electron levelsuv& and uc&,
which occurs at the frequencyV5«c2«v ,14 we consider all

FIG. 1. Diagram of energy levels of two-particle states of a semiconduc
quantum dot.

685 JETP 85 (4), October 1997
-
s

c-

e

n

e

n

nt

system. Therefore the resonant frequency is different fr
«c2«v in the presence of finite Coulomb repulsion.

To solve the Schro¨dinger equation~13! with Hamil-
tonian ~14!, it is convenient to go to a representation with
time-independent Hamiltonian. To this end, we use the u
tary transformation

Û~ t !5expF2
iVt

2 (
s

~ âcs
1 âcs2âvs

1 âvs!G , ~15!

which was used in Ref. 16 to describe the interaction
tween an intense electromagnetic field and a semicondu

We replace the wave function C(t) with

C̃(t)5Û1(t)C(t). Substituting

C~ t !5Û~ t !C̃~ t ! ~16!

into the Schro¨dinger equation~13! for C(t), and taking into
account Eq.~15!, we obtain the Schro¨dinger equation for

C̃(t):

i
]C̃~ t !

]t
5 Ĥ̃C̃~ t !, ~17!

with the Hamiltonian

Ĥ̃5Û1~ t !Ĥ~ t !Û~ t !2 iÛ 1~ t !
]Û~ t !

]t

5(
s

F S «v1
V

2 D âvs
1 âvs1S «c2

V

2 D âcs
1 âcsG

1Uvn̂v↑n̂v↓1Ucn̂c↑n̂c↓1(
s

S l

2
âcs

1 âvs

1
l*

2
âvs

1 âcsD . ~18!

This Hamiltonian Ĥ̃ is independent of time; therefore th
general solution of the time-dependent Schro¨dinger equation
~17! for 0<t<T has the form

C̃~ t !5(
i 51

4

Bi exp~2 i Ẽ i t !u ĩ &, ~19!

whereu ĩ & andẼi are the eigenstates and eigenenergies of
time-independent Schro¨dinger equation

Ĥ̃u ĩ &5Ẽi u ĩ & ~20!

with HamiltonianH̃ in the form given by Eq.~18!. The co-
efficientsBi in Eq. ~19! should be derived from the initia
conditions~predetermined values ofAi(0) in Eq. ~11!! and
satisfy the normalization condition

(
i 51

4

uBi u251. ~21!

We seek solutions of Eq.~20! in the form

u ĩ &5 (
k51

4

Cikuk&, ~22!

g
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~10! for t<0. Substituting Eq.~22! into Eq.~20!, we obtain a
set of equations that determinesẼi andCik :

(
k51

4

Cik~^ i uĤ̃uk&2d ikẼi !50, ~23!

wherei 51,2,3,4,̂ i uĤ̃uk& are the matrix elements of Hami
tonian~18! in terms of the basis states~10!. The Hamiltonian

matrix ^ i uĤ̃uk& has the form

S 2«v1Uv1V l* /2 l* /2 0

l/2 «v1«c 0 l* /2

l/2 0 «v1«c l* /2

0 l/2 l/2 2«c1Uc2V
D .

From Eqs.~19! and ~22! we obtain

C̃~ t !5(
i 51

4

Di~ t !u i &, ~24!

where

Di~ t !5 (
k51

4

BkCki exp~2 i Ẽkt !. ~25!

Since C̃(0)5C(0) ~see Eqs.~15! and ~16!!, we have
Di(0)5Ai(0), where the coefficientsAi(0) determine the
state~11! for t<0. Therefore, we obtain from Eq.~25! an
equation to determine the coefficientsBi in terms of given
Ai(0):

Ai~0!5 (
k51

4

BkCki ,

whence

Bi5 (
k51

4

Ak~0!Cki
21 , ~26!

whereC21 is the matrix inverse ofC. From Eqs.~25! and
~26! we obtain

Di~ t !5 (
k51

4

(
l 51

4

Al~0!Cli
21Cki exp~2 i Ẽkt !. ~27!

Given Eq.~16! relating the functionC̃(t) to C(t), and tak-
ing into account that the operatorÛ(t) defined by Eq.~9! is
unitary, we obtain an expression for the probabilitypi(t) for
the transition to stateu i &:

pi~ t !5uDi~ t !u2. ~28!

In the case under investigation, A1(0)51,
A2(0)5A3(0)5A4(0)50 ~at time t50, all levels of the
valence band are occupied and the levels of the conduc
band are vacant; see Eq.~10!!, expression~27! for Di(t) can
be simplified somewhat. Nonetheless, the calculation
Di(t) still requires findingẼi and Cik from Eq. ~23!. This
eigenvalue problem reduces to the solution of a cubic a
braic equation. The resulting expressions forẼi andCik are
cumbersome and difficult to analyze, so it is more con
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before discussing numerical calculations, we consider an
portant limiting case that admits of an analytic soluti
which is in excellent agreement with the numerical soluti
~obtained using the scheme described above! in the param-
eter range of interest.

Suppose that the Coulomb repulsion between electr
in the conduction band is infinite,Uc5`. The two-electron
state u4&5uc↑,c↓& ~see Eq. ~10!!, whose energy is
E452«c1Uc5`, is then obviously always empty, i.e., th
coefficientA4(t) in Eq. ~11! is zero for all t. For the same
reason, the matrix elementsCi4 ( i 51 – 4) in Eq. ~22! are
also zero. Therefore, Eq.~23! can be solved by diagonalizin
a 333 matrix, which can be done analytically. Thus, havi
calculated the eigenvaluesẼi and the matrix of eigenvector
Cik , we obtain from Eqs.~27! and~28! the following expres-
sions for the transition probabilitiespi(t) from the state
C(0)5u1&5uv↑,v↓& to the stateu i &:

p1~ t !512S 12
d2

4vR
2 D sin2~vRt !,

p2~ t !5
1

2 S 12
d2

4vR
2 D sin2~vRt !,

p3~ t !5
1

2 S 12
d2

4vR
2 D sin2~vRt !,

p4~ t !50, ~29!

where

d5V2~«c2«v2Uv!, vR5
Ad212ulu2

2
. ~30!

From Eq. ~29! we derive the desired probabilit
pvc(t)5p2(t)1p3(t) for the transition of one electron to th
conduction band:

pvc~ t !5S 12
d2

4vR
2 D sin2~vRt !. ~31!

It follows from Eqs. ~30! and ~31! that pvc(T)51 at
d50 and

T5
p

2vR
. ~32!

The equalityd50 has a simple physical meaning: the fr
quencyV is equal toV r5E22E15E32E1 ~see Eq.~12!
and Fig. 1!, i.e., the difference between the energy of the p
of degenerate levelsu2& and u3&, and that of levelu1&. Only
these two-electron states are resonant atd50. Since
«c2«v'1 eV and Uv1Uc!«c2«v , we have
V r'1015 s21. When the frequency is offset from resonan
(dÞ0), the value ofpvc(T) derived from Eq.~8! deviates
from the maximum value by a quantity of orderudu2/ulu2,
i.e., the following inequality should hold:

udu!ulu. ~33!

It is clear that atd50 our results should also be vali
when Uc is finite ~the lower boundary will be determine
below!, since the system can then only be in statesu1&, u2&,
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andu3& ~if Uc5`, this statement is true at anyd!. Moreover,
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if d50, the sumUv1Uc should be finite~i.e., Uc may be
zero!, which follows from the condition that the resona
frequenciesV r andV r85E42E25E42E3 ~Fig. 1! for tran-
sitions between the levelsu1&↔u2&,u3& and u4&↔u2&,u3&,
respectively, be different~at Uv5Uc50 we havepvc<1/2;
see Eq.~5!!. At dÞ0, the necessary condition for the valid
ity of Eq. ~31! for pvc(t) is obviously

udu!Uv1Uc , ~34!

and the important parameter is the sumUc1Uv , rather than
Uv andUc individually.

Inequalities~33! and ~34! do not specify the ratio be
tweenulu andUv1Uc . Since forudu!ulu we havevR'ulu,
by generalizing condition~7!, discussed in Sec. 2, we obta
ulu!Uv1Uc , i.e., it follows from Eqs.~7! and ~33! that

1/t,udu!ulu!Uv1Uc ~35!

~recall thatt is the radiative recombination time!. Thus, if
condition ~35! is satisfied, the ‘‘three-level approximation
should apply to electronic transitions in the investiga
four-level system under an applied an periodic perturbat

We emphasize that conditions~35! can be satisfied in a
real experiment. In fact, sinceUv1Uc>1 – 10 meV and
1/t'1023– 1022 meV ~see Sec. 2!, we should have
ulu'0.1– 1 meV~the upper boundary of this interval can b
increased by increasingUv1Uc , i.e., decreasing the quan
tum dot sizea, while the lower boundary is determined b
the lifetimet!. Recalling that the parameterulu is a product
of the optical dipole matrix elementudcvu and the electric
field amplitude E0, and noting that udcvu'ea, where
a'10– 100 nm, we obtainE0'102 V/cm, which can be
easily realized in experiment. As concerns the condit
udu!ulu, we haveudu<0.01 meV, i.e., the frequencyV of
the external source should be accurate to within 1010 s21.
Modern experimental methods make this possible.

We now compare the numerical solutions of Eqs.~23!–
~28! to the analytic solution of Eqs.~30!–~32! in the ‘‘three-
level approximation.’’ Let us take for definitenes
«c2«v'1 eV. Figure 2 showspvc as a function oft at d50,
ulu50.01 eV, andUv1Uc50.1 eV ~the numerical calcula-
tions indicate thatpvc(t) is only determined by the sum
Uv1Uc , at least whenUv1Uc!«c2«v!. Figure 2 demon-
strates that the analytic solution is in good agreement w
numerical calculations, as expected, since the selected va
of the system parameters satisfy~34!. The numerical calcu-
lations yieldpvc

max andT equal to 0.9935 and 1.4606•10213 s,
respectively, and the analytic solution yields 1 a
p/ulu&51.4622•10213 s, respectively.

Figures 3 and 4 illustrate the transition from the ‘‘regim
of noninteracting electrons’’ (Uv1Uc50, pvc

max51/2, and
T5p/2ulu51.0339•10213 s; see Eq.~5!! to the ‘‘regime of
strong Coulomb repulsion,’’ for whichUv1Uc@ulu ~Eq.
~35!!. This transition occurs whenUv1Uc'l; when
Uv1Uc>3l, the probabilitypvc

max is larger than 0.95 andT
is within 3.5% of its asymptotic value corresponding
Uv1Uc5`.

We now discuss the effect of an offset from resonan
(dÞ0) on pvc

max andT. The corresponding curves are give
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in Figs. 5 and 6 forUv1Uc50.1 eV and ulu50.01 eV,
which satisfy the second inequality in~35!. One can see tha
the analytic solution is in excellent agreement with the n
merical calculations even when the first inequality in~35! is
not satisfied. Here, of course,pvc

max'1 only whenudu!ulu.
Figures 7 and 8 showpvc

max and T calculated in the im-
mediate neighborhood of resonance forUv1Uc50.01 eV

FIG. 2. Probabilitypvc of one-electron transition from the valence band
the conduction band versus durationt of action of a periodic perturbation
with frequencyV5«c2«v2Uv (d50); «c2«v51 eV, Uv1Uc50.1 eV,
ulu50.01 eV. Numerical calculations with Eqs.~23!–~28! are plotted as
dots, and the analytic solution defined by Eqs.~30!–~32! in the ‘‘three-level
approximation’’ is shown by the solid line.

FIG. 3. Maximum probabilitypvc
max of one-electron transition from the va

lence band to the conduction band due to a periodic perturbation with
quencyV5«c2«v2Uv (d50) as a function of the sumUv1Uc of Cou-
lomb repulsion energies in the valence band and conduction b
«c2«v51 eV, ulu50.01 eV. The probability was calculated numerical
using Eqs.~23!–~28!.
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and ulu50.0001 eV. For udu<10210 s21, we have
pvc

max>0.998, i.e., the transition probability is essentially i
distinguishable from unity. In this region,T varies between
1.4607•10211 and 1.4622•10211 s, i.e., by 0.1%.

4. EFFECT OF NONRESONANT COMPONENTS

In the resonant approximation we neglected seve
‘‘nonresonant’’ harmonics of the applied periodic field~see
Sec. 3!. To assess their effect on the final result, we num
cally solved the time-dependent Schro¨dinger equation~13!
with Hamiltonian~9! using the explicit Runge–Kutta metho

FIG. 4. Time T corresponding to the maximum probabilitypvc
max of one-

electron transition from the valence band to the conduction band due
periodic perturbation with frequencyV5«c2«v2Uv (d50) as a function
of the sumUv1Uc of the Coulomb repulsion energies in the valence ba
and conduction band;«c2«v51 eV, ulu50.01 eV. The time was calcu
lated numerically using Eqs.~23!–~28!.

FIG. 5. Maximum probabilitypvc
max of a one-electron transition from th

valence band to the conduction band due to a periodic perturbation
frequencyV as a function ofd5V2V r , whereV r5«c2«v2Uv is the
resonant frequency;«c2«v51 eV, Uv1Uc50.1 eV, ulu50.01 eV. The
dots show numerical calculations using Eqs.~23!–~28!. The analytic solu-
tion of Eqs.~30!–~32! in the ‘‘three-level approximation’’ is plotted as
solid line.
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i-

of order 7~8! based on the equations of Dormand and Prin
with automatic selection of the step size.22 We calculated the
coefficients Ai(t) in Eq. ~11! with initial conditions
Ai(0)5d i1, and determined the value o
pvc(t)5uA2(t)u21uA3(t)u2. As follows from our calcula-
tions, the functionpvc(t) determined in the nonresonant a
proximation in the parameter range of interest~see Eq.~35!!
coincides with that found analytically in the ‘‘three-leve
resonant approximation’’ based on Eqs.~30!–~32! to within
a fraction of a percent. It is noteworthy, however, that wh
nonresonant terms are taken into account, the probab
pvc

max peaks at a very small but finite offsetd. The good
agreement between the numerical and analytic results

a

th

FIG. 6. Time T corresponding to the maximum probabilitypvc
max of one-

electron transition from the valence band to the conduction band due
periodic perturbation with frequencyV as a function ofd5V2V r , where
V r5«c2«v2Uv is the resonant frequency; «c2«v51 eV,
Uv1Uc50.1 eV, ulu50.01 eV. The dots show numerical calculations u
ing Eqs.~23!–~28!. The analytic solution defined by Eqs.~30!–~32! in the
‘‘three-level approximation’’ is plotted as a solid line.

FIG. 7. Same as Fig. 5 withUv1Uc50.01 eV, ulu50.0001 eV.
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gests that the nonresonant summands in the Hamiltonian~9!
have little effect on system evolution. This result, howev
was predictable forulu!V.14

5. DISCUSSION OF RESULTS AND CONCLUSIONS

Thus, we have solved the problem of interaction b
tween an hf electric field and a quantum dot with two siz
quantized levels~one in the valence band and the other in t
conduction band! and two electrons, taking into accou
Coulomb repulsion between the electrons. In the param
range of interest, the problem has an easily interpretable
lytic solution ~30!–~32! in the so-called resonant three-lev
approximation~Sec. 3!. We have shown that neither takin
account of all two-electron levels of the quantum dot in t
resonant approximation~Sec. 3! nor numerically solving the
time-dependent Schro¨dinger equation with due account o
‘‘nonresonant’’ harmonics of the applied electric field~Sec.
4!, have any perceptible effect on the time dependence o
energy-level populations.

With regard to the form of the model Hamiltonian~9!, it
does not include terms corresponding to the Coulomb in
actionUvc between two electrons in different levelsuv& and
uc& ~if the valence band states are described in terms
holes, this interaction corresponds to excitonic effects!. If the
wave functions of the one-electron statesuv& and uc& have
different symmetry properties~as in GaAs/AlGaAs!, the in-
teraction energyUvc should be significantly less thanUv and
Uc . But even if it is not, it can be shown18 that Uvc leads
only to a shift in the resonant frequency, which becom
V r5«c2«v2Uv1Uvc , while the system dynamics rema
unchanged. The frequencyV r of a specific quantum do
should be determined empirically.

Thus, we have shown that it is possible, in theory,
select the parameters of an external perturbation~V, ulu, and
T! and of a quantum dot (Uv1Uc'e2/«a) so that the prob-
ability of driving one electron from the valence band to t
conduction band is extremely close to unity. Significant
the time of this transition,T510213– 10211 s, is several or-
ders of magnitude shorter than the recombination ti

FIG. 8. Same as Fig. 6 withUv1Uc50.01 eV, ulu50.0001 eV.
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T>t!, the quantum dot is in a quasistationary excited st
uv↑,c↓& or uv↓,c↑& with lifetime t, after which the
electron–hole pair will annihilate with generation of a on
photon wave packetu1& f ~Eq. ~3!! with spectral distribution
f (v) centered at the frequencyv05(2«c1Uv)2(«c1«v),
i.e., near the resonant frequencyV r5«c2«v2Uv of the ex-
ternal field applied to the quantum dot. The process of p
ton generation is certainly probabilistic, so we cannot g
the exact time when the photon is emitted. An importa
point is that if the recombination is radiative, only one ph
ton will be emitted. This source of one-photon states can
used in quantum systems for data transmission and proc
ing, including quantum cryptosystems.

In conclusion, note that the estimates of the requi
parameters of the quantum dot and external perturbation
vide evidence in favor of the feasibility of such a source
one-photon states. Moreover, if the external field freque
cannot be varied over a broad band, the source reson
condition can probably be achieved by varying the ene
difference between the size-quantized levels in the vale
and conduction bands via application of static electric a
magnetic fields to the quantum dot.
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the results of this work.
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15S. Flügge, Practical Quantum Mechanics II, Springer-Verlag, Berlin–

Heidelberg–New York~1971!, p. 180.
16V. M. Galitskii and V. F. Elesin,Resonant Interaction between Electro

magnetic Fields and Semiconductors, Énergoatomizdat, Moscow~1986!;
V. M. Galitskii, S. P. Goreslavskii, and V. F. Elesin, Zh. E´ ksp. Teor. Fiz.
57, 207 ~1969! @Sov. Phys. JETP30, 117 ~1970!#.
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