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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 emittacone-photon wave packefThis

source of one-photon states can be used in quantum systems of data transmission and in quantum
computers. ©1997 American Institute of Physids$$1063-776(97)00810-X
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“Classical” states of the electromagnetic field contain-
ing a large(formally infinite) number of photons have by
now been studied in detail. This includes coherent and comIhis equation shows that the largest contribution to the co-
pressed statésjn particular. In recent years, interest in herent state of the photon field is due to the vacuum compo-
“constructing” nonclassical photon states has risen. For exent (1-|a|?/2~1), whereas the contribution of the one-
ample, nonlocal two-photon interferométfyand quantum Photon Fock component) is small insofar aga|<1. The
cryptosystents” require so-called entangled photon stdtes. Ie_ltter condltlon means that the probability of detecting a
A line of research in modern quantum physics such as quarfingle photon is also small. _
tum cryptography is largely based on application of one- It vvpuld seem thqt the ;ltuatlon could be improved by
photon states, since the secrecy of quantum cryptographiBcreasingal, i.e., the intensity. But then, although the con-
systems depends on the impossibility of cloniegpying a tribution of the vacuum component ) would decrease
priori unknown quantum statés. (see Eq.(2)), the probablh_ty of emitting two photond-ock

Presently the focus of studies in quantum cryptographytate|2)) would markedly increase. In the quantum cryptog-
has shifted from purely theoretical analysis of the problem tg@Phy this would destroy the security of the cryptosystem,
designing experimental facilities for quantum data transmisSince a fraction of photons could be “extracted” from the
sion, for the time being over relatively short distan¢@e  line and used for eavesdropping. .
km; see Ref. 5 This effort requires reliable sources of one-  Application of the attenuated state described by @.
photon states. Here, reliability means that the sources genefith || <1 to quantum cryptography leads to another diffi-

ate only one-photon statébut not states with two or more culty. The problem is that a cryptosystem based on the prin-
photons. ciple of phase codirfgensures secrecy only if the states with

What can be a source of such states? The simplegthase shifts 0°/180° and 90°/270° are orthogonal to one
method of obtaining an “almost one-photon” state is to al- another(see Ref. 6 for details The overlap of these states,
ternate a coherent laser output originally containing many'owever, is always nonzero, being proportional to
Fock statel|n) (this technique was used in experiments in€xP(|al/2), and the smaller the value |, the closer to

quantum cryptography based on phase cdtfingrhe field ~ unity this overlap. .
at the output of an ideal laser above threshold can be de- Note thatin quantum cryptography, the requirement that

scribed as a coherent state of the form the one-photon state be monochromatic is not absolute. It
suffices to prepare a one-photon packet that can be described
| [{ |a|2) i a" | @ by the formuld®*?
=exp — —— —=|n).
a> 2 & \/m > - "
_ A+ —
The coherent state attenuated downstream of an absorbing |1>f—ﬂ,2:0 flw)a (w)|0>_w20 f(o)[1.), ©)

medium corresponds to the limit of smadl| (recall that the

intensity, i.e., the average number of photons, of a monowherea® () is the boson creation operator of monochro-
chromatic coherent field is proportional ta|?). Expanding matic statd1,). The one-photon nature of the wave packet
Eqg. (1) in terms of|a|<1, we obtain |1)¢ in Eq. (3) means that only states with populatios- 1

682 JETP 85 (4), October 1997 1063-7761/97/100682-08%$10.00 © 1997 American Institute of Physics 682



are included in the expansion i) in Fock stategl,),  wherewg=|(c|V|v)|/2. Here(c|V|v) is the matrix element
although they may have different frequencies. This state of the interband transition. It follows from E4) that one
the photon field is a “one-particle” quantum state, and it can select the tim& during which the perturbation is difor
generates only a single activation of a light detector, or onlfexample, T= 7/2wg) so that the conditiop(T)=1 is sat-
one transition in a detecting systeiih cannot be split so as  sfied (so-called-pulsé“~). Then at timeT, the electron is

to generate two detector outputs or two transitjoms this  in the quasistationary stafe) with probability one.

sense, the statd ) can be termed as a “single nonmono-  This scheme, however, applies only when the leye)s
chromatic photon.” The functiofi(w) defines the spectrum and|c) are nondegenerate. For example, suppose that they
of the emitted wave packet, which formally contains an in-are doubly degenerate in the spin projection, and=a@
finite number of moded1,), but with amplitudesf(w) level|v) contains not one but two electrons. One can easily
whose absolute values are smaller than unity. This functiogalculate the probability that the periodic perturbation

is normalized, V cost) has transferred only one electréits spin projec-
tion is unimportantto level |c), whereas the other has re-
mained in levelv):

EQHUMF=L

1
Puc(t) = 5 Si(2wgt). ()
and is assumed to be centered about a certain carrier fre-
quencywg.

The one-photon wave packe) can be produced in the
following manner. One electron, which is initially in a quasi-
stationary excited stat@) with energye,, is transferred to
the ground statég) with energye <e, as a result of inter-

2f;|tgn with the photon field, which is initially in the vacuum Whereas the degeneracy in both angular momentum and

Thus. th bl ¢ i hot at its projection is usually lifted because a quantum dot is usu-
us, the problem ot generating a one-photon state CaQlly not spherically symmetrit® spin degeneracy persists in

b_e reduced to the_ problem of prepgring a quasistationary ©the absence of a magnetic field. To lift this degeneracy, one
cited state of a single electron. This problem has been dis- ust apply a very strong magnetic field. Let us estimate its

;:(ussed Itgg the I|tetraturet.h I;ofr ixzmplﬁ’ Imanr:ogIL: taq trengthH. Our estimate is based on the assumption that the
amamoto” suggest a method for fabricating such a state II'\ongest experimentally attainable electron lifetime in the ex-

an Al-GaAs-GaAp—i,—i—i,—n heterostructure by apply- g level|c) of the quantum dot is~10 °-10° s. The

ing an ac voltage with specially selected parameters. In thi erturbation duration tim& needed to transfer an electron
process, one electron and one hole_re_sonantly tunnel fro om the valence to conduction band should be much shorter
the contactgacross the potential barrigrsto the structure than 7, otherwise the probability of photon emissiontatT

and annihilate with emission of a photon. In their opinion,is high, and the emitted photon will be “lost” in the pertur-
the effects of size quantization_ and Cou_Iomb b_Iockad_ ation 'field. Thus, we should have~10"12-10 ' s. But
:'sho.uld suppress quantum fluctuathns associated with thg " this case the perturbating field contains harmonics in the
jection of electrons and holes. This scheme, however, l'quequency rangeSo~1T~101—102 s . The bandwidth
other similar designs, imposes stringent requirements on th
parameters of the nanostructure and applied electric field,
that experimental implementation is questionable.

One can suggest another method for exciting a singl v1), [c1), and as beforgc] ), i.e., although the spin degen-
electron to a quasistationary level, namely, to apply an a

A ; 2 7 "“eracy is formally lifted, its consequences persist. As a result,
electromagnetic field to an isolated quantum dot with size- y y g P

) . _ we have an estimatél>10 T, which is very difficult to
guantized levels in both the valence and conduction band%{chieve experimentally

At first sight, this suggestion seems trivial. Indeed, suppose In this paper we suggest an alternative approach to the
that _aII levels of the valence bar_ld are occupied, and a]l Cor"E)roblem. It is based on consideration of the Coulomb repul-
duct!on band levels are vacathich is usually the cas€iNa gion petween electrons with different spin projections that
semiconductor Let us denote by, ande, the energies of occupy (in the absence of interaction between thetie

the upper(occupied size—quantized. levelp) in the'valence same one-electron levéin a real quantum dot, Coulomb
bgnd and the lowevacany Ifave_l ) inthe t?oAnductlon band. repulsion is always present, and the smaller the dot the stron-
It is well known that a periodic perturbatiovi cos@t) (for  ger it jg). It is clear from qualitative considerations that if the
example, a classical ac electric figldvith frequency  coulomb repulsiortfor example, in levelc)) were infinite,
(=s.—s, (hereinafter we také =1) leads to periodic 0S- he transition of a second electron to this level would be
cillation of the probabilitiesp, and p. of detecting an elec-  forhidden, and one could generate the one-electron state with
tron in levels|v) and|c).**~*"If p,(0)=1 andp.(0)=0 at probability p,.=1 at some time=T. But if the Coulomb

It follows from Eg.(5) thatp,.=<1/2, and one cannot be sure
that exactly one electron has been transferred to the quasis-
tationary statgc) if levels |c) and|v) are degeneraté&he
limitation p,.<1/2 is due to the “transfer of probability” to

the state with two electrons on levi), i.e., pec<1).

Sw should be much smaller than the Zeeman splitting energy
S~ 11gH) of the size-quantized levels) and|c), since oth-
erwise the external field will still mix all the statds?),

the initial moment, then repulsion energy is finite, this is not obvious.
Our aim is to check whether the transition of one elec-
Pc(t) =Sirf(wgt), (4) tron from the valence to conduction band is possible under
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the action of a periodic perturbation on a quantum dot withthe valence band and upp@acanj levels of the conduction
finite Coulomb interaction. It will be shown that for realistic band(the effect of these levels will be discussed béloim
parameters of the systefCoulomb repulsion energy, fre- describing Coulomb repulsion, we use the Hubbard m#tiel,
guency and amplitude of applied periodic electric field, andwhich is widely used in the theory of systems with strong
lifetime of the electron in the quasistationary sjatne can  Coulomb correlation!

select a pulse duratioh such that the probability of driving Thus, taking into account the discussion above, we ex-
one electron to the conduction band is close to unity. Thus, ipress the model Hamiltonian of a semiconducting quantum
is possible to design a source of one-photon wave packets aot in a periodic electric field as

the basis of an isolated quantum dot without resorting to

sophisticated techniques. H(t)= 2 (8uéz;+(révcr+ 8cé§gémr) + UvﬁvTﬁuL

2. QUALITATIVE ESTIMATES. DESCRIPTION OF THE o o o

MODEL + UCnCTnCl + E(t)E (dcva::rgavo'—i_ dvca;aaca')y
Let us first approximately estimate the splitting of the

doubly degeneratdin the spin projection size-quantized ©

!evel |v) due to the Coulomb interaction between eIectronaNhereégo(aq”) is the creatior(annihilatior) operator for an

in statesv 7) and|v ] ): electron with spino=1 or | in size-quantized levels

2 o2 |gy=|v) and|c) (the subscripty refers everywhere to the
A8~U=<UT m vl> ~a (6) valence band, and subscript to the conduction band
1~ 12

_ _ _ o Ngo=28gs8q, IS the particle number operatgpopulation

is the matrix element of the Coulomb interactianjs the numbey; gq are energies of one-electron |e\/e|$é1 is the
static dielectric constant, and is the characteristic linear Hubbard repu|sion energy between two electrons in the same
dimension of the quantum dot. It follows from E@) thatat  |evel; d., is the matrix element of optical dipole transitions
e~10 anda~10 nm, we havé&J~10 meV. Our estimate of (4, =d* ); andE(t) is the external classical ac field.

U is in agreement with the experimental data to order of | et us suppose that the external field is turned o=
magnitude’® A similar estimate is, naturally, obtained for the and turned off at=T, and has a carrier frequengy, i.e.,
splitting of level|c) in the conduction band due to the Cou-

lomb repulsion between electrons in stafes) and|c]). E(1)=Eo cod Q1) 6(1) 6(T—1),

As was demonstrated in Introduction, it is possible towhereE, is the field amplitudeg(t) is the Heaviside step
excite exactly one electron to the conduction band with probfunction. The durationl of the applied field action and its
ability p,c=1 only whenT<r7 and 1T<Ae. Thus, we ob-  frequency( are to be drived by maximizing the probability
tain from Eq.(6) that only one electron is transferred from the valence band to

1r<1/T<U. 7) the qgasistationary level of the condugtion _baEq. (8))_.

Since we consider two electrons with different spin pro-
Since 14~10"°~10"? meV, we have T~0.1-1meV, SO jections in two different one-electron energy levels, the total

condition(7) can be satisfied fdd=1-10meV, i.e., as fol- number of two-electron states of the system is four. We de-
lows from Eq.(6), for a<10-100 nm. The range of admis- note these states by

sible T can, of course be broadened. To this end, one should

increaser and/or reduce. For our purposes, however, this [D=lvTvl), [2)=lvT.cl), [3)=lvl.cl),
range_ofT is sufficient, sin_ce con<_jitio(17) is_ then satisfied at 14)y=|cT,cl), (10)
realistic values ofr anda in semiconducting quantum dots .
fabricated using Contemporary techno'ogies_ Where, for eXamplelUT,Cl> means tha.t the e|eCtr0n W|th

Note also that we would be satisfied, in principle, by theo =1 is in the valence band, and the electron wits | isin
situation in which the maximum value @ (t) is not ex- the conduction band, etc. For the system under consideration,
actly unity, but very close to it. Therefore, we determine thethe set of states defined by H30) is complete, so the wave
time T of the external perturbation duration by the conditionfunction ¥ (t) can be expressed at any moment as

Poc(T)=max p,c(t)]. 8
In addition, let us agree to select the minimal valueTof
among those satisfying conditid8) (otherwise the first of \yhere E, are eigenvalues of the time-independent $ehro

the inequalities in Eq(7) can be violate dinger equationA|i)=E;|i) in the absence of an applied

Before p.roce.eding to the description of our model, let YSield (t<0). With due account of Eq10), we derive from
somewhat simplify the problem. Assume that both the vas; 9)
lence and conduction bands contain only one size—quantize%q'
level that is doubly degenerate in the spin projection. Gener- E;=2¢,+U,, E,=¢,+te;, Ez=g,te,
ally speaking, this is not so. Physically, this simplification E =26 +U (12
means that we take into account only electronic transitions 47 48T Ve
from the upper valence band level to the lower conductiorNote once again that we use the complete set of two-electron

band level, and ignore low-lyin¢fully occupied levels of states defined by E¢10) and schematically shown in Fig. 1.

4
\If(t)=_zl Ai(t)exp(—iE;b)]i), (11)
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allowed transitions between four two-electron states of the
system. Therefore the resonant frequency is different from
e.— ¢, in the presence of finite Coulomb repulsion.

Q, To solve the Schminger equation(13) with Hamil-
tonian (14), it is convenient to go to a representation with a

E =2, +U, Mi=ied.cT

E,=E =g, +¢, =t e time-independent Hamiltonian. To this end, we use the uni-
R=T.cd) tary transformation
Q, R i Ot A ap -
U(t) :exp{ -5 > (Al ag,—a,a,,) |, (15)
E =2e,+ U, =Tl y

which was used in Ref. 16 to describe the interaction be-
FIG. 1. Diagram of energy levels of two-particle states of a semiconductingyeen an intense electromagnetic field and a semiconductor.
quantum dot. We replace the wave function W(t) with

W (t)=0"(t)¥(t). Substituting

The valuesA;(0) define the system wave function at the =

initial moment(moreoverA;(0)=A;(t<0) since thdi) are V() =UMmW(t) (16)
eigenstates of Hamiltoniaf9) for t<0). We assume that at into the Schrdinger equatior{13) for ¥ (t), and taking into
t<0 the semiconductor is in its usual state, namely, the vagccount Eq.(15), we obtain the Schidinger equation for
lence band is fully occupied and the conduction band i (t):
empty, i.e.,A1(0)=1, A,(0)=A3(0)=A,(0)=0. The prob-
ability p;(t) of detecting the system in stafg at an arbi- V(1) a~
trary timet is |A(t)|2. We are interested in the value of P —— =HY(), 17
p,c(t)=pa(t) +ps(t), which is the probabilitysee Eq(10))
that both the valence and conduction bands contain one elewth the Hamiltonian
tron each(it follows from the normalization conditiof11)

that, naturally,p;(t) + po(t) + p3(t) + pa(t) =1 at anyt). H=0 A0 —i0* (1) Ju()
The coefficientsA;(t) in expansion(12) can be calcu- at
lated by solving the time-dependent Safirmer equation Q O
) a\ll(t) R = ; g, t 5 a:aava_l_ €c™ ? agoaca
P = H(t)W(t), (13
A - < . Ny n
whereH (t) is given by Eq.(9), i.e., it explicitly depends on +U,ny N, +UcNeine + ; 5 8cofyo

time when G<t<T.
Y L.
+—=a’ ac,|.

18
3. RESONANT APPROXIMATION 2 v (18

In order to solve the problem as formulated, we use theI'his HamiltonianH is independent of time; therefore the

. . -17 .
resonantblapfpromm?tltplrﬁ‘," Wh('jCh b?ngbles us to {)rogr;astg, eneral solution of the time-dependent Sclinger equation
reasonably far analytically and obtain an accurate solution; 7 o o<t<T has the form

(in some limiting cases in analytic fopmOne can, certainly,

go beyond the resonant approximation, but in this case the _ 4 o~

solution can be obtained only numerically and, as will be ‘I’(t):izl Bi exp(—iEit)[ 1), (19
shown below, this will not lead to any significant changes in -

the results. In the resonant approximation, the Hamiltoniarwhere|7) andE; are the eigenstates and eigenenergies of the
(9) has the form time-independent Schdinger equation

A= (,8],8,0+eca%ac) +U, Ry Ry, HIT)=EilT) (20)
7 with HamiltonianH in the form given by Eq(18). The co-
efficients B; in Eq. (19) should be derived from the initial
conditions(predetermined values &;(0) in Eg.(11)) and
satisfy the normalization condition

A A
Eexp(—lﬂt)ac,,aw

+UcNeiNe + 2
(o

A* e
+ S expiQna),ac, |, (14 ‘
2, [Bi*=1. (21)
where we have introduced the notativsd;, Ey. '
In what follows, we will obtain exact solutions. It is We seek solutions of Eq20) in the form

noteworthy that, unlike the elementary case of a resonant 4
transition between two one-e_lectron I1e4ve}l$> ant_j lc), |T>:2 Culk), (22)
which occurs at the frequend€y=¢.—¢,,”” we consider all k=1
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where the|k) are two-electron eigenstates defined by Eg.nient at this stage to solve E(R3) numerically. However,

(10) for t=<0. Substituting Eq(22) into Eq.(20), we obtain a
set of equations that determinEs and C;y :
4

k§=:1 Cik(<i|ﬁ|k>_5ikEi)=Or (23

wherei=1,2,3,4(i |ﬁ|k> are the matrix elements of Hamil-

tonian(18) in terms of the basis staté0). The Hamiltonian
matrix (i|H|k) has the form

2e,+U,+Q N*/2  \*/2 0
N2 g, T ec 0 N*[2
N2 0 g, tec N2
0 N2 N2 28.4U—Q

From Egs.(19) and(22) we obtain

4
\Tr(t)=i§1 Di(t)]i), (24)
where
4
Di(t)=k21 By Cyi eXp(—iEt). (25)
Sinceﬁvf(O):\If(O) (see Eqgs(15) and (16)), we have
D;(0)=A;(0), where the coefficient#\;(0) determine the
state(11) for t<0. Therefore, we obtain from Ed25) an
equation to determine the coefficier®s in terms of given
A,(O)
4
A(0)= 2, BiCii,

whence

4
Bi= kZl A(0)Cyt, (26)

whereC ™1 is the matrix inverse of. From Egs.(25) and
(26) we obtain

4 4
Di()=2, 2 A(0)C; 'Cy exl —iE). 27)
Given Eq.(16) relating the function? (t) to ¥(t), and tak-

ing into account that the operatoi(t) defined by Eq(9) is
unitary, we obtain an expression for the probabifityt) for
the transition to staté ):

pi()=[Di(1)[2 (28)

In the case wunder investigation, A;(0)=1,
A5(0)=A3(0)=A,(0)=0 (at timet=0, all levels of the

before discussing numerical calculations, we consider an im-
portant limiting case that admits of an analytic solution
which is in excellent agreement with the numerical solution
(obtained using the scheme described apawehe param-
eter range of interest.

Suppose that the Coulomb repulsion between electrons
in the conduction band is infinité) ,=«. The two-electron
state |4)=|cT,c|l) (see Eg. (10), whose energy is
E,=2¢.+U.=, is then obviously always empty, i.e., the
coefficientA,(t) in Eq. (11) is zero for allt. For the same
reason, the matrix elemen@,, (i=1-4) in Eq.(22) are
also zero. Therefore, EQR3) can be solved by diagonalizing
a 3% 3 matrix, which can be done analytically. Thus, having
calculated the eigenvalufs and the matrix of eigenvectors
Ci«, we obtain from Eqs27) and(28) the following expres-
sions for the transition probabilitiep;(t) from the state
Y (0)=|1)=|vT,v]) to the statdi):

52
pl(t)=1—<1— —2) si(wgt),
4wy

1 5\
Pa(t)= E( 1- mg) Sif(wgt),

1 5 2
Ds(t)—i 1‘& sin(wgt),
P4(t)=0, (29
where
2 2
5=0—(s.—8,~U,), wR=—‘5+22|)‘|. (30

From Eg. (299 we derive the desired probability
p,c(t)=p2(t) + ps(t) for the transition of one electron to the
conduction band:

2
2
4(UR

It follows from Egs. (30) and (31) that p,.(T)=1 at
6=0 and

Pyc(t) = ( 1- )sinz(th). (31)

T a
B 2(1)R.

(32

The equalityd=0 has a simple physical meaning: the fre-
guency(} is equal toQ),=E,—E;=E;—E; (see Eq.(12)
and Fig. 3, i.e., the difference between the energy of the pair
of degenerate level®) and |3), and that of levell). Only
these two-electron states are resonant s&&t0. Since
e.—g,~1eV and U,+U.<eg.,~—¢,, we have
Q,~10% s, When the frequency is offset from resonance
(6+0), the value ofp,(T) derived from Eq.(8) deviates

valence band are occupied and the levels of the conductiof, the maximum value by a quantity of ordg#|2/|x|2

band are vacant; see Ed.0)), expression27) for D;(t) can

i.e., the following inequality should hold:

be simplified somewhat. Nonetheless, the calculation of

D;(t) still requires findingE; and C;, from Eq. (23). This

eigenvalue problem reduces to the solution of a cubic alge-

braic equation. The resulting expressions Egrand C;, are

| 8]<[A]. (33

It is clear that atd=0 our results should also be valid
when U, is finite (the lower boundary will be determined

cumbersome and difficult to analyze, so it is more convebelow), since the system can then only be in stdigs|2),
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and|3) (if U,=, this statement is true at ady. Moreover, B,
if 6=0, the sumU,+ U, should be finite(i.e., U, may be 1.0
zerg, which follows from the condition that the resonant
frequencied), andQ/=E,—E,=E,— E; (Fig. 1) for tran-

sitions between the leveld)«|2),|3) and |4)«|2),|3),
respectively, be differenat U,=U.=0 we havep,.<1/2;

see Eq(5)). At 6#0, the necessary condition for the valid-

ity of Eq. (31) for p,.(t) is obviously

|8|<U,+Uq, (34)

and the important parameter is the st U, , rather than
U, andU. individually.

Inequalities(33) and (34) do not specify the ratio be-
tween|\| andU,+ U.. Since for| §|<|\| we havewg~|\|,
by generalizing conditior(7), discussed in Sec. 2, we obtain
IN|<U,+Ug, i.e., it follows from Eqgs(7) and(33) that

1/7,

S <|N|<U,+U, (35

—_

" L 1 "
(recall thatr is the radiative recombination timeThus, if 0 T 200 400 600 s 800

condition (35) is satisfied, the “three-level approximation” 107

should apply to electronic transitions in the investigated . L
four-level system under an applied an periodic perturbationFIG' 2. Prol_)ab|l|typvC of one-elect_ron transition from the _valence bar_1d to
. -t i ; the conduction band versus duratibof action of a periodic perturbation
We emphasize that conditiori85) can be satisfied in a with frequency =e,—¢,~ U, (6=0); e,.—e,=1 eV, U, +U,=0.1 eV,
real experiment. In fact, sinc&,+U.=>1-10meV and |\|=0.01eV. Numerical calculations with Eq&23)—(28) are plotted as
1/7~10"3=10"2 meV (see Sec. 2 we should have dots, a_nd the fin_alytic solution defin(_ed _by E@D—(32) in the “three-level
IN|~0.1—1 meV(the upper boundary of this interval can be 2PProximation” is shown by the solid fine.
increased by increasind,+ U, i.e., decreasing the quan-
tum dot sizea, while the lower boundary is determined by
the lifetime 7). Recalling that the parametéy| is a product in Figs. 5 and 6 forU,+U,=0.1 eV and|\|=0.01 eV,
of the optical dipole matrix elementl.,| and the electric which satisfy the second inequality {85). One can see that
field amplitude Ey, and noting that|d.,|~ea where the analytic solution is in excellent agreement with the nu-
a~10-100 nm, we obtairE,~10? V/cm, which can be merical calculations even when the first inequality(3%) is
easily realized in experiment. As concerns the conditiomot satisfied. Here, of coursp;=~1 only when|5|<|\|.
|5|<|\|, we have|5|<0.01 meV, i.e., the frequenc§ of Figures 7 and 8 show,y* and T calculated in the im-
the external source should be accurate to withif® 0. mediate neighborhood of resonance foy+U.=0.01 eV
Modern experimental methods make this possible.
We now compare the numerical solutions of E(@3)—
(28) to the analytic solution of Eq$30)—(32) in the “three-

level approximation.” Let us take for definiteness P i —
e.—¢&,~1 eV. Figure 2 shows, as a function of at 5=0, 1.0 Jeeest ittt
[\|]=0.01 eV, andJ,+U.=0.1 eV (the numerical calcula- .
tions indicate thatp,.(t) is only determined by the sum 097 d
U,+U,, at least whetJ,+ U <e.—¢,). Figure 2 demon- .
strates that the analytic solution is in good agreement with 08t :
numerical calculations, as expected, since the selected values .
of the system parameters satiB4). The numerical calcu- .
lations yieldpe*and T equal to 0.9935 and 1.46080 ** s, 077 o
respectively, and the analytic solution vyields 1 and .
wl|\|[vV2=1.462210 *s, respectively. o6l *
Figures 3 and 4 illustrate the transition from the “regime ' .
of noninteracting electrons” Y,+U.=0, p)e*=1/2, and .
T=m/2]\|=1.033910 13s; see Eq(5)) to the “regime of 0.33-4 005 .10
strong Coulomb repulsion,” for whichJ,+ U >|\| (Eq. oy + U,

(35). This transition occurs wherlJ,+U.~\; when
U,+U =3\, the probabilityp]e>is larger than 0.95 and@l FIG. 3. Maximum probabilityp™®* of one-electron transition from the va-

is within 3.5% of its asymptotic value corresponding to lence band to the conduction band due to a periodic perturbation with fre-
U+U.=x quencyQ=¢g.—¢,—U, (6=0) as a function of the surd,+ U, of Cou-

v c o lomb repulsion energies in the valence band and conduction band,;
We now discuss the effect of an offset from resonance _. —1ev, |\|=0.01 eV. The probability was calculated numerically

(6#0) onp)*andT. The corresponding curves are given using Eqs(23—(28).
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FIG. 4. TimeT corresponding to the maximum probabilipf¢* of one-  FiG. 6. Time T corresponding to the maximum probabilipf’® of one-

electron transition from the valence band to the conduction band due to gjectron transition from the valence band to the conduction band due to a

periodic perturbation with frequend@ =&,—¢,—U, (6=0) as a function  periodic perturbation with frequendy as a function ofs=Q—Q, , where

of the sumU,+ U, of the Coulomb repulsion energies in the valence banerzsc_su_Uv is the resonant frequency; e,—&,=1¢V,

and conduction bands.—e,=1e€V, [\[=0.01 eV. The time was calcu- y, +U_,=0.1 eV, |\|=0.01 eV. The dots show numerical calculations us-

lated numerically using Eq$23)—(28). ing Egs.(23)—(28). The analytic solution defined by Eg&80)—(32) in the
“three-level approximation” is plotted as a solid line.

and |\|=0.0001eV. For |§<10s? we have
Pre=0.998, i.e., the transition probability is essentially in-
distinguishable from unity. In this regiofi, varies between of order 78) based on the equations of Dormand and Prince
1.460710 ' and 1.462210 ''s, i.e., by 0.1%. with automatic selection of the step sfZéWe calculated the
coefficients A;(t) in Eg. (11) with initial conditions
4. EFFECT OF NONRESONANT COMPONENTS Ai(0)= 64, and determined the value of
- 2 2 .
In the resonant approximation we neglected sever Poc(t) |A2(D)] .+|A3(t)| . As follows from our calcula
“ ,, ; : s ions, the functiorp,.(t) determined in the nonresonant ap-
nonresonant” harmonics of the applied periodic figlkke S .
; : . proximation in the parameter range of interéste Eq(35))
Sec. 3. To assess their effect on the final result, we numeri-. .. . . . ¥
. - . coincides with that found analytically in the “three-level
cally solved the time-dependent Sctimmger equation(13) T o
i A . g resonant approximation” based on E¢30)—(32) to within
with Hamiltonian(9) using the explicit Runge—Kutta method . .
a fraction of a percent. It is noteworthy, however, that when
nonresonant terms are taken into account, the probability
P peaks at a very small but finite offsét The good

pn:laX . .
10 . : agreement between the numerical and analytic results sug-
vaax
1.000
0.5 b
0.998
0.996
4
0 . . . 0.994
-0.2 -0.1 0 0.1 0.2

5=Q-0,, 10" s
0.992

FIG. 5. Maximum probabilityp]=* of a one-electron transition from the

valence band to the conduction band due to a periodic perturbation with 0.990
frequencyQ) as a function of6=Q—Q,, whereQ,=e.—e,—U, is the R _b N (’) OLl 02
resonant frequencyz.—e,=1eV, U,+U.=0.1eV, |\|=0.01 eV. The 5=0-0Q, 10 o

dots show numerical calculations using E(&3)—(28). The analytic solu-
tion of Egs.(30)—(32) in the “three-level approximation” is plotted as a

solid line. FIG. 7. Same as Fig. 5 witt,+U.=0.01 eV,|\|=0.0001 eV.
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T.100% s 7=10"1°-10° s. Therefore, after the applied field is ¢ét
146.5 ' " T T=t), the quantum dot is in a quasistationary excited state
: 1 lvT,cl) or |v|,cT) with lifetime 7, after which the
electron—hole pair will annihilate with generation of a one-
photon wave packdtl); (Eq. (3)) with spectral distribution
f(w) centered at the frequenay,=(2e.+U,) —(e.t¢,),
i.e., near the resonant frequer@Qy=¢.—¢,— U, of the ex-
ternal field applied to the quantum dot. The process of pho-
ton generation is certainly probabilistic, so we cannot give
the exact time when the photon is emitted. An important
point is that if the recombination is radiative, only one pho-
ton will be emitted. This source of one-photon states can be
used in quantum systems for data transmission and process-
145.5 s , ing, including quantum cryptosystems.
-02 -0l o o1 02 In conclusion, note that the estimates of the required
6=0Q-0Q, 10" s parameters of the quantum dot and external perturbation pro-
vide evidence in favor of the feasibility of such a source of
one-photon states. Moreover, if the external field frequency
cannot be varied over a broad band, the source resonance
gests that the nonresonant summands in the Hamiltaian CONdition can probably be achieved by varying the energy

have little effect on system evolution. This result, however'difference between the size-quantized levels in the valence
was predictable fofx|<(.14 and conduction bands via application of static electric and

magnetic fields to the quantum dot.

146.0

1

FIG. 8. Same as Fig. 6 withl,+U,=0.01 eV, |\|=0.0001 eV.

5. DISCUSSION OF RESULTS AND CONCLUSIONS The authors are grateful to V. F. Elesin for discussion of

the results of this work.
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