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Abstract. A numerical calculation of the DC Stark effect for hydrogen and sodium atoms and
Wannier-Mott excitons in an external uniform DC electric field is carried out within the opera-
tor perturbation theory method. New adequate model for description of the unique especialitites
in the photoionization spectra of the hydrogenic atoms is proposed. It is found that the Stark shift
for the n=2 state of excitons in the Cu,O semiconductor (yellow series) at the electric field strength
600 V/cm results in — 3,1 10 eV which agrees well with experimental data of Gross et al. It is in-
dicated also that the analogous unique especialitites may possibly take a place in the Wannier-Mott
excitons spectra near the threshold boundary.
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EKCITOHU BAH’€-MOTTA I ATOMH Y IOCTIMHOMY EJIEKTPUYHOMY ITOJII:
®OTOIOHI3AIIIA, INTAPK E®EKT TA PE3OHAHCH Y IOHI3AIIIMHOMY KOHTUHYYMI

0. B. Inyuiros, 4. I. Jlenix, C. B. Am6pocos, O. II. Deduyx, O. IO. Xeueaiyc, I. B. Ienamenko

Anorania. Ha migcraBi MeTromy orepaTopHOi Teopii 30ypeHb BUKOHAHO po3paxyHok IllTapk-
edekTy 11 aToMa BOAHIO, HAaTPilo Ta eKCiToHiB Ban’e-Motra (HaniBnposinnuk Cu 0) y oqHOpi-
JHOMY ejleKTpuuyHoMYy noJjii. He3BuuaiiHi ocobJuBOCTI Y crieKTpi ¢oToioHi3allii BogHEeNOAiOHMX
CUCTEM OMMKCaHi Ha ITiICTaBi aAeKBaTHOI KBAHTOBO-MeXaHiuYHOi1 MoJei. EHeprii BUCOKO po3Tallio-
BaHUX PE30HAHCIB y iOHi3alliiHOMY KOHTUHYYMi J10Ope Y3TOIXYIOThCS 3 BITOMUMU €KCIIEPUMEH-
tapHUMM JaHnMu Gross et al. Po3paxoBaHi mTapKiBCBKi 3CYBY TS psifa CTaHIB €KCITOHY y Ha-
niBnposigHuKy Cu 0 (xoBTa cepis) B enekrpuaHoMy noii 600 B/cu. [IporHosyeTbes MOXINBICTD
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TIPOSIBJICHHST HE3BUYAWHUX OCOOJIMBOCTEN Y CIIEKTpaxX eKCiToHiB Ban’e-MoTTa mo0an3y rpaHulli

10HI3a1lil OCTaHHIX.

Knrouogi ciroBa: atoM, excitoH Ban’e-Mortra, IllTapk-edekT, poToioHizalis

OKCUTOHbBI BAHBE-MOTTA U ATOMBI B IIOCTOSIHHOM BJIEKTPTYECKOM
IHOJIE: ®OTOUOHU3ALINA, HHITAPK DODEKT 1 PE3OHAHCBI
B MTOHU3AIIMOHHOM KOHTUHYYME

A. B. Inywmroe, 4. H. Jlenux, C. B. Amopocos, A. I1. Deoduyk, O. FO. Xeueauyc, A. B. Henamenko

Annoranus. Ha ocHoBe MeToa orepaTopHO TeOpUU BO3MYILIEHUI BBITIOJHEH pacueT LITapk-
addekra 11 atoMa BoloOpoja, HaTpus ¥ 9KCUTOHOB Banbe-Motra (moaynpoBoaHuk Cu,0) B
OTHOPOJHOM 3JIeKTprUUecKoM mnosie. HeoObIyHbIE 0COOEHHOCTU B CIEKTpe (POTOMOHMU3ALIMU BO-
JIOPOJIOIIOJO0OHBIX CUCTEM OIMCaHbl Ha OCHOBE aleKBaTHOM KBAaHTOBOI Monelu. DHEPTrUU BbI-
COKO JIeXXaIllUX PE30HAHCOB B MOHM3ALIMOHHOM KOHTMHYYME HAXOMSTCS B XOPOIIEM COIJIACUU C
M3BECTHBIMU 3KCIIEpUMEHTAIbHBIMU JaHHBIMU Gross et al. PaccunTaHHbIEe IITAPKOBCKUE CABUTH
TS psAia COCTOSIHUMIA 9KCUTOHA B 1OJTynpoBoaHKKe Cu 0 (KenTas cepus) B 2JIEKTPUYECKOM T10JIe
600 B/cMm. IIpenckazaHa BO3MOXKHOCTbD IPOSIBICHUSI HEOOBIYHBIX OCOOEHHOCTEH B CIIEKTPax 9KCH -
ToHOB BaHbe-MoTTa BOJIM3U I'paHUIIBI MOHU3AIWM [OCIEIHX.

KioueBble cioBa: aToM, 3KCUTOH Banbe-Mortra, [llTapk-3¢pdexT, hoTronoHunzanus

Introduction

Observation of the Stark effect in a constant
(DC) electric field near threshold in hydrogen and
alkali atoms led to the discovery of resonances ex-
tending into the ionization continuum by Glab et
al and Freeman et al (c.f.[1-5]). Though the known
semi-empirical approach of Harmin [5] (c.f.[3]) is
effective enough, a full adequate consistent theory
of this phenomena is absent hitherto. Calculation
of the atomic characteristics in a strong electric
DC field remains very important problem of mod-
ern atomic physics and also of the physics of semi-
conductors [6-30]. It is well known [28] that the
availability of excitons in semiconductors resulted
experimentally in the special form of the main ab-
sorption band edge and appearance of discrete lev-
els structure (f.e. hydrogen-like spectrum in Cu,0).
Beginning from known papers of Gross-Zaharch-
enya, Thomas and Hopfield et al (c.f.[28-30]), a
calculation procedure of the Stark effect for exci-
ton spectrum attracts a deep interest permanently.
As it is well known [11], external electric field shifts
and broadens the bound state atomic levels. The
standard quantum-mechanical approach mutu-
ally relates complex eigen-energies (EE) £= E +
0,5iG and complex eigen-functions (EF) to the res-
onances’ shape. The calculation difficulties in the
standard quantum mechanical approach are well
known [3]. The WKB approximation overcomes
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these difficulties for the states, lying far from “new
continuum “boundary and, as a rule, is applicable
in the case of a relatively weak electric field. The
same could be regarded to the widespread asymp-
totic phase method (c.f.[1-4], based on the Breit-
Wigner parameterisation for the phase shift depen-
dence on scattering energy. Some modifications of
the WKB method were introduced by Popov et al.
and Ostrovsky et al.(c.f. [3]). Quite another calcula-
tion procedures are used in the Borel summation of
the divergent perturbation theory (PT) series and in
the numerical solution of the difference equations
following from expansion of the wave-function over
finite basis. In refs. [10-13] a principally new con-
sistent uniform quantum — mechanical approach
to the non-stationary state problems solution had
been developed including the Stark effect and also
the scattering problems. The essence of the method
is the inclusion of the well known method of “dis-
torted waves approximation” in the frame of the
formally exact PT [11]. The zeroth order Hamilto-
nian H, of this PT possesses only stationary bound
and scattering states. In order to overcome the for-
mal difficulties, the zeroth order Hamiltonian was
defined using the set of the orthogonal EF and EE
without specifying the explicit form of the corre-
sponding zeroth order potential. In the case of the
optimal zeroth order spectrum , the PT smallness
parameter is of the order of G/FE, where G and F are
the field width and bound energy of the state level.
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One could see that G/E < 1/n even in the vicinity
of the "new continuum" boundary (where n is the
principal quantum number). This method is called
the operator PT (OPT) approach [11,12]. It is very
important to note that the hamiltonian #is defined
so that it coincides with the general Hamiltonian H
at e = 0. (g is the electric field strength). Let us note
that perturbation in OPT does not coincide with the
electric field potential though they disappear simul-
taneously. An influence of the corresponding elec-
tric potential model function choice on the values
of the Stark resonances energies and bandwidths
does not significantly change the final results for the
resonances shifts and widths [11,12]. All said above
regards the Wannier-Mott exciton characteristics in
semiconductors as well.

In ref. [13-17] the OPT approach have been
used for solution of the isotopes separation problem
and an account of the non-hydrogenic effects was
done as well as the improvement of the convergence
procedure. In ref. [18-24] the OPT approach have
been successfully used for studying new laser-elec-
tron nuclear spectral effects in thermalized plasma
(speech is about new cooperative laser-electron-
nuclear processes), new laser-electron-nuclear ef-
fects in atoms, ions and diatomic molecules. There
is very effective application of the OPT approach
in conjuction with S-matrix Gell-Mann and low
formalism to studying the resonance states of com-
pound super-heavy nucleus and electron-positron
pair production in heavy nucleus and ioons col-
lisions and under availibuility of the external su-
perintense electromagnetiv filed, when the EPPP
chanell is opened [22-24].

In this paper we have used the OPT method
[11,12] for studying and exact calculation of the
DC Stark effect for hydrogen, sodium atoms and
Wannier-Mott excitons in an external uniform DC
electric field and the corresponding photoioniza-
tion spectra. New adequate model for description
of the unique especialitites in the photoionization
spectra of the atoms is proposed. It is found that
the Stark shift for the n=2 state of excitons in the
Cu,O semiconductor (yellow series) at the electric
field strength 600 V/cm results in — 3,1 10 eV
which agrees well with experimental data of Gross
et al. It is indicated also that the analogous unique
especialitites may possibly take a place in the
Wannier-Mott excitons spectra near the threshold
boundary.

Operator perturbation theory approach [10-13]

As usually, the Schrodinger equation for the
electronic eigen-function taking into account the
uniform DC electric field and the field of the nu-
cleus (Coulomb units are used: a unit is 42 /Ze* m
and a unit of mZ%e* /h? for energy) looks like:

[-(1=N/2)/r+ez—05A—E]y =0, (1)

where F is the electronic energy, Z — charge of nu-
cleus, N — the number of electrons in atomic core.
Our approach allow to use more adequate forms for
the core potential (c.f.[25-27]), including the most
consistent quantum electrodynamics procedure for
construction of the optimized one-quasi-electron
representation and ab initio core potential , provid-
ing a needed spectroscopic accuracy. For multielec-
tron atom one may introduce the ion core charge
z'. According to standard quantum defect theory
(c.f.[26]), relation between quantum defect value
u, electron energy FE and principal quantum num-
ber nis: p=n-z'(-2E)""°. As it is known, in an elec-
tric field all the electron states can be classified due
to quantum numbers: n, n,, n,,m (principal, para-
bolic, azimuthal: n=n + n,+m+1). Then the quan-
tum defect in the parabolic co-ordinates 6(n s m) is
connected with the quantum defect value of the free
(e=0) atom by the following relation [14]:

n—1

S(nnm)=(1/n) Y (21 +1)(C by, I=
=(n-1)/2, M=(n -n,+m)/2.

Naturally, it is possible to use more complicated
forms for the ion core potential (c.f.[3,17]). After
separation of variables, equation (1) in parabolic
co-ordinates could be transformed to the system of
two equations for the functions fand g:

|m|+1

fre g
t
+[0,5E+ (B,— N/2) /t-0,25e(0) t] f=0; (2)

t
+[0,5E+B,/t+0,25¢e(r) t/ g =0, 3)
coupled through the constraint on the separation
constants:

Bp,=L.
For the uniform electric field € (#) = €. In ref.

[11], the uniform electric field € in (3) and (4) was
substituted by model function &(t) with param-
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eter T (t = 1.5 ¢,) . Here we use similar function,
which satisfies to necessary asymptotic conditions
(c.f[11,12]):

2

t +r] (4)

T+t

g(t) = ; € {(t—r)

Potential energy in equation (4) has the barrier.
Two turning points for the classical motion along
the n axis, ¢, and ¢, , at a given energy E are the so-
lutions of the quadratic equation (B =, £ = E.
It should be mentioned that the final results do not
depend on the parameter t . It is necessary to know
two zeroth order EF of H : bound state function ¥,
(¢, v, ) and scattering state function ¥ (g, n, 9)
with the same EE in order to calculate the width
G of the concrete quasi-stationary state in the low-
est PT order. Firstly, one would have to define the
EE of the expected bound state. It is the well known
problem of states quantification in the case of the
penetrable barrier. We solve the (2, 3) system here
with the total Hamiltonian H using the conditions

[11]:
f(h—>0att= o,

ox(B, E) / 0OE=0, (5
with

.0 = i [0+ (/K17

These two conditions quantify the bounding
energy E, with separation constant 3, . The fur-
ther procedure for this two-dimensional eigenvalue
problem results in solving of the system of the ordi-
nary differential equations(2, 3) with probe pairs of
E, B,. The bound state EE, eigenvalue 3, and EF for
the zero order Hamiltonian H coincide with those
for the total Hamiltonian H at € = 0, where all the
states can be classified due to quantum numbers: #,
n, I, m (principal, parabolic, azimuthal) that are
connected with £, 3, m by the well known expres-
sions. We preserve the n, n, ,m states-classification
in the €#0 case . The scattering states' functions
must be orthogonal to the above defined bound
state functions and to each other. According to the
OPT ideology [11,12], the following form of g, :is
possible:

g () =g, () — 2,/ 8,0, (6)

with f,, , and g (?) satisfying the differential equa-
tions (2) and (3). The function g,(t) satisfies the
non-homogeneous differential equation, which
differs from (3) only by the right hand term, disap-
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pearing at f = oo. The coefficient z,” ensures the or-
thogonality condition and could be defined as [11]:

g, = {lldCdn (+n) Qg (e, (W) J/
/ I dean (C+n) £2,,(Qg,, (We, () .

The imaginary part of state energy in the lowest
PT order is:

Im E=G/2=n<¥,, |H¥, >, ()

with the general Hamiltonian H (G- resonance
width). The state functions V', and V' are assumed
to be normalized to unity and by the 6(k -k')-condi-
tion, accordingly.. The photoionization cross sec-
tion could be defined as follows:

o' =41’ hw /137 x
><Z<O|rm |lPl' >[<IP' | \P >_1]ll' <\Pl ‘rm ‘0>9 (8)
LI

where |0> is the initial state of the atom, r, =z for
n-polarized light and r, = (l/ﬁ)(xiiy) for o-po-
larization; <\, |'¥, >- the overlap matrix of the
set {¥} (see details of its definition in [3] and cited
ref. therein). Note then that the whole calculation
procedure at known resonance energy E and sepa-
ration parameter 3 has been reduced to the solution
of one system of the ordinary differential equations.
For its solution we use our numeral atomic code
(“Superatom” package [3, 10-16,24-27]).

Stark resonances energies and widths calculation
results

The calculation results for Stark resonances
energies and bandwidths for some states of H atom
are presented in Tables 1. For comparison we have
indicated the data, obtained within another ap-
proach — complex eigen-values and numerical
calculation (c.f.[1,3,11]. In table 2 we present the
calculation results for Stark resonances energies
for some Rydberg states of Na atom in an electric
field 3,59 kV/cm. For comparison we have also
presented the experimental data [5], the results of
calculation within the I/n-expansion method by
Popov etal , semi-empirical approach of Harmin
(c.f. [5,14]).

For the most long-living Stark resonances with
quantum numbers n,= 0, m = 0, a width of energy
level is significantly less than a distance between
them. These states are mostly effectively populated
by m-polarized light under transitions from states
with (n,-n,) = max, m = 0. As a result, the sharp
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isolated resonances (their positions under E>0 are
determined by energies of quasi-stationary states
with n,=0, m=0) are appeared under photo ioniza-
tion from these states in a case of m-polarization.
In particular, calculated values of photo ionization
cross-sections (£=6,5 kV/cm.): (24, 23, 1, 0) o=
0,63 (atomic units), (24, 23, 0, 0) "= 1,7 (atom-
ic units) [14]. In general, the agreement between
theory and experiment is good. Let us note that our
results are obtained in the first PT order, i.e. already
the first PT order provides the physically reasonable
results.

Table 1
The energies E (at.units) and widths G (at.units)of
Stark resonances of the hydrogen atom ina DC electric
field with strength: £=6,5 kV/cm.

E G E, G,
(nn, n, m) Ref.’[ 51 | Ref. ’[ 5] Present | Present
paper paper
24,23,0,0 | 0,1192 | 0,2752 | 0,1194 | 0,2754
25,23,1,0 | 0,2748 1,0868 | 0,2749 1,0871
25,23,0,1 | 0,8298 | 0,7484 | 0,8301 0,7487
25,24,0,0 | 1,4329 | 0,4175 1,4331 | 0,4177
Table 2

The energies (cm')of the Stark resonances for the Na
atom (£=3,59 kV/cm):
A-experimental data ; B- Popov et al; C- semi-
empirical approach of Harmin;

D- OPT approach.

State:n nm o A B C D
26,0,0 0,140 | 15,5 15,5 15,5 15,5
25,0,1 0,007 | 21,1 21,2 | 21,2 | 21,1
25,0,0 0,145 | 35,5 | 35,6 | 35,7 | 35,5
24.,0,1 0,008 | 41,1 40,4 | 40,5 | 41,0
24,1,0 0,130 | 50,5 | 50,3 | 50,4 | 50,5
24,0,0 0,151 | 56,5 | 57,0 | 57,2 | 56,5
23,0,1 0,008 | 61,2 | 60,7 | 60,8 | 61,1
23,0,0 0,157 | 79,3 | 80,3 | 80,6 | 79,4
22.0,1 0,009 | 84,1 83,1 83,5 83,9
22,1,1 0,016 | 75,0 | 74,8 | 749 | 75,1

Wannier-Mott Excitons in a DC electric field

The analogous method can is formulated for de-
scription of the Stark effect in the Wannier-Mott
excitons in semiconductors (CdS, Cu,0). The Sch-
rodinger equation for the Wannier-Mott exciton
has a standard form:

[-7°V2/2m, =1V} | 2m, —
—e’ /er, —eEr, —eEr, ¥ =EVY . 9)

Here all notations are standard. A vector poten-
tial is as follows: A(r)=1/2 [Hr]. Under transition to
system of exciton masses centre by means of intro-
ducing the relative coordinates: r=r, —r,

p=(mr, +myr) (m] +m),
one could rewrite (9) as:
[-7°V?/2u—e* ler—h/2x
x(1/m, =1/m,)K - p—eEr|F =[E —n*K* /8u]F .

This equation then could be solved by the
method, described above. Preliminary estimates
show that this approach, in a case of electric DC
field, gives the results for Stark states in a reason-
able agreement with known results of Thomas and
Hopfield (TH) [28]. According to our preliminary
estimate, the Stark shift for the n=2 state of exci-
tons in the Cu,O semiconductor (yellow series) at
the electric field strength 600 V/cm results in — 3,1
10 * eV. This value agrees well with experimental
data of Gross et al.[28]. Ionization of the exciton in
an electric DC field occurs if a change of potential
on a small enough distance (the orbits diameter) is
comparable with a bonding energy of particle on
this orbit. According to data of Gross et al., the
corresponding electric field is ~ 9 103 V/cm. Our
calculation agrees with this value. Near ionization
boundary, a hydrogen atom demonstrates a behav-
iour of quantum chaotic system, including the dif-
fusion mechanism of ionization. Besides, for non-
hydrogen atoms, there are unique especialitites in
the photoionization spectra (alkali atoms) [5,14].
Probably, the analogous unique especialitites may
take a place in the Wannier-Mott excitons spectra
in semiconductors (of Cu,O type) near the thresh-
old boundary. One could suppose very interesting
mechanism of the exciton ionization under differ-
ent values of the electric field strength with possible
positive energy resonances in spectra.

Conclusions

We have applied earlier developed the operator
perturbation theory method [10-13] in numerical
calculation of the DC Stark effect for hydrogen-like
atoms and Wannier-Mott excitons in an external
uniform DC electric field. We have demonstrated
the existence of common features in behaviour of
such a different physical objects as hydrogen atom,
non-hydrogen (alkali) atoms and Wannier-Mott
exciton under Stark effect caused by a DC electric
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field.. The latter is to be the generator of the states
mixture leading to the resonance states ionization
threshold lying in the continuum, which can not be
correctly described by standard available quantum-
mechanical methods [4] as specch is about suffi-
ciently strong fileds.
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