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Collapse of f-electron wave function
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The radial wave functions of TI®* ion doped into introduced KCI crystal lattice have
been calculated. The calculations were carried out by a Hartree-Fock-Slater method in the
field of the "frozen" frame, i.e. without self-consistency with the wave functions of
internal electrons. A new model taking into account the crystal lattice field influence has
been proposed. In this model, the exchange interaction is taken into account in addition to
electrostatic interaction with the lattice ions. The exchange interaction is taken into
account using the Slater correction. In the approach of the present model, the 5f-electron
wave function collapse of TI®* ion is observed. The result obtained testifies to assumption
that one of TI3* ion absorption bands is attributed to 5d1%«—5d%5f transition.

Paccuuransl paguajibHble BOJIHOBLIE q)yHKIII/II/I HNOoHa T|3+, BHEJIPEHHOI'0 B KPHUCTaJIJIn4YecC-

kytwo pemrerky KCl. Pacuer nmposoguics meromom Xaprpu-@Poka-CiasTepa B mMojie  3aMOPOMKEH-
HOTO" OCTOBa, T.e. 0€3 CaMOCOTJIACOBAHUS € BOJHOBBIMU (DYHKIMAMU BHYTPEHHUX JJIEKTPO-
HOB. [l yueTa BIUAHUA IOJA KPUCTAJIJNUECKOI pemieTKu ObLja IpeAJioKeHa HOBag MO-
Jleib, B KOTOPOI KpPOMe 3JIEKTPOCTATHUECKOTO B3aWMOJEMCTBUA C MOHAMU DPEUIETKU YUTEHO
TakKe oOMeHHoe B3auMogeiicTBrue. OOMeHHOe B3aUMOJeiiCTBIE YUTEHO C IIOMOIBIO TMOIPAaBKYU
Ciuarepa. B mpubamikeHUM TaHHOU MoJenu HabJ0ZaeTcs KOJLJIAIC BOJHOBOM (GyHKmuu 5f
ayiekTpoHa. IlosyueHHBIHI pPE3yJbTAT TOBOPUT B IIOJb3Y COIOCTABJIEHUA OTHOM U3 II0JIOC
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HOTJIOIIEHNs aKTHBaTOpHOro moHa T13* ¢ mepexomom 5d1%«—5d925f.

The f-electron collapse possibility in
excited (5d96s25f) TI* ion introduced into an
alkali halide crystal matrix [1-3] as a result
of the nearest environment influence on its
electronic shell was predicted in [4, 5]. Such
prediction correlates with results of experi-
mental research of absorption and lumines-
cence spectra of electrolyte solutions con-
taining others mercury-like ions as an acti-
vator [6—10].

The wave functions of a free ion are
often used at theoretical estimations of the
luminescence centers. Such an approach is
based on the prediction of small influence
of the activator ion environment on its
wave functions. The direct calculations of
radial wave functions of TI* ion (5d196s2)
introduced into KCI, KBr, and Kl crystals
confirmed this prediction [11]. However, in
spite of the fact that the introduction of a
TI* ion into KCI| crystal is accompanied by
an insignificant change of d- and s-electron
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radial wave functions [11], the environment
influence on the f-electron radial wave func-
tion sometimes appears to be significant.
This may be caused by a possibility of
f-electron radial wave function collapse. To
simplify the calculations, the 5f-electron ra-
dial wave function of TI3* ion (instead of TI*
one) for 5d25f electron configuration is cal-
culated in this work. At the calculations,
the influence of KCI crystal lattice field has
been taken into account. The technique of
taking into account the crystal lattice field
influence has been changed significantly in
comparison with [11].

The 5f-electron wave function of TI3* ion
with 5d95f electron configuration is calcu-
lated by Hartree-Fock-Slater method (HFS)
in the field of "frozen" internal electrons.
For this purpose, the system of differential
equations was solved which, in atomic sys-
tem of units looks like
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Z' =P?, (1)
W = (e + W) /12 + 2(U,; + Uy )P, (2)

pP=w, 3

where Z is the electron shell effective
charge intensity; P, the 5f-electron radial
wave function; €, double energy eigenvalue;
[, the orbital quantum number (I =3 for
f-electron); U, effective potential created
by a nucleus and others electrons of the TI3*
ion based on the data from [12]; U,, is
sphere-averaged potential of the lattice,
Urax,y,2). The functions included in the
system of equations (1-3) have to satisfy
the following boundary conditions: Z(0) = 0,
Z(©) =1, P(0) = P(x) = 0. The radial wave
function of f-electron should have one knot
within the range 0 < r <w. The integration
of system (1-3) was carried out from large
values of r (~30).

Let U,s and U,, potentials presented in
(2) be considered in more detail. As noted
above, the introduction of thallium ion into
a crystal lattice is accompanied by insignifi-
cant changes in radial wave functions of
d- and s-electrons. These changes can be
neglected when passing to various configu-
rations of external electron shells of thal-
lium ion, too [11, 14, 17]. The weak depend-
ence of radial wave functions of d- and s-
electrons on the external electron shell
configuration and environment of the ion
allows us to simplify the calculations. In
contrast to the method described in [14],
the f-electron wave function was calculated
in the field of "frozen" d-, s-and others inner
electrons. In that case, the potential U, can be
described as

U, = @

1/3
81) P¥(r)
i

b

:J‘ 0 i qr 2T
r2 r 32n2r2

where the first item takes the electrostatic
field of "frozen™ internal electrons into ac-
count, the second one describes the field
created by the ion nucleus, and the third
one is the Slater simple approximation,
which takes into account the f-electron ex-
change interaction with others electrons of
thallium ion; P,(r) is radial wave functions
of internal electrons taken from [12]; r is
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distance from the ion center; Zq; is the
charge of thallium ion nucleus (Zq = 81).
The case of U,; potential in the formula (2)
corresponds to a free ion. It is necessary to
introduce additional potential U,, that
would take into account the crystal lattice
sphere-averaged field, in order to conduct
our calculation for the case of the ion.

A new model taking into account the
crystal lattice influence on wave functions
of the activator electrons is proposed in this
work. In this model, the lattice space is
divided into equal cubic cells. The length of
each cell edge is equal to the distance be-
tween nuclei of the nearest ions, d. The
cells are located in space so that the center
of each cell coincides with the nucleus of
the appropriate ion. At the first stage, it is
necessary to find the potential distribution
in each cell using the potential estimation
procedure and at second one, to average it
over a sphere with the center in the activa-
tor ion.

The potential inside each cell can be pre-
sented as the sum of three components. The
first one is the U,, potential created by all
ions of the lattice except for the ion located
inside the suggested cell. The second one is
the U, potential created inside the cell by
the ion located therein. The third compo-
nent is caused by exchange interaction of
the activator ion f-electron with the elec-
trons of the lattice ions.

Let each component be considered. The
potential created at the cell center by all
other ions of the lattice is the value known
as Moudelung potential taken with appro-
priate sign for cation and anion. It is neces-
sary to consider the behavior of potential
created by all ions of the lattice except for
the nearest ones at various points of the
appropriate cell (for short, we will further
refer to it as to Moudelung potential). To
that end, it is necessary to consider the
sums similar of those used when calculating
the Moudelung constant. However, in this
case, the calculations are performed for an
arbitrary point within the cell and not for
its center.

Let the following introduce designations
be introduced:

n, = round(x/d), n, = round(y/d), (5)
n,=round(z/d), n=n,+n, +n,

where n, stands for the number of the cell
with the point (x, 0, 0), counting from the
zero cell occupied by the activator ion; n,
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and n, numbers have the similar sense. The
function round(x/d) approximates the num-
ber x/d up to its nearest integer. The coor-
dinate axes are directed along the 4! order
crystallographic. The coordinate origin is at
the center of the cell occupied by the activa-
tor ion.

Let us consider the behavior of potential
created by all ions of the lattice except for
the ion located in this cubic cell. The loca-
tion of each ion of the lattice can be de-
scribed by a vector aTk,l,m = [dk, dl, dm],
where k, I, m are integers. Let us consider
a point r'T = [«', y', 2'] within the suggested
cell. The distance between the (&, [, m) ion
and point with coordinates (x', y', 2') is de-
termined by the by, =a;,;, —r vector.
The potential Uy ; (') created at r’ point by
the (&, [, m) ion in view of its sing is ex-
pressed as

Uppml, ¥, 2) = (CLFFEM/ by ) (7).

The potential Up(x, y, 2) created by

=(2¢)3 — 1 ions that are contained in a
cube with edge length 2qgd is calculated as
the sum

q q

q
Un) =2 2 2 Upim®y,2)

k=—ql k=—qm k=—q

(6)

At summation (6), the point k=1=m =20
is excluded.

Calculations for various number N tak-
ing into account the lattice ions have shown
that it is possible to consider the potential
created by all lattice ions except for nearest
ones is essentially constant at the cubic cell
boundaries. A change in number of ions
taken into account changes only the poten-
tial absolute wvalue within the cell limits.
When taking into account all lattice ions,
this value should be equaled to Moudelung
potential for the given lattice type. It en-
ables to state that it is possible to present
Moudelung potential U, (x, y, 2) at the
points of space filled with the lattice as step
function

Um(x,y,z) = UmO . (—].)n + St/ r, )
where r = (x2 + y2 + 22)1/2 is the distance
from the activator ion center and n depends
from x, y, z (5).

The function

St = exp(—(1n2)exp(—2(r — r;,,)))
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is equal to 1 outside of the activator ion
and to 0 inside it where rion is the thallium
ion radius [11]. It is included into (7) for
the following reasons. The Moudelung po-
tential takes account of potentials of all
ions of the lattice including that of activa-
tor ion —1/r. However, this potential is in-
cluded also into U,, (effective potential of
activator ion). In order to not take it into
account twice, outside of the cell it is ex-
cluded from the Moudelung potential by
means of St/r item.

The second component of effective poten-
tial is created by the ion located in the
suggested cell. It is necessary to know the
electron density distribution of appropriate
ion to estimate this component. Distribu-
tions of cation K' and anion CI~ electron
density were calculated using the data from
[18] and [14], respectively. The designed
distributions of cation and anion electron
density are presented numerically. To sim-
plify account for those electron density dis-

tributions, those approximated by functions
of the kind

pir) = ci(l - exp(—birz))exp(—air), )

where the index i corresponds either to
anion or to cation. In order to calculate the
complete effective potential created by the
appropriate ion, it is necessary to take into
account nucleus potential U"(r), too:

Uti(ry=2;/r, (9)

where Z; is charge of the appropriate ion
nucleus. In such case, the complete effective
potential US,(r) created by the ion in a cell
which it occupies will be equal to

Usi(r) = UM(r) + U(r). (10)

The use of U%/(r) potential presented nu-
merically will cause large difficulties in the
further work, as sphere-averaging of the
lattice potential is necessary. To avoid this
problem, we will find the volume-averaged
potential created by the appropriate ion in
the cell occupied therewith. This average
value is possible to find by integrating the
U®,(r) potential over the cell volume and di-
viding the value obtained by the cell vol-
ume:

d/2 d/2 d/2 U i
i(x y,z r
<Up>= I I I
-d/2 -d/2 —d/2
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Table. Parameters of function (7) and values of averaged potential U?

Ion a b c <U;> (a.u.s.)
K* 1.22946 1655.18114 22.60685 0.6215 (<U,>)
Crr 0.9 1511.35152 16.56126 -0.0389

It is necessary to find average value <U>
of potential <U,> over the lattice. Since in
used approach, the volumes of cells occu-
pied by the anion and cation are identical,
then <U> = (<U_ > + <U_>)/2.

For KCI lattice the calculated average
values of the potential over the lattice vol-
ume and over volumes of cells occupied by
the anion and cation are presented in Table.

The obtained potential distribution char-
acteristic in the lattice is similar to the
behavior of the Moudelung potential distri-
bution, that is, the potential in each cell is
constant and is equal <U, > for an anion-oc-
cupied cell and <U_> for a cation-occupied
one. Similarly to the formula describing
Moudelung potential, in such case it is pos-
sible to write expression for distribution of
potential U/(x, y, 2) over the lattice volume:

Uyx,y,2) = 11

= (<U> — <U,>)/2) - (-1)" — <U>.

A more simple HFS method is applied
often when calculating the wave functions
instead of a rather difficult Hartree-Fock
(HF) method. This method produces results
close to those obtained by HF method. In
this case, non-local exchange term U®(ry, )
is used instead of local potential U(r) in
HF equations [15]:

Ur(r)=3@3p'(r)/m)l/3/2, (12)

where p'(r) is electron density:

() = D03 - 9.
j

In this case, the system of HF equations
is transformed to a more simple system of
equations similar to that of the Hartree
equations with the additional term in poten-
tial as (12) with negative sign.

In this work, we shall proceed from the
assumption that (12) is applicable not only
to electrons of TI* ion, but also to elec-
trons of the lattice ions. Knowing the ra-
dial distribution of electron density p;(r)
for cation and anion, let us to find the
electron density distribution over the lat-
tice volume. To that end, it is necessary to
take into account that the radial distribu-
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tion of electron density p;(r') and non-ra-
dial distribution p'(7') for a lattice ion
corresponds to p(r') = 4nr'2p'(r'), where 7'
is counted from the center (n,, n,, n,) of
suggested ion connected to system of co-
ordinates (x, y, 2) with the origin at the
activator ion nucleus through a relation
r2=(x-nd? + @y - n,d? +(z-n,d>.

Taking into account (4), (9), (10), the
expression for electron density distribution
over the lattice volume can be presented as

p(x’y72) =
(A =D - pa(x,y,2) + AHED)T) - py(x,y,2)
= 5 ,

pia,y,2) = pOiexp(—air')(l - exp(—bir'z)).

The complete effective potential of the
lattice U, (x, y, 2) is equal to the sum of
potentials found using (7), (11), and (12):

ULat(x’y’Z) =
= U, (x,y,2) + Uyx,y,2) + Up(x,y,z).

The sphere averaging of U (x, y, 2) po-
tential is necessary to calculate the TI* ra-
dial wave functions in approximation of
spherical potential:

U,o(n) =
][‘2_[“ U; ,(rsinBcosg,rsinfcose,rcosH)sinBdbde
00 4n

The calculated 5f-electron radial wave
function of TPR* ion in the excited state
with the configuration of external elec-
tronic shell 5d95f taking place in the KCI
lattice field is presented in Fig. 1. The
5f-electron radial wave functions of free
univalent thallium ion taken from [14] and
trivalent one calculated using the method of
"frozen" inner electrons are shown for com-
parison in this Figure, too.

It is seen that collapse of 5f-electron
wave function of TI3* ion introduced into
KCI lattice is observed as compared to free
TI* ion. A little shift of the 5f-electron ra-
dial wave function toward the nucleus of
TI3* ion introduced into KCI lattice as com-
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Koxanc xBuiboBoi (pyHKLii f-emexrpona ioma TIS*
Y KPHUCTAJIYHOMY IIOJi

B.A.Oxpimenkxo, /].IO.Cmapxos

PospaxoBaHo pafianbHi XBUALOBI QyHKIII iona TI*, BIpoBagKeHOro y KpUCTATiUHy IpaT-
Ky KCl. PospaxyHOK mpoBogmscs MmMeTomoM Xaprpu-Poxa-Cierepa y moai '~ 3aMOPOMKEHOro”
ocToBa, TOOTO 0€3 CaMOYSIOAKEeHHS 3 XBUJIbOBUMU (PYHKI[IAIMU BHYTPilIHiX eleKTpoHiB. s
ypaxyBaHHSA BILIMBY II0JA KPHUCTAJIUHOI PENHIiTKHM 3aIIPOIIOHOBAHO HOBY MOE/b, ¥ AKill Kpim
€JIeKTPOCTATUYHOI B3aeMOJii 3 ioHaMM PelIiTKH ypaxoBaHO TAKO» oOMiHHY B3aemopir. OG-
MiHHA B3aemonis BpaxoBaHa 3a mormomoror ampokcumarlrii Ciaerepa. ¥ Habam:keHHi gaHOI
MoOJesIi cmocTepiraerbcss Kojalmc XBuUAboBOl QyHKINII 5f exexrpona. Orpumanuili pesyiabTar
CBiAYMTD HA KOPHCTH CIIBCTABJIEHHS OLHIEI 8l CMyr mOrIMHAHHS aKTHBaTOpHOrO ioHa TI* 8
nepexozom 5d10«—5d95f.
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