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Abstract

We have studied two examples of atomic processes induced by electronic exci-
tation in insulating crystals. One is the bistable defect system in CdFy:M3t,
the other is the athermal halogen atom desorption.

The bistable (shallow-deep) defect systems associated with trivalent im-
purities (In, Ga, Y and Sc) in CdF; are examined. The equilibrium lattice
relaxation around the defect and the wavefunction of the electron bound to
the impurities arc determined by minimizing the energy of the defects. The
impurity-fluorine interatomic potentials determined using the electron-gas
model of Gordon and Kim are used, and the defect electron is treated by
the extended-ion method. In order to compare the deep and shallow states
using the same discrete lattice model, a very large cluster of atoms is treated.
Two groups of trivalent impurity centers are found. With In and Ga, there
is a low, but clearly identified, potential barrier which separates the deep
level from the shallow one. In Sc and Y, only a simple shallow level state
is obtained. The analysis of the result shows that the difference is to be
attributed to the short-range potential of the trivalent impurity centers. On
the basis of present work, we predict that TI3* would exhibit similar bistable
behaviour.

Energetic halogen atom desorption observed from certain alkali halide
crystal under electron or photon stimulation is being investigated. The re-
laxed structure of the localized one-center (Frenkel-type free exciton) and
two-center (self-trapped exciton: STE) electronic excitations are studied. It
is shown that the triplet STE state undergoes an instability on and near the
surface similar to that in the bulk. For the first and second layers’ sTe below
the (100) surface, the excited electron localizes with preference closer to the
surface. Further below, there is no preference. Only when the off-center re-
laxation of the STE propels Br; toward the surface can there be a desorption.
The third layer sTE in KBr leads to desorption with a possible kinetic energy
of about 1 eV, the trajectory undergoes deviation as the ejected Br? clears
the surface. In NaBr, the apes of third layer’s sTE encounters a barrier as
in the bulk, no energetic desorption is expected in NaBr as the experiment
shows. The presence of a In* adjacent to a STE in the third layer, on the
side closer to the surface, results in the excited electron localizing on the Br
site nearer to the surface and on In*, pushing the V. center deeper into the

i



bulk. We believe that this causes the observed inhibition of Br® desorption in
In-doped KBr. In CaFa, though the excited electron localizing on tke surface
for ihe first layer’s sTE below the (111) surface, the F atom desorption is still
expected due to the different lattice structure with the ejecta’s trajectory
undergoing correction to approach the normal of the surface.

In all the examples studied here, the large atomic displacement is induced
by the excited electron.
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Part 1

Bistable Defect System



Chapter 1. Introduction

Cadmium fluoride, CdF., has the well-known fluorite structure as shown in Fig. 1.1,
It’s Bravais lattice is Fcc with a basis of three ions, Cd** at (0,0,0) and two F-s
at (1/4, 1/4, 1/4) and (3/4, 3/4, 3/4), respectively. The fluorine atoms are on the
corners of a cube with the body-centered interstitial site occupied by a cadmium
atom or empty alternatively. Thus the fluorine atoms have tetrahedral coordination
with the cadmiums while the cadmium atoms have octahedral coordination with the
fluorines. The lattice constant, ag, is 5.365 A [1], which is the unit cell dimension,
twice the length of the cube. The pure crystal is highly insulating with a resistivity of

the order of 167Q2-cm at room temperature, and has a large band gap Eg=6.0cV [2].

Figure 1.1: Fluorite Crystal Structure
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CdF has been doped with numerous trivalent dopants, such as Sc, Y and rare
earth (RE) ions. If the dopants are introduced into the system in the form of tri-
fluorides, an extra fluorine ion, F~, which occupies the interstitial site, will be in
the lattice to compensate for the extra charge of each trivalent dopant present to
maintain neutrality. The bulk properties of the system are qualitatively unchanged
for low-dopant concentrations, 0.1% or less. In 1961 Kingsley and Prenner [3, 4]
discovered that when trivalent metal doped CdF, is annealed in cadmium-metal
vapour the insulating and transparent crystal becomes semiconducting (n-type) and
coloured, with the resistivity decreasing to 1Q-cm. They concluded that during the
thermal annealing the interstitial fluorines, which were compensating the trivalent
dopant, diffused to the surface and combined with the Cd metal to form molecules.
Two electrons were liberated into the crystal for each CdF, molecule formed on the
surface. It is those electrons which are thought to give the semiconducting state.
At low concentration of dopants, 0.1% or less, the dopant-dopant distance is much
larger than the lattice constant. The lattice configuration consists of an isolated
trivalent jon with an electron around it.

Most of the trivalent metals in CdF, produce stable shallow hydrogenic donor
states {2, 6]. Among the trivalent dopants, In [7, 8, 9, 10] and Ga [11] have shown
unusual bistable behaviour. In room temperature absorption spectra of CdF,:In3+
two strongly asymmetric bands are seen (Fig. 1.2). One of these is in the visible
light range (v1s), peaked at 3.2 eV, and another in the mid-infrared (m), at about
0.2 eV. The ® band, which is similar to that observed for the stable shallow Y
donor {12, 13], is attributed to the photoionization of shallow donors. For the
vis band, the photoconductivity cross section has the identical shape as the vis

absorption band, thus proving its photoionization origin. At low temperature, after
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Figure 1.2: Absorption Spectrum of CdF,:In3*

From U. Piekara et al. [5]. Note a change in the cnergy scale.

cooling the crystal in darkness, only the 3-eV band is seen; while after illuminating
the crystal with light near the vis band, the 0.2-eV band increases at the expense of
the 3-eV band until its complete bleaching. J.E. Dmochowski and J.M. Langer et al.
[10] concluded that the 0.2-eV band indicates a weakly localized In3*+e™ state, and
the 3-eV band a localized In** state. The optical and thermal ionization energies
corresponding to these two ground states and the energy barrier separating them
are listed in Table 1.1. From the table it is clear that the ground In?* state is very
localized because of the enormous Stokes shift (E,p-En=1.7eV). The absorption
spectra of CdF,:Ga®" has similar asymmetric bands peaked at 4 eV and 0.17 eV,
respectively [11] (Fig 1.3). It is believed that Ga is a second bistable impurity center
in CdF,, but details haven’t been published. '
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Table 1.1: Experimental Results for CdF:In®*

optical ionization thermal jonization
energy (eV)

band state

energy (e¢V)  barrier (eV)

0.14

0.25 0.17

—

SFrom F. Trautweiler et al. [8]. Other data are from U. Piekara et al. [5]. All
thermal energies refer to 0 K. The energy barrier is slightly temperature dependent,

this is the value at 100 K.
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Figure 1.3: Absorption Spectrum of CdF,:Ga®

From J.E. Dmochowski et al. [11]. Note 2 change in the energy scale.
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The unusual behaviour of In donors in CdF; crystal has shown for the first time
experimentally that an electron can be bound by a defect on either a very localized
orbit or a delocalized one. These two states are separated by a vibronic barrier
which results from a drastic change in localization during electron transfer between
these two states. The most general framework for the theoretical description of
bistability occurring in crystal defects has been developed by Toyozawa [14]. The
main point of Toyozawa’s model is that all the electron states in solids are either -
strongly localized (self-trapping, S type) or delocalized (free, F type in Toyozawa’s
notation). In the case of an electron bound to a charged impurity, the electron
always has a delocalized shallow state and in addition many have a localized deep
minimum stabilized by combined action of the impurity potential and the electron-
phonon interaction. If the thermal jonization energies for these two states are of the
same order, then they should be separated by a barrier. Bistability here is produced
by the same center in either highly localized or delocalized orbits. The discontinuity
in localization results from the competition between the long-range (Coulombic) and
short-range (electron-phonon coupling) forces [15].

Based on 2 simple configuration coordinate (c.c.) model, Piekara and Langer [5]
have presented a qualitative description of the lattice relaxation around the In3*
Impurity center in the shallow and deep levels. Fig 1.4 shows the configuration-
coordinate diagram of In impurity in CdF,, where the configuration-coordinate Q
represents a relative position of the jons surrounding In impurity. When In®*+e~
shallow donor is ionized, the equilibrium configuration does not change (Q, position),
there is no or only a very small difference between optical and thermal ionization
energies for this state. The situation is quite different when the localized In2* state

is jonized. During the thermal ionization both the configuration coordinate and
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CHAPTER 1. INTRODUCTION 3

electron wavefunction change (Qs — Q,. the wavefunction becomes delocalized).
The thermal ionization energy is small. The optical ionization of localized In*+
state is a Franck-Condon transition. Therefore, the optical ionization energy is
much larger compared with the thermal ionization energy (large Stokes shift). An
immediate consequence of the proposed model is the bistability of the photoinduced
state at low temperature. After cooling the crystal in darkness, the defect system
will be in the localized In** level (the lowest state, A). Absorption §ccurs primarily
to B, the ionized state with the same configuration as in A. So that only the 3-eV
band will be seen. When the system is in state B, nonradiative processes occur
rapidly, the system relaxes irreversibly to C, the bottom of the ionized state. Since
the minimum of a parabola of the shallow state lies outside a parabola of the In?*
state, a potential barrier at Q; causes In®*+e~ shallow level to be bistable at very
low temperature.

Dmochowski and Langer et al.. [16] have also introduced a microscopic model to
describe the lattice distortion in the shallow and deep levels. It is expected that
‘there is a symumetric, local lattice collapse in the shallower M3* state due to a change
of the core screening after ionization of the defect, and that the lattice position in
the deeper M?* state remains almost the same as in the perfect lattice (Fig 1.5).

In this work, we present a study of the structure of the M3+ impurity with
an excited electron bound to it (with M=In, Ga, Sc and Y). Both In (Ga) and
Y (Sc) are trivalent impurities in the same row. We shall attempt to study the
mechanism which leads to the different behaviours of stable Y (Sc) and bistable In
(Ga) donors. The discrete structure of the lattice and detailed interaction between

the excited electron and the impurity atom as well as the surrounding atoms of
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Cd?** and F~ are explicitly taken into account within the approach of the extended-
ion method. In order to compare the shallow and deep level states on the same
footing, an identical treatment is applied to both states. The interaction of the
electron with the surrounding atoms is represented as in a one-electron Hartree-
Fock approach. The energy of the distorted lattice is made up of the electrostatic
Coulomb energy, which we calculated by interpolating the Madelung potential, and
the short range repulsive interaction of the ion core, which we represent using the
Born-Mayer potential. The polarization energy is calculated for ionic displacement
explicitly up to the 4! shell by relaxing ions, and for the electronic polarization
by using point dipole model upto about 500 atoms. The adiabatic potential energy
is determined as a function of the c.c. chosen (the nearest M3*-F~ distance) by
minimizing the total energy of the defect system. The defect electron is represented
by a linear combination of several floating Gaussians (FGo) which can represent both
a diffuse and a compact state.

As expected, we find a strongly relaxed lattice environment (relative to a perfect
lattice without impurities) associated with the shallow (diffuse electron wavefunc-
tion) level, and an almost undistorted lattice environment for the deep (compact
state) level. The most significant result is that the short range potential of the
impurity atom core plays an important role in the appearance of the bistable state,
the lack of the deep level for Y and Sc donors seems due to internal differences of
the two groups of trivalent atoms.

We will describe the method used and the parameters fitted in Chapter 2 and

then present and discuss the results of our calculations in Chapter 3.



Chapter 2. Method of Calculation

In this study the principal task is to determine the adiabatic potential energy of
the defect system. It is therefore assumed throughout that ions move more slowly
than the defect electron. Because of the symmetry, ions around the impurity move
radially. So that we calculate the total energy as a function of the position of ion

shells around the impurity. The total energy is taken to be the sum of:

(i) the electrostatic Coulomb energy of the ions in the lattice;
(i1) the short range repulsive energy between ions;
(ili) the energy of the defect electron;

(iv) the polarization energy of the crystal.

As our principal interest is in determining the structure, both electronic and lat-
tice, of the defect system, we minimize the total energy with regard to the chosen
configuration coordinate (c.c. hereafter). In this way we find either a bistable or
simple stable defect level. The choice of the c.c. usually depends on the nature
of the problem. In our work the ions of the first 3 shells around the impurity are
allowed to move.. The c.c. is the nearest M3*.F~ distance, i.e. the distance between
the impurity and the first F~ shell around it. Corresponding to each value of the
c.c., the next 2 shells’ ions are allowed to relax to give the lowest adiabatic potential
energy.

We consider the interaction of the defect with a cluster of about 1800 ions sur-
rounding the impurity in calculating the electron energy, since the wavefunction of

the shallow level is very diffuse. Though such a large cluster is not necessary for a

10



CHAPTER 2. METHOD OF CALCULATION 1

deep state, to be consistent this large cluster is used for both the shallow and the
deep state. And we consider the interaction of the defect with a cluster of about
500 ions for calculating the polarization energy, the cluster is chosen such that the
cnergy converges in this region. We take the zero of energy to be the energy of the
perfect lattice, the perfect lattice being all ions at their undisplaced positions and
without the impurity. The energy which is evaluated is therefore the change in the

various terms relative to the zero described above

2.1 Lattice Coulomb Energy

The electrostatic Coulomb energy is calculated by considering an infinite lattice of
point charges. The lattice Coulomb energy is the sum of the Madelung energy of
all the individual jons. Care must be taken so as not to double count interactions.

For ions that remain at their perfect lattice sites the potential is simply the
Madelung constant aps divided by the nearest-neighbour distance. For ions that
have been displaced from their perfect lattice sites, the Madelung potential is ex-

panded in cubic harmonics. This is to replace the slowly converging Coulomb po-

tential
V( 2.1
7 &
by a rapidly convergent sum over cubic ha.rrnomcs:
r A\
V(i) = E E;blyl(gra é:) (a) . (2:2)

Where R; and g; are the lattice site and charge of ion %, respectively, d is the
nearest-neighbour cation-anion distance, b are the coefficients specific to a given

lattice structure, and Yi(f., @,) are cubic harmonics of order I. Then this potential
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Table 2.1: Madelung Potential Interpolation Coefficients

Coeﬂ_iﬂt Cation Site Anion Site B.C.L Site _
bo -3.276110 1.762675 -0.249239
ba 0.000000 21.603238 0.000000
by 1.399145 -2.270779 3.142413
bs -0.483126 0.392747 -0.302367
b 0.000000 -11.830096 0.000000
bs -0.278946 0.077396 0.124153
b1o 0.267278 0.000000 0.319207

Madelung potential interpolation coefficients for flucrite structure (atomic units).
B.C.I. means body-centered in. .rstitial site.

produced by an infinite lattice can be interpolated in any general direction using
one set of coefficients and therefore be calculated at any point within the unit cell.

The interpolation formula assumes that all other ions are at their perfect lattice
sites, so that the interpolated potential is corrected for the displacement of the other
ions that have been moved. The corrected energy is calculated and added to the

total. The coefficients for the flourite structure employed here are listed in Table 2.1.
2.2 Repulsive Energy
For the short range repulsive interactions of ions we use a Born-Mayer type potential,

Vii = Aijezp(—r/pi;) (2.3)

for cation-anion pairs and a Buckingham potential, which includes a van der Waals
part

Ve = A__exp(—rfp__)—C__/r® . (2.4)
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for anion-anion pairs. The F=-F~ interaction is apparently attractive at large inte-
rionic scparations [17. 18). Where r is the separation of ions i and Iy Aijy pijy A,
p-- and C._ arc constants characteristic of cach pair. The cation-cation interaction
has been excluded since the distance between positive ions is much larger than the
cation-anion scparation. Also, the ionic radius of the cations is smaller than that of
the anions. The short range repulsion is obtained by summing the potentials over
the ncarest neighbours of the ion being moved.

A major difficulty with interionic potentials is that there is no crystal data for the
impurity-fluorine potential. Gordon-Kim's (19] semiclassical treatment, in which
the intcractions between closed-shell atoms and molecules were successfully calcu-
lated in the regions both of the attractive well and of the repulsive wall at shorter
distances, enables one 1o readily determine the repulsive energy versus distance
assuming that there is no bond formation.

It has been established that the binding in CdF; crystal is largely ionic. In such
a crystal, the ions can be considered to be free ions for the purpose of calculating the .
repulsive interactions between constituents. First Cd2*, F-, In3*, Y3+, Ga®t and
Sc3* charge distributions were calculated with the scr (self consistent field) program
based on the Hartree-Fock-Roothan method. And then the interionic potentials
were determined with Gordon-Kim approach and fitted to the form of Born-Mayer
potential for cation-anion pairs or Buckingham potential for anjon-anjon pairs. The
results are presented in Table 2.2 and Fig. 2.1.

As in Ref. [20] it is assumed that there exists a relation between A; and the ionic

radius of trivalent r;

Ai % (ri + 77) ezp|(ri +75)/p) (2.5)

where 75 is the F~ ionic radius: p is a constant for these trivalent ions. From Fig. 2.1
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Table 2.2: Bora-Mayer Pair Potential Coefficients

Ion Pairs  A{a.u.) pla.u.) C(a.u.)
Cd**.F- 257.76 0.1641

In3+-F- 263.30 0.4583
Y3+ F- 230.56 0.4654
Gadt+-F- 133.17 0.4709
Sc3+-F- 159.16 0.4605

F--F- 61.901 0.5202 23.771

The fitting formula V = A exp(=r/p) is applied for metal-fluorine short range
interaction, and V' = A4 exp(—r/p} — C/r® for fluorine-fluorine interaction. A, p and
C are in atomic units.

0.40 T Ea T T T T
035 |
030 |
O.2s5 |

0.20 F

Erep (a.u.)

0.15 F
0.10 F

005 |

0.00 — |
25 30 35 40 45 SO0 55 60
r(a.u)

Figure 2.1: Interionic Potentials of M3+-F~

M=In, Ga, Y and S¢. The potentials arc obtained with Gordon-Kim [19] method.
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by M.Tovar et al
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0.15 — from GK.
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0.10 F

005 F

0'00 PP T T N J Y VI AT U T W G S Ak
2.5 3.0 35 4.0 4.5 5.0 5.5 6.0

R (a.u.)

Figure 2.2: Interionic Potentials of Cd*+-F-

Cd2+-F- interionic potential of present work obtained with Gordon-Kim [19]
method and the one by M. Tovar et al. [20] from the lattice parameter and elastic
constants.

one can sec that the potential curves of In®*-F~ and Y3+.F~ are almost the same,
and so are those of Ga3*-F~ and Sc**-F~. From Table 2.2 one can see that all the
impurities havé quite close p’s, and In3+ and Y3* have about the same A; for they
are of about the same size, so do Ga** and Sc**.

Tovar, Ramos and Fainstein [20] calculated the coefficients of cadmium fluoride
from the elastic constants. Their results and our calculations are listed in Table 2.3.
Also Fig. 2.2 and Fig. 2.4 show some interionic potentials of Cd**-F~, F~-F~ and

Y3+.F~ with various different methods.
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T N R R e ——
0.50 _
by C.R.A.Catlow et al (IBMOL) 1
0.40 _
‘5" 3 from G.K. Method
< 030 I 3
& o020 by M.Tover et al 3
t - ;
.10 p _
0.00 F 3
- by C.R.A.Catlow et al (CNDQ) ]
-0-1 0 TS NN ENPE I ' RSN SN RS

2.5 3.0 3.5 4.0 4.5 3.0 5.5 6.0

R (a.u.)

Figure 2.3: Interionic Potentials of F~-F~

F~-F~ interionic potential of present work obtained with Gordon-Kim [19]
method and those obtained by M. Tovar et al. [20] and by C.R.A. Catlow et al. [21].
In the work of C.R.A. Catlow et al,, two methods were used which are semiempir-
ical CNDO (Complete Neglect of Differential Overlap) and Hartree-Fock (IBMOL V
program for eb initio calculations).
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Figure 2.4: Interionic Potentials of Y3+.F~

Y3+.F~ interionic potential of present work obtained with Gordon-Kim [29]
method and the one by R.J. Kimble Jr et al. [22], in which the Born-Mayer pair
potential coefficient of Y3*.F~ is taken to be the same as the one of Er3+-F~ ac-
cording to the relationship shown in equation 2.5 and about the same ionic size of
Y3+ and Er®*, the coefficient of Er*-F~ is computed using dielectric relaxation
techniques and shell model potentials.
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Table 2.3: Born-Mayer Coefficients of Cd**-F~ and F~-F~ from Different Methods
Cd*+-F- F--F_

(atomic units) A Pea Aca Paa c
Tovar, Ramos
& Fainstein [20] | 28

Present work | 25
(G-K method)

.98 | 0.4412 } 160.62 | 0.5204 | 241.09
76 } 0.4641 | 61.901 [ 0.5202 [ 23.771

Subscript “ca™ stands for cation-anion, and “ga™ for anion-anion. All values are
in atomic units.

To test the short range pair potential parameters listed above (Table 2.3),
the elastic constants [1] of the crystal were evaluated using the relations given in

Ref. {17]. The relationships are:

B = g-lAi+2B) + (4 +2Ba)], (26)
Cn = ;%(A1+2Bl)+A2—3.051202122 (-;—:)] Iro (27)
Cia = :%(AI—BI)+3.465102122 (%)] Iro (2.8)
Cas = :%(A1+2B1)+Bz+1.525602122 (%)] Iro . (2.9)

Where £ is the compressibility, C11, C12 and Cy4 are three independent second-order
elastic moduli of cubic metal fluorites; Z; and Z, are net charges of the cation and
anion, respectively; e is the electron charge; ro = ap/2 is the nearest fluorine-fluorine

distance, and v = 2r] is the unit-cell volume, a, is the lattice constant; A, B;, Az
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and B, are defined as following:

where rj = @ao is the nearest metal-fluorine distance; A, and p.. as well as A..,
Pes and C are the Born-Mayer coefficients for cation-anion and anion-anion pairs,

respectively; and

A(r) = Aelee,

¢2(r)

- C
Age !p“—';'s-.

The fitted elastic constants are listed in Table 2.4, which can be used as a rough
evaluation of the pair potential coefficients. Note that even those coefficients which

are deduced from the elastic constants do not give very good fit in terms of the

formulae given above.
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Table 2.4: Fitting of the Elastic Constants

Tovar, Ramos

ap = 10.142(a.u.) Experiment & Fainstein Present work
——_————--—-__-—-___,H—_—'_—_‘—_-_____

81072 cm?/dyn) | 0.873 0.768 0.653
Cua(10" dynfem?) | 19.79 20.99 24.01
C12(10% dyn/em?) 7.29 11.14 11.48
C44(10*! dyn/cm?) 2.49 9.04 9.70

Elastic constants for CdFa crystals fitted from the Born-Mayer pair potential co-
efficients obtained with different methods. The experimental data are from Pederson
and Brewer {1].

2.3 Electron Energy

The many e~ formulation of a defect in ionic crystal presents several major pro! lems,
which include solving Hartree-Fock equations of a large number of electrons in the
cluster of atoms and the defect; taking care of the ions outside the cluster; working
on the problem at the boundary of the cluster; and minimizing the total energy by
relaxing the cluster of atoms. A significant simplification has been applied by using
the one electron approach for the defect electron, since the core orbitals are not
expected to change significantly in the presence of a defect. In insulators with wide
forbidden energy gaps, certain defect electrons occupy excited state orbitals which
are more diffuse than all of the occupied state orbitals. The F center electron in ionic
crystals and the excited electron of the self-trapped exciton (STE) are examples of
this. The extended-ion approach has been developed for such systems. “Extended-
ion” implies that the method was formulated as an improvement on the “point jon”

approximation (23], in which any reference to the structure of atoms was neglected.
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Instead of solving the coupled Hartree-Fock equations for all the electrons of
the system, the extended-ion method addresses only the Hartree-Fock equations
representing the defect electron. The other electrons, which are deeper in energy
and in more compact valence band and core orbitals, are assumed to be the same
as in the perfect crystal, and therefore assumed to be known. This approéch is
sometimes known as the “one-electron Hartree-Fock”™ method, because the other
electrons merely contribute to the potential seen by the defect electron, and there is
no iterative procedure to reach self-consistency as in the full Hartree-Fock procedure.
A suitable form of the basis function is chosen and then it is orthogonalized to all
occupied state wavefunctions. Using this orthogonalized basis function, the one-
electron Hartree-Fock equation is solved variationally. In'this approach, besides the
overlap integrals required by the orthogonalization, the screened Coulomb energy
and exchange integrals between the defect electron and all the core orbital electrons
have to be evaluated.

Earlier a versatile version of the extended-ion method [24, 25, 26, 27] has been
developed. The interaction of the electron with the deep core orbital of the lat-
tice ions is treated with the jon-size parameters originally formulated by Bartram
et al. [28, 29], while the outer s, p, and d orbital are calculated directly through
interpolation formulae. The use of floating 1s Gaussian orbital (FGo) makes it prac-
tical to evaluate various short range terms (screened Coulomb, exchange and overlap
integral) efficiently. It also gives us the required flexibility to place the Gaussian
centers at appropriate positions in the ¢rystal to best represent the defect electron
states.

We start from the Schrodinger equation

HY =E¥ (2.14)
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\7’ FV5i(F) + Ve (F) + Ve (7) . (2.15)

Where Vi, Vi and V. are point ion potential, screened Coulomb potential and.

exchange potential, respectively,

V() = fé.,
A S N 23 L
Vel = DI D ball st
Varl?) = le-m(”) 1;1*_"‘ _T( X ()] - (2.16)

7 is the defect electron position vector, R, is the yth lattice site, X~ 1s the Ath
occupied atomic orbital on the yth atom, Z, is the nuclear charge, Z, is the total
charge of the ion or atom. The summation in 7 includes all the lattice sites. Atomic
units (¢ = A = m = 1) are used throughout.

Y’ means summing over all states with different spins. For a pair of electron
with same «, A, but different ¢: &1 - 72 = —i , the exchange term is zero, and the

Coulomb term remains the same. So it can be summed over all states with the same

spin
. Z, - Z.,
Vee(P) = Dy Rq|+2§(x-f.x(ﬁ)ll __-IIX'r.-\(rl))
Vee(F) = —le-,.a("))[ I(xw\(n)l (2.17)

The defect electron wave function ¥ is expected to have much the same oscilla-

tory behavior in the regions of surrounding ions as the ion core functions, we thus
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replace ¥ by a pseudo-wavefunction », which is orthogonal to all the ionic orbitals

l‘rf’) =[¢) — Z IX#.A)(Xm.\lOl) . (2.18)

%A
Since ¢ is arbitrary, one is allowed to impose constraints on it such as the re-

quirement that ¢ be a smooth function, slowly varying in the region of the core
orbitals. (We will see this is required in the jon size parameters below.) We use
a linear combination of floating 1s Gaussians (e~°"") to represent ¢, since we can
calculate various terms of equation 2.15 analytically, and treat as many different
symmetries of excited states as we want by placing Gaussian bases judiciously on
or around the defect center.

Therefore we have ‘
.
2&; : .
o= api= Lo () eelAP (2.19)
i i W
where ¢; is 2 normalized Gaussian, «; is the Gaussians’ exponent and R; is the
Gaussians’ position, both are parameters to be optimized. ¢’s are the coefficients

of the linear combination which are found when the secular determinant is solved.

The problem now is solving the secular equation for the state ¢ and its energy

|Hij — ES;;| =0, (2.20)

Hi; = (¢:dH|gs) =Y (¢ilH lxq.A)(x-f.Aleﬁ.f)—Z;(¢i|x-r.,\)(x-f.xlﬂ |65)

A

+ Z Z (il v 3} (X ae[B5) O | H I).{.,f_ )

A N

(¢:[T1¢;) + (6l V(P 65) + (Gl Vee (7) + Via (7)1 65)
- Z(E-?..\ + AE,){¢; [Xv.0) (XT.A|¢i) ’ (2.21)

T
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and

Sy = (¢ild;) — Z (ilx4a) (X, \IQJ)
“rod

+3° 2 (8ilxan) (Xrrnl €5 O neone)

\..rl \l

(6il93) = 3_(Silxra) (Xvalds) - : (2.22)

A

Here we have used equation 2.15 and

(Xt |Xaa} = Eppbare (2.23)

as well as

Hlxap) = Eyalx+)
= (E-{;..\'I'AE?NX#.A) . (2.24)

Equation 2.23 and equation 2.24 are based on the approximation that there is no
overlap between cores on different ions. Here E.,, is the energy of the Ath core
orbital on the 7th atom. It is the free atomic core energy ES, (e.g. taken from
the Clementi-Roetti table [30]), shifted by the potential produced by the rest of the
lattice AE,, which is calculated as described in Section 2.1.

The first two terms of equation 2.21 are the kinetic energy and point-ion po-
tential, respectively. The first term of equation 2.22 is the Gaussian overlap. The
calculation of these terms is straightforward. The derivation of these expressions is
given in Appenciix A.

The last two terms of equation 2.21 and the last term of equation 2.22 represent
the detailed contribution of all electrons belonging to each jon. The core orbitals

in the lattice should be different from those in vacuum. An anion surrounded by



CHAPTER 2. METHOD OF CALCULATION 25

cations in the lattice, is sitting at a potential well which makes the wavefunction
slightly more compact. A cation, on the other hand, is at a potential barrier which
makes the wavefunction slightly more diffuse. This effect is more pronounced for
anions than cations. Thus for cations, we used the atomic orbitals of Clementi and
Roetti [30]. For anions, the orbitals were recalculated with the scF (self-consistent

field) program in the presence of a square potential well.

2.3.1 Treatment of deep core electrons (ion size parameters)

Because of the large number of integrals of various kinds in the Fock operator (equa-
tion 2.21), several pseudopotential approaches have been proposed (Kiibler and Fri-
auf 1965, Bartram et al. 1968) [31, 28). The one formulated by Bartram et al. has
proved particularly convenient in various applications. Bartram’s pseudopotential
is based on the assumption that the smooth pseudo -wavefunction varies slowly over
the region occupied by an atomic core, which we have imposed on our Gaussian
é: (see above). Since ¢; is slowly varying, when expanded as a multipolar series
about the site fi;, the ¢; and it’s first derivative can be taken to be constants. The
integrations over the core orbitals are then performed to come up with the so-called
jon-size parameters. Note that these parameters are properties of each individual
ion and have no dependence on the pseudo- wavefunction used, provided that it is
slowly-varying.

In the multipolar series expansion of ¢ about the site R;, the angular part of the
integral can be readily evaluated, and the radial part can be further expanded in 2

Taylor’s series about the same site. After some manipulation, the two lowest order
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" jon-size terms can be expressed as (The derivation is given in Appendix B)

Z(¢i|\1.-\)(\’m-\|¢j) = Z(lew + f21‘-’, + f3R5), (2.25)

TN

and

(Gi1Vie?) + Ver ) = S (B + AB ) Bl ) (Xrr]65)

= Y (idy+ I+ fady) + D AE(iBy + 2R + 5Ry) . (2.26)
¥ y

The A, J',J,B,K', K are the so-called jon-size parameters which have different
values for different types of ions. A and B are the lowest order terms formulated by
Bartram et al. [28], and J and K are the next order terms introduced by Zwicker.
J" and K’ which are neglected in Zwicker’s work [29], are parameters of the same
order as the J and K. A, J', J represent the short range potential (V,. + V.z), while
B, K', K represent the overlaps of the Gaussians with the core orbitals. B and K’
concern s orbital only, and K concerns p orbital only, while A, J' and J are involved
in all shells. The f, f, and f3 are expansion terms of the Gaussian ¢, they are
functions depending only on the Gaussians and the vector joining them to the jon
site.

In Table 2.5 we list the deep core and outer shells for the lattice ions F~ and
Cd?*, as well as the impurities In?*, Ga3+, Y3+ and Sc3*. In Table 2.6 we present
the values of the six jon-size parameters for them.

It has been found that when all of the orbitals of an ion are included in the
calculation of ion-size paré.meters, the convergence is questionable, the second order
tems K, K, J', J ;Ilay be as large or even larger than the first order terms A and B.
The reason is that the outermost shell orbitals are not compact enough compared to

the pseudowavefunction, so that the slow varying approximation of ¢ breaks down.
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(8%
b |

Table 2.53: Deep Core and Outer Shells

Ion Deep core QOuter shells

F- |1s® 25, 2p°
Cd?* [ 1522s235°2p%3p%3d1° | 452, 4p°, 4d"°
In®* | 15%2523522p%3p53d1° | 452, 4p°, 44'°
Y3+ | 15%25%3s22p°3p%3d10 | 462, 4p°
Ga®t | 1s%2s22p5 3s2, 3p8, 3d1°
Sc3+ | 1s%2s%2p° 352, 3p°

Table 2.6: Deep Core Ion Size Parameters

Ion A B J K J K

Cd?* | 38.07419 | 1.32768 | 3.02034 | 0.14148 | 3.32894 | 0.13107

F- 7.88664 | 0.34693 | -0.00792 | 0.00000 | 0.41828 | 0.01770
In®* | 40.11965 | 1.28102 | 2.74012 | 0.11753 | 4.73902 | 0.16480
Ga3* | 18.35158 | 0.37024 | 0.51672 | 0.01283 | 0.82085 | 0.01769
Y3+ | 42.38996 | 3.09720 | 6.26569 | 0.61250 | 7.07830 | 0.55576
Sc*+ | 26.56965 | 1.42588 | 1.96019 | 0.13306 | 3.14335 | 0.17373

e o ——

All values are in atomic units.
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A hybrid pseudopotential scheme was developed to improve the convergence. In
this method. the ion-size parameters are calculated for the deep core orbitals (the
summation over A in equations 2.25 and 2.26 is restricted to deep core shells only),

while the outermost shells are treated by interpolation.

2.3.2 Treatment of outer shell electrons (interpolation scheme)

There are three kinds of terms for the outermost shell (0s) electrons of ions:
(Dilxaa):  (BilVienlds), and  {iVerald;)
they are overlap integral, screened Coulomb and exchange potentials, respectively.

The interpolation is carried out in the following way:

1. Calculate the values of these terms exactly for a range of a’s and R’s, ¢ is the

Gaussian basis of the defect electron, and R is the distance between the defect

electron and an ion.
2. Fit these values into suitable interpolation formulae.

Previously only s and p shells needed to be included in the outer shells. In this
work 4d shell is the highest occupied energy level (with the most diffuse wavefunc-
tion) for Cd** and In®**, and 3d for Ga®* (see Table 2.5). We need to calculate the

three terms of the d shell exactly for Cd?*, In3t and Ga3*.

The screened Coulomb potential

The exact expression of the screened Coulomb term is

= 1
i\Vaenlds) = —(Zy — Z)(¢il7) | ——=—16i(7
CALA) ( )(¢(7I|T_&Il¢ @)
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)Z (6T "Il‘ ali 16;(F)) (2.27)
and this was fitted to an interpolation formula
, . Ascnc"ﬁu.wi?-gﬁ |2
(BilView|®;) = j $i (7) R 8, (F)dr . (2.98)

To determine the interpolation parameters A,., and f,- of an ion, the exact
value of the potential needs to be calculated. First, the outermost s, p and d orbitals
(in their Slater form as given by the scF calculation) were fitted to a linear combi-
nation of a large number of Gaussians (about 15) respectively, then the exact value
of the screened Coulomb interaction was computed using the analytic expressions.

With the Slater orbitals replaced by Gaussians, we have

o3 1
2 _ — IR R Y - 4
; Ix-’,"\l —3 47r '“Z‘nc:nc:e ﬂmrme O Th .

i |x-mlz = % Z C;C';:e-a.’;‘r.?,. e-a.’.’.rﬁ (ZmZn + YmYn + ZmZn)
P m.n
2 5 d
; |X1.A|2 = - Z C:tc:fe_amrm -earh [122nYmTnyn
+ loym~myn~n +12z,zmznZn
+ 3(z, — y2) (el — v2)
+ (322 ~r2)(822 = 2)]. (2.29)
as in equation 2.17 the sum is over the states with the same spin. z, y and z come
from the angular part of the wavefunction, which are

z=rsinfcos¢, y=rsinfsing, =z=rcosh.

Now we need to introduce the notation

(a‘rﬂ amrm'uvwl I-' |]aﬂrﬂErIC! aJ ’)
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0T
L

f e=anlry ) Hoyb s C—Omr.,._r\ un-ge—onr“( a(ry)?
(2.30)
where

2
oW =T —
2hym e "M = Glam, 'ty V&)

(rm='r-"—-.§m v Im =.1.'—.\’m)

is a generalized Gaussian.
Substituting equation 2.29 into equation 2.27 and using the notation of the

generalized Gaussian, we have

1
i| Veeny |95 = — N iTE 1K)
(6ilViewy|95) (Zy — Z,)N:Nj{e || qulaf)

+ 2N:N; [ > Ci.C{airt, o2, rm000]

"mn |

les000, aj7})

’I

3 r U
+ ?EC;C,’: ((a.-r,-, a® 1 100] . 1F_.,llt:tftr'nlOO, a;r})

+(e;7i, af 1, 010

o ||o:”r,,010 , ;T
+ {airt, a’rmOOIII IlairnOOI,ajr}))

+ 4_ZCdC‘£ (1 (o7, ol rmllﬂll ||Qi7”u110,ajr;‘>
+12(eyrt, 08 rm101|| ]]&nrnIOI,QjT;')
+12{ert, ol 011 |F—1 7l |agra011, ejrf)

+ 4!, 6 7 200] = . 57letr200,057)

+ 4{a;rt, ol rm020|l_. I]cz 2Tn020, a;r )
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+ 4{o;r, a2 002

d
7 lerra 002, ajr})

- 2{a;r!, a8 r,,200] |adr, 020, ;T

7= ]

- 2{air}, o m020| ladr,200, a;rh)

7=l

= 2{enrd, ol rm200| |adra002, a;r})

1
F—7]

— 2(eqr, al 1, 002] |t ra200, o;75)

77l

- 2{a;rt, a® 1,020 ledr,002, a;ry)

7]

- 2 (a1, afnrmOO‘leF_l P||a:r"020’ajr;)) ] .

The recurrence {ormula of the generalized Gaussian is

G(am,rm,,u + 13”1“‘")

200, | Oz,

and the integral is

(e, amT, 000] F;l—;,—l | r,000, @j7})

cezp [—':Jt(-.l'?f,-—ﬂ,,-)2 - U(RmRn)z] Fo [w'f’@z] s

]
. C = D
(C!,‘ + &j)(&m + Q‘n)\/ai + Q5+ O + @y
QiC; Qo Oty
U = ——, p=— y
a; + (241 Qm + Oy
o < te)ontan)

2

o+ o;+an+a,

1
[iG(Qm,Tm, #y v w) + pG(am,y Ty gt — 1, va)] ’

31

(2.31)
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3]

PQ" = (P:_Qr)2+(Pv_Qy)2+(Pz—Q:)z~

¥

P. = o;Rir + QjRj: Q: — OmBmz + QnRru'

a; + a;j am+an,
Q,‘Riy + OJ‘RJ',, amRmy + aany
'Py = T et Qy = '
Q; + a; Qo + Oy
Pz - Q:‘Ri: + QJ.RJ‘Z’ Q: = Omfm: + aan: . (2.32)
o + a; Qm -+ Qn

Applying the recurrence formula and the integral to equation 2.31, an analytical
expression was obtained (the calculation for d shell is tedious). To determine the
interpolation parameters A, and B, of equation 2.28, we simplified the work by
setting R.‘ = R.,- = Rand R, = 1-2',1 = 0, without loosing the generality. The final
analytical expression of the screened Coulomb energy is

2

(ilVacylds) = —(Z"_z")N"Nja.-+a:‘

e_%m.ﬂ, [(a.- -+ a,-)Rz]

-+ 2N;JNJ Z (I:u.n + Ifx:tvﬂ + I‘f‘-“) !

I, = c:nc;cse-uﬂ’qriwpo [wR?]

3 1

P PP~ R 2
e o TahaE

. JP
Im.u

{6uFs [ R?]

_ 6—’:‘_‘”’1?, PR + %R’ RwR)},
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5 1
19 = il R .

me S O el e
480p3w?
ad +al

{ 2002 F, [W'RY] - F [*R7]

240 2\ #i(w
+ (afn'*‘ d+37OR)

m

ool [«27%]

dy3

R prarwer it [« R?)

64;12 (wd)d

e +aﬁ)2R2F4 7] } . (2.33)

Here N; is the normalization factor for a;; c(c’, %, ¢%), u, v and w(w’, w?, w?) are
defined as in equation 2.32.

The exact value of the screened Coulomb interaction involved in the outermost
s, p and d shells was calculated for a range of the Gaussians’ o; and R; of ¢;, so that
the interpolation formula will be applicable to all ions of the same type as ion . The
least squares method was used for the fitting to determine the constants A, and
Bscn- The particular matrix elements of [ ¢;(Ae™# [r)¢;dr chosen for the fit are
diagonal elements. Because of the well known fact that the product of two Gaussian
functions is a gaussian centered on another site, the fit of diagonal elements in fact
covers all off-diagonal elements. This is one example of the usefulness of Gaussians.
Quite satisfactory fits were obtained by using this procedure, with rMs deviations
better than 1072 in all cases. Thé values of the fitted parameters A,. and S, are
listed in Table 2.8. |
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Table 2.7: Values of the Screened Coulomb Energy

a = 0.02

-0.5239E-01
-0.5212E-01

-0.3659E-01
-0.3709E-01

-0.1288E-01
-0.1292E-01

-0.2233E-02
-0.2252E-02

a=00

-0.1428E+00
-0.1421E+00

-0.7197E-01
-0.7235E-01

-0.9258E-01
-0.9274E-01

-0.3075E-03
-0.3100E-03

These values are contributed by the 4d shell of Cd**. o is the Gaussian exponent
of the pseudo-wavefunction, and R is the distance between a Cd2* jon and the site
of the pseudo-wavefunction, both & and R are in atomic units. The first and sscond
lines are the values obtained with analytical and numerical method, respectively.
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o = 0.06 a = 0.08 a=0.10
-0.2532E+00 | -0.3771E+00 | -0.5107E+00
-0.2521E-+00 | -0.3755E+00 | -0.5085E+00
-0.9271E-01 {-0.1016E+00 | -0.1025E+00
-0.9319E-01 | -0.1021E+00 | -0.1030E+00
-0.4641E-02 | -0.2104E-02 | -0.9419E-03
-0.4644E-02 | -0.2104E-02 | -0.9421E-03
-0.3301E-04 | -0.2967E-05 | 0.6085E-06 .
-0.3431E-04 | -0.4258E-05 | -0.6996E-06

The contribution of os orbitals to the screened Coulomb energy was also eval-

uated 'numerica.lly by using Gauss-Laguerre, Gauss-Legendre quadratures and Har-

tree-Fock wavefunctions given by Clementi and Roetti [30]. In both analytical and

numerical cases the pseudowavefunction is in a Gaussian basis, the results of both

methods are in good agreement. Table 2.7 gives a comparison of values of the

screened Coulomb energy calculated with these two methods.



CHAPTER 2. METHOD OF CALCULATION 35

The exchange potential

The exchange interaction was interpolated in much the same way. The exact form

of the exchange energy is

(GilVeenls) = if ¢.‘(7‘2)|,\'-...\(f‘1)x-..\(?‘2)|¢j(f‘1)drldrz , (2.34)
N

[y = 72}

and 1t is fitted to the form
(6i|Vezalds) = f 8 Ace e Pen =Rl gy (2.35)

The analytical expression of the exchange energy of the outermost d shell is very
complicated. The exchange energy of the outermost s and p shells were calculated
analytically from Gaussian representation, while that of the outermost d shell was

calculated with the Slater approximation
3\3 L .
E.=3 ('g;:) PP . (in Hartree) (2.36)

Where p(F) is the charge density which was determined from the wavefunctions
given by Clementi and Roetti [30].

We compared the values of the exchange potential of os s and p calculated
with the Slater approximation with the exact one calculated analytically. It was
found that for small distance (R < 6a.u.) and not very compact Gaussian damping
(o < 0.10a.u.), they are in good agreement. As R gets larger the values of exact
calculation decreases much faster than that of Slater approximation. In our work
the floating Ga.ussia:n bases were put at or very close to the impurities, so that the

range of small R is ’important. The distance between the floating Gaussian bases
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Table 2.8: Short Range Potential Interpolation Parameters (a.u.)

iﬂ. Bsc _ -'1;{_- ﬁe.r -4-91‘
Cd?+ | 1.27120 | -11.21865 | 0.27200 | -1.49370
F~ [0.66400 | -3.37977 | 0.37120 | -2.04467
In®* | 1.54320 | -11.79197 | 0.36160 | -1.83031
Ga® | 233520 | -9.06605 | 0.42080 | -1.58782
Y3+ | 1.00000 | -5.94245 | 0.34400 | -1.91351
Sc®+ | 1.44240 | -5.56568 | 0.53760 | -2.54686

36

All values are in atomic units. The values of Cd*t* and F~ are for fluorite

structure,

and the first Cd®* shell is about 6 a.u, at the distance of the second Cd2* shell the

exchange potential has become very small.

The rms deviation in all cases was better than 1072, The values of fitted param-

eters A.; and 8. are listed in Table 2.8.

The overlap integrals

The overlap integrals are terms of the form:

ssG
spo

sdo

= [énr,

1l

[ &@xdr,
[ #@xatrar .

(2.37)

The fits of the overlap integrals of a single Gaussian and the outer s, p and d orbitals

were made separately. The s, p and d functions are plotted in Fig. 2.5. Only the

spc and sdo integrals need to be calculated. The spr, sdr and sdé integrals are 0

by symmutry. o, = and é refer to m; = 0, my = £1 and m; = £2, :elative to the
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Figure 2.5: The Atomic Orbitals ({=0,1,2)

axis joining the two orbitals.

The geometrical results of the overlap integrals have been worked out by Slater
and Koster [32]. To introduce their work we set the coordinates for two-center
integrals as in Fig. 2.6. We put the defect electron in the crystal as the origin O of.
a spherical coordinate system and consider the vector ¥ determined by any ion in
the crystal located at the point P (Fig). The direction cosines I, m and n of r with
respect to the rectangular coordinates are given by |

l=z/r =sinfcos¢, m=y/r=sinfsing, n=zfr=cosb.

We then set up a second coordinate system OX'Y’Z’ with the same origin as

OXYZ and with the OZ’ axis lying along OP. The transformation matrix will be
designated by
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/7]

Figure 2.6: Coordinates Used for Two-Center Integrals

O.Y’ ayr Qa2 (113 O.X
oy” =1 a1 a2 das3 oY
OZ' 43y Q32 4ass OZ
so that
djz = l, Qa=mM, dadzp=n. (2.38)

Now let us look at an example of the two-center overlap integral:
(s,2'Y') = {ildry) (2.39)
With the transform functions we take equations

r = anz+any+aszz,

Yy = anz+axy+aexnz,
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and rewrite them as

1 ; . 1 . .
= ;[(dn +iap2)(z — iy)] + 3[(011 —iayp)(x +iy)] + @13z,
, 1 ) . 1 . X
¥y = 3[(“21 +iam)(z - z3!)] + ;[(021 —ian)(z + zy)] + ampzs ,

1 a a
2y’ = 5llanaxn + aran)(z? +y°)] + e1aazss?

1 . . 1 . .
+ 3[(611 + ta12)(x — iy)ans] + 3[(011 — ia12)(z + iy)azs]

1 . . 1 . .
+ Glen +iaz)(z - i)asz] + Sl(en — iaz)(z + iy)aas] .

The first two terms of 2.42 can be combined to give

—(Im/2)(z* + ¥*) + Imz? = Im[s* - %(:z:2 + y%)]
= (Im/2)[3z*~ 77,

since

anaz; + G12822 + G13as =0,
R g S
The rest terms of 2.42 will become zero after integration, since

T + iy sinfe®

T — iy xsinfe”?,

and

[ eeptimigyis =0,

39

(2.40)

(2.41)

(2.42)

(2.43)

(2.44)
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Table 2.9: Two-Center Integrals in Terms of Atomic Orbital Integrals

(s.8) (sso)

(s,7) {(spo)

(s,3) m(spo)

(8,2) n{spo)

(s,zy) V3lm(sde)

(s,y2) V3mn(sde)

(s,27) \/§nl(sda)

(.22~ y%) | (P = m*)(sdo)
(5,322 =72) | [* = }(B + m?)| (sdo)

when m; = £1,£2,.... The integral 2.39 is then

(Glden) =\ otoile'y)

- 1_5 Im (a2 2
= o a3 = )

= V3Im{gi|dszz_r2)
= V3Im(sdo) . (2.45)

Any general sp overlap may be decomposed into it’s ¢ and = components, and
any general sd overlap into it’s &, # and é components, but only the ¢ component
will be non-zero. Table 2.9 lists the two-center overlap integrals of the defect electron
and the outer s, p and d shells of the ions, noted as (s, s), (s,p) and (s,d) as in the

Slater and Koster’s paper [32].
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Finally, equations 2.37 becomes

n
o
Q
|
[ {
2 |4
N
[V
3:-
e
o)
sl’l
e
T
o
(3] ¢
™
[
e
|
o)
gu -ﬁ-
+ 3
w
-
S
[1-
al"'

23 : | T 5 al, N 3 BR
2 = (2) za(z5s) = (F57) = £15-

)

/
_ (B e () fafnpﬁ_z\/E PR\’
wr = (2) 2ot (755) = (-5 Vi (F5s) -

(2.46)

It was found [25] that an interpolation formula using one Gaussian to represent
the core states was inadequate compared to the accuracy of the screened Coulomb
and exchange terms. However, two Gaussians with their exponents related by a
simple ratio gave fits of sufficient accuracy. Therefore we used the form of equa-

tion (2.47) to represent the overlap with the outer s core states
sso = (dilx,} = N* f ?; (Nl’ e Peont™ 4 Ay Nje Poer™ "') dr . (2.47)

Here &, is the ratio of the éxponents of the two fitted Gaussians, which is deternﬁnéd

together with Ao and Byoun by the least squares fitting procedure. N§, N3 and N*

are normalization factors determined by the other parameters of the equation.
Similarly, the overlaps with the outer p a.ﬁd d shells are fitted to functions of the

form

spo = {filxp:) = Np/ﬁ’: ( Nfe'ﬁ"’""z

+ ApouNje o™l ) zdr (2.48)
sdo = (ilxusa—rm) = N¢ [ g7 (Ne Pum
+ AgouNge Famml%0) (322 — %) dr (2.49)
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Table 2.10: Overlap Interpolation Parameters

Cd=+ F- In3+ Ga™t Y3+ Sc™t

Bsort | 1.35000 | 1.00000 { 1.30000 | 1.90000 | 1.35000 | 0.85000
Asort | 0.20393 | 0.51244 { 0.11649 | 0.08630 | 0.93945 | 0.15647
Ks 4.00000 | 4.00000 | 4.00000 | 4.00000 | 5.00000 | 4.00000
E,(eV) | -5.10563 | -1.06393 | -6.01794 | -7.60028 | -3.10847 | -3.71349

Browt | 2.40000 | 1.00000 | 1.40000 | 2.05000 | 0.65000 | 0.S0000
Aport | 0.68044 [ 0.34179 | 0.15522 | 0.02728 | 0.21845 [ 0.04770
Kp 4.00000 | $.00000 | 3.00000 } 8.00000 | 3.00000 | 6.00000
E.(eV) | -3.71585 | -0.17059 | -4.55699 | -5.69828 { -2.22808 | -2.70333

Baowr | 0.80000 1.05000 | 1.75000
Adowt | 0.07244 0.08879 | 0.07919
ke | 5.00000 5.00000 | 6.00000
Eq(eV) | -1.42277 -2.10770 | -2.40890

All parameters are in atomic units. E,, E, and E4 are the energies of the outer
s, p and d shells, respectively. F~, Y3t and Sc3t have no outer d shells.

Here all the parameters are determined in the same way as for the s shell overlap.
The rMs deviation in all cases are better than 1073, The values of the fitted overlap
parameters are given in Table 2.10.

In order to test the quality of the present extended-ion approximation (the pa-
rameters obtained) we have evaluated the energies of the three lowest excited states:
(n+1)s, (n+1)p and (n+2)s (n is the principal quantum number of the last closed
shell} for Cd%*, In®* and Ga*"; and nd, (n+1)s and (n+1)p for Y3+ and Sc*+. We
have used about 8 FGo bases. The p state is calculated using pairs of 1s Gaussian-
type orbital GTo located on an axis, and the d state using four sets of 1s 6To located

on two axes. The results are presented in Table 2.11. The experimental data are
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Table 2.11: Free lon Energies

5s S5p
Cd?*[Kr]4d"® -16.46 -11.21
(exp) -16.90 -11.12

Ss 5p
In**[Kr]4d"® -28.06 -20.25
{exp) -28.03 -20.40

4s 4p
Ga3t[Ar]3d"° -30.91 -22.74
(exp) -30.70 -22.41

4d" 5s
Y3+ [Kr]4p® -20.2  -19.53
(exp) -20.5 -19.57

3d 4s
Sci+[Ar]3p® -17.20  -21.20

(exp) -24.75 -21.58

First three excited state energies of Cd®* and the trivalent impurities. Energies
are measured from the ionization limit, and in eV’s. Experimental data (exp) are
from Moore [33]. *Very compact bases to be needed to simulate 4d(Y) and 3d(Sc)

tevels.

6s
-6.20
-6.61

6s
-11.69
-12.30

5s
-12.52
-13.25

3p
-14.92
-15.17

ip
-16.57
-16.99

13
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from Moore {33]. The results show good agreement with the experimental data,
except for 3d(Sc). We have found that very compact bases are needed for 4d(Y)
and 3d(Sc) calculations, which are beyond the range of the Gaussian exponent of

the pseudo-wavefunction in the fitting of the various terms of the outer shells.

2.4 Polarization Energy

The impurity ion has a net charge of +e¢, so that lattice polarization effect is quite
strong. There are two approaches of treating the polarization energy, the quasi-
adiabatic approximation and the Hartree-Fock procedure [34].

The quasi-adiabatic approximation is: when an additional, weakly bound elec-
tron is introduced into a polar crystal, the tightly bouﬁd, rapidly revolving core
electrons follow its slow motion in detail. The additional electron, however, cannot
follow the detailed motion of the core electrons but is affected only by the average
of their motions. It is often suggested that the justification of this approximation is
analogous to that of the well-known Born-Oppenheimer adiabatic approximation.

The point of view adopted in the Hartree-Fock method is almost diametrically
opposed to that represented by the quasi-adiabatic approximation. The Hartree-
Fock procedure implies that, except for the correlation imposed by the exclusion
principle, every electron moves in an averaged field of all the other electrons. This
assumption is certainly reasonable for the trapped electrons, but it is somewhat
questionable for the case of a core electron, since the core electron is presumably
capable of following the detailed motion of the slow trapped electron.

It seerns that the quasi-adiabatic approximation is more accurate, since the in-
duced dipoles of the core electrons pointing towards instantaneous position of the

defect electron, as shown in Fig. 2.7. This requires the computation of an effective
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Figure 2.7: Approximations of Polarization Calculation

field in which the trapped electron moves, and the computation of this effective field
at the point 7 requires the determination of the field of the polarized core electrons
when the trapped electron is at the field point 7. The calculation is very difficult
since it has to be done at every point in space. On the other hand, the Hartree-Fock
procedure does not require the computation of the polarization at every point in
space.

We have used the Hartree-Fock approximation in the calculation of the defect
electron energy. There is an aspect in the electron energy calculation that makes the
Hartree-Fock approximation superior to the quasi-adiabatic method. The repulsive
force between the trapped electron and the core electrons are taken into account
in the Hartree-Fock procedure in the exchange term. However, exchange has been
omitted in the formulation of the quasi-adiabatic approximation, so it cannot be
used for the calculation of the lattice distortion in the vicinity of the center.

We adopted the Hartree-Fock procedure [34] to calculate the polarization energy.

We assume that the ions behave as point dipoles with polarisability equal to the free
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atomic polarisability. This is valid when the overlap between neighbouring atoms
is small. Unfortunately. in the shallow state, jons of the first shell surrounding the
impurity get about 15% closer than they were in the perfect lattice sites. Since there
is no simple way of estimating the effect of this situation on the polarization energy,
it is left unchanged. Also we assume that all dipole vectors and electric field vectors
are constrained to be radial. It is reasonable because the electron charge cloud and

the atomic displacements are of radial symmetry.

The polarization energy is expressed in terms of the Hartree-Fock picture:

Ew = -3 (R} E(R,), (2.50)
E(R) = E(R)+Ew(R,), (2.51)
BR) = a,E(R,). (2.52)

Where E (}-?..,) is the local electric field which consists of two parts: E;(R,), preduced
by the defect electron and the lattice distortions; Edi,,(f-?:,), produced by the induced
dipoles. ﬁ'(é.,) is the dipole moment induced on the ion at }-i., They are determined
self-consistently by iteration. o, is the free atomic polarisability of ion «.

The following are the details concerning the three contributions of local electric
field:

(1) The electric field due to lattice distortions: Cousider the electric ficld at
a lattice site in a perfect lattice, with neither distortion nor defect. In this case
there would be no electric field at the sampling point since the field produced by
any one ion in the lattice is exactly canceled by other ions in the lattice (at least
in a cubic crystal). Now if an ion of charge ¢ is displaced from it’s perfect lattice
site, the sampling ion will “see” the real charge ¢ at it’s new position, as well as

an image charge —g at the original position due to the surrounding lattice. Both of
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these “charges™ will contribute to the local electric field at the sampling point. This
method is suitable for the sampling point being the perfect lattice site, for example,
to calculate the electric field at ions outside of the small cluster of nearest-neighbour
ions that have been allowed to relax.

When ions are allowed to move, the sampling point is away from a perfect lattice
site. At these points the simple method described above does not apply because of
the lower symmetry of the new sampling position. In this case first we determine
the lattice potential V generated by the lattice distortion, then we calculate the
gradient of the potential numerically in the immediate neighbourhood of the ion in
question,

Emp=-vV. (2.53)

The method of calculating V' is the same as described in section IL.1. In this work
the ions which have been explicitly relaxed are about 50.
(2) The electric field created by the defect electron: We use the electron wave-

function obtained from the electron energy calculation. The charge density is

o) = ()
= ‘z cie~oil=Ril? ‘2
= S dremonlFRE (2.54)
k
the last step is by the Gaussian product rule.
In this part of calculation, we neglect the core orthogonalization of the wavefunc-

tion, as this would make it too complicated, so electron wavefunction is renormalized.

The charge enclosed in a sphere of radius |7 — R| due to the Gaussian k is

Q)= [ oy, (2.55)
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and the field is given by the Gauss Law
2 (B QR 5 &
EDF(R,) = - d&?(ﬁ, - RL) 2.56)
%% - RiF (
The field produced by the defect electron is added to the field produced by the
lattice distortion to give the Ey(R.).

(3) The electric field due to the induced dipoles: The field produced at site }-?‘..,
by the induced dipole moments is

BBy =T {3(5(&) - Ry)Bu (RN } , (257

st | R ® |RoP?
whe.re R,k = ﬁ, - ﬁk.
Ed.-,,(ff.,) and (R,) are determined simultaneously, the iterative method is very

simple. The initial value of Z(&, ) is estimated from the field produced by the lattice

distortion and the defect electron, that means setting Ed;p = 0 in equation (2.51):
A(R,) = an Br(R,). o (258)

Inserting this set of ﬁ(ﬁq) into equation (2.57), new Egu,(R,)’s are determined,

and then new ([R,)’s are obtained by equation (2.51). Convergence of at least four
figures was usually obtained within 3 or 4 iterations.

It is well known that all the dielectric materials exhibit different types of polar-
izations which ca.n be classified in three categories, (i) electronic, (ii} ionic or atomic,
(ii1) dipolar orientational [35]. Whether one or two or all three types of polarization
mechanisms operate in a dielectric material depends on various factors including the
structure of material and the frequency of applied electric field [36]. The electronic
polarization is found to be present even at hjgh frequencies in every dielectric ma-

terial. Ionic crystals form an important class of dielectric materials which show two
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Table 2.12: Free Atomic Polarisabilities

de2+ ap- cIn3+ nGa3+ aYa+ asc3+

(atomic units) | 12.160 | 7.028 ‘ 4.932 I 1.350 ‘ 3.712 I 1.930

¢ Pauling [38]. * Tessman and Kahn [37].

types of polarizations, electronic and jonic. The third type of polarization, orien-
tational, is absent in the present system because there are no permanent dipoles.
The electronic polarization of ions arises from the deformation of electronic charge
with respect to their own nuclei, while the ionic polarization results from the lattice
distortion. In the present work the ionic polarization concerns about 50 ions, which
are allowed to relax from their perfect lattice sites during the minimization of the
energy. On the other hand the electronic polarization involves 2 much larger cluster
of ions. Because the wavefunction of the defect electron is very diffuse in the shallow
state, we have chosen a cluster of about 500 jons surrounding the impurity to calcu-
late polarization energy. It was found to be large enough by testing a larger cluster.
The neglect of the outer ions is justified because the defect system is electrically
neutral.

. The free atomic polarisabilities that we used in this work are given in Table 2.12.

They are taken from references [37] and [38].

2.5 Minimization Method

So far we bave described the method of calculé.ting various energy terms. There

remains the problem of finding the minimum energy configuration of the system.
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The lattice configuration should be determined with respect to the minimization of

the total energy:
Etota! = Eccnl + Erep + Eelec + Epo! . (2.59)

Where the various constituent energies have been described in the previous four
sections.

Most discussions of the electron-phonon interaction use the Hellmann-Feynman [39)
theorem, which relates the expectation value of a derivative of the Hamiltonian to

the derivative of an expectation value

BONTHIANSO)) = IO (2:60)

where ((A)|¥(A)} = 1, X is one of the atomic coordinates. Usually it is more
convenient to compute the expectation value of a derivative of the Hamiltonian,
according to which the force balance method is used in obtaining the equilibrium.
However, in the present work, we found it simpler to evaluate the energy gradient
directly in determining the adiabatic potential energy.

In terms of the point symmetry of the system, ions around the impurity are
allowed to move in shells in a radial direction. The first shell ions around the
impurity are F~’s, the second Cd?*’s, the third F~’s, and so on. To investigate
the possibility of bistable potential energy of CdF;:M>*, it is necessary to define a
suitable configuration coordinate (c.c.). Sometimes the choice of a c.c. is arbitrary
to some degree. In the present system, we have chosen M*-F- distance as the c.c.
and varied its range from about -0.30A (toward the impurity) to about 0.30A (away
from the impurity). For each fixed position of the first shell, the second and third
shells are allowed to relax to give the minimum energy configuration of the system.

The fourth shell was also allowed to relax, but the distortion was found very small.
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It is good enough that the surrounding shells are relaxed up to the third (about 30
ions).

We used two diffuse and one compact Gaussian bases centered on the impurity to
represent the defect electron. The optimized Gaussian damping factors (a = 0.005
for the shallow and e = 0.08 for the deep levels) are chosen such that the lowest

energies are obtained in either the shallow (delocalized) or deep (localized) state.

2.6 The CPU Times

We used the mainframe 1BM(CMS) to calculate the adiabatic potential energy surface
(aPES) of the bistable system. The cPu time needed mainly depends on the number
of the gaussian bases and the number of ions which are allowed to relax. In the
case of 3 gaussian bases and 45 relaxing ions (the number of ions for calculating
the lattice Coulomb energy and the electron energy is 1300, and thg number of ions
for calculating the polarization energy is 500}, about 1.5 hours of the cPU time are
needed to obtain one point of the APES. In the case of 5 gaussian bases and the same
number of relaxing ions, about 2.5 hours of the cpu time are needed to obtain one
point of the apes. The APES is plotted with about 20 points.

The cpu time needed to calculate the interionic potential with the Gordon-Kim
method (also 1BM(cMS)) depends on the number of the bases of the wavefunctions
and the orders of the Gauss-Laguerre and Gauss-Legend.e quadratures. For the
interionic potential of In*-F~, with the order of 80 for the Gauss-Laguerre quadra-
ture and the order of 48 for the Gauss-Legendre quadrature, 7.5 seconds of ¢cpPU time

is needed to get a point.



Chapter 3. Results and Discussion

In this work we have studied the structure of the impurity states in CdF,:M3+
(where M = In, Ga, Y and Sc). The results have been published [40, 41]. The
total energy of the impurity system was calculated as a function of the nearest M3+-
F- distance. We have found a bistable defect system for In and Ga and a single
shallow level system for Sc and Y in agreement with experimental observations. The
calculated adiabatic potential energy is obtained for the four impurities, with the
nearest M3*-F~ distance as the configuration coordinate {c.c.). We will discuss in
the following the characteristic aspects of both the deep and shallow levels, and

analyze the mechanism which leads to either the bistable or the single level system.

3.1 Shallow Levels

When doped with many trivalent metals (In, Ga, Y, S¢ and many rare earth atoms),
CdF; reveals semiconducting properties. These impurities produce stable effective-
mass shallow donor states. In all four M3t studies, a shallow level with a very
diffuse wavefunction, which is s-like, appears. We used two diffuse and one compact
Gaussian bases («=0.005, 0.02 and 0.08) sitting on the impurity to represent the
defect electron. In the shallow level, the Gaussian damping factor =0.005 (in a.u.)
of ezp(—ar?) has the largest weight. Table 3.1 gives the characteristic data of the
shallow state of the four impurities. |

With the shallow state, a large number of atoms which surround the trivalent

impurity are subject to partly screened Coulomb field. This has been treated, as

52
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[¥4]
o

Table 3.1: Characteristic Data of the Shallow States

Eigenvector {¢;}
of: Lo (3;‘“)3 emor?
o) = 0.005 ay = 0.02

Impurity Energy Terms (eV) az = 0.08
M AQ(A) Ecoul Ercp Eelec Epcl Etot 1 C2 €3
In -0.15 |-2411 140 -2.72 -1.08 -26.52|1.35 -0.09 0.31
Y -0.11 |-23.48 0.94 -248 -1.84 -26.86 [ 1.37 0.11 -0.23
Ga -0.26 | -25.32 148 -2.72 -141 -27.97 | 137 -0.07 0.23
Sc -0.20 |[-24.54 0.51 -2.57 -1.51 -28.21 (1.29 0.23 -0.25

24 is the distortion of the first shell around the impurity with regard to the
perfect lattice. Negative value means that ions move toward the impurity.

described in Chapter 2, by including a large number of atoms in the cluster. The
polarization energy of all four cases in the shallow state are expected to be large,
from Table 3.1, we see that it ranges from -1.1 eV (In) to -1.8 eV (Y). The first
shell ions surrounding the impurity displace from the perfect lattice sites toward
the impurity due to the Coulomb attraction, it is about 0.15A for In and Y, and
0.24A for Ga and Sc, respectively. The lattice “collapses” toward the impurity. The
displacements of the second and the third shell ions are small.

The lattice distortion and “collapsing” mentioned above are relative to the per-
fect lattice. It is more conventional to associate a large relaxation with the deep
localized state. Fo.r this reason the bottom of the ionization state is chosen as the
reference, e.g. in c.c. diagram. With respect to this reference, there is no lattice
- relaxation for the shallow level. Actually when M3*+¢~ shallow donor is ionized,

" one does not expect appreciable difference in displacements of the lattice atoms
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between the shallow and the ionized state. Experimentally. the ionization of the
shallow state of In donor is accompanied by only a very small Stokes shift [16].
Within the extended-ion approach, it is not straightforward to define the ionized
state. As an estimate of the equilibrium configuration of ionized states. we kicked
out the electron from the impurity system, and then calculate the adiabatic poten-
tial energy as a function of the displacement of the lattice atoms. Displacements at
minima of ionization states and shallow states for all the four impurities afe shown
in Table 3.2. One can see that in all the four cases the displacement at the minima
of both the shallow level and the ionization state are either exactly the same or very
close. So that as commonly used in the c.c. diagram. we have taken the equilibrium
lattice configuration of the shallow state as the reference. The strong defect-lattice
coupling of the localized deep state will be described relative to this reference. Also
from Table 3.2 one may notice that the equilibrium configuration of the ionization
states are the same for In and Y, and so it is for Ga and Sc. This mainly results
from the pair potential of M3*.F~. As described in Chapter 2, In**-F~ and Y3*+-F~
have almost the same pair potential, and so do Ga**-F~ and Sc3+-F~.

Ordinarily, such a diffuse shallow level is a proper subject of the effective mass
approximation (EMa). It is assumed in the EMa that the amount of localized charge
of the impurity electron remaining in the region of the short-range potential is so
small that the conditious imposed by the character of the solution of the Schrodinger
equation in that region are irrelevant, then the problem is reduced to that of a
hydrogen atom. In the limit of a very large electronic orbit (the effective Bohr
radius of about 264), the impurity electron is bound by the attractive force of the
long range (Coulomb) part of the potential V which behaves as ~ (er)~?, where V' is

some effective impurity potential which is usually centered at the site of the defect, &
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Table 3.2: Lattice Displacements of Ionization States and Shallow States

The First 3 Shells’ The first 3 Shells’

Distortion (A) Distortion (A)
Impurity (Ionization) (Shallow Level)
M Ist 2nd  3rd| Ist 2nd  3rd

In -0.11 0.05 -0.01]|-0.15 0.03 -0.03
Y -0.11  0.05 -0.01!-0.11 0.05 -0.01
Ga -0.20 -0.01 -0.05}-0.26 -0.05 -0.06
Sc -0.20 -0.01 -0.05 |-0.20 -0.01 -0.04

Negative value of distortions means that ions move toward the impurity.

is the static dielectric constant of the host crystal which is typically of the order of 10
in semiconductors. Substantial spatial delocalization implies extreme localization in
the wave vector space. Consequently, the wavefunctions can be thought of in terms of
a product of a slowly varying envelop function F(r) and a periodic function derived
from the nearest band minimum. Near the band edge, the crystal Hamiltonian can
be approximated by the eflective mass parameter (m") familiar from the nearly-free-
electron model. The ground state energy is Z*m"/e?(Ry), and the effective radius
of the wavefunction is ¢/(Zm") times the Bohr radius of hydrogen. The hydrogenic
model has been very successful in providing a good overall picture of the effects
associated with the so-called shallow dorors and acceptors, where the potential V
is dominated by its long range {Coulomb) term. The fundamental properties of the
electronic states described by the hydrogenic model are insensitive to the atomic and
chemical signatures of the defect. The effect of the surrounding lattice upon these

states can be accounted for in terms of a small number of macroscopic parameters



CHAPTER 3. RESULTS AND DISCUSSION 36

(m" and &) peculiar to the host crystal in question. When the short range potentiai
is considered, the ground state energy of the shallow states are corrected for polaron
and central cell effects. The variation of the ground state energy reflects the chemical
nature of different impurities.

The localized deep states are not amenable to treatment within the Ema. The
extented character of the hydrogenic wavefunction is a manifestation of the long
range character of the screened Coulomb potential which is the main source of bind-
ing. The contraction of the impurity wavefunction and, consequently, a.ﬁ increasing
importance of the short range interactions breaks the hydrogenic model down. The
deep level problem can only be solved if there are suitable means of solving the
Schrodinger equation with a strong, short range term in the potential V. As we
intended to compare the two levels, which are produced by the same defect cen-
ter, with details of the structure, we had to study it within the same extended-ion
method. _

We noted some difference from the picture given by the conventional EMa. For
example, we do not notice a simple chemical shift among the four impurities. How-
ever, electron energies in all four cases are close, they range from —2.43"'(.\;) to
—2.72 (In, Ga) (see Table 3.1). And there is some affinity between In and Y, and
also between Ga and Sc, for In and Y (Gz 2nd Sc) are in the same row in the Peri-
odic table. One can see from Fig. 3.1 and 3.2 that In and Y donors create similar
adiabatic potential energy surfaces (aPEs) of the shallow state, and from Table 3.1
that at the shallow level, the total energies as well as lattice distortions (relative to
the perfect lattice) for both cases are very close. From Fig,‘.l?..l and Fig. 3.2 and
Table 3.1 the same situation can be found for Ga and Sc donors. There are factors

which go beyond the conventional Ema in the present study. First, there is the pair
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Figure 3.1: The APES of CdF:(In®**, Ga**)

Potential energy curve for CdFy:(In*t, Ga®). Total energy of the system as a
function of the nearest M3*-F~ distance {c.c.). The arrows indicate the ionization
limit. By measuring the distortion from this point, it can be seen that 2 large
relaxation is associated with the deep level.
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Figure 3.2: The APES of CdF;:(Y3*, Sc*+)

Potential energy curve for CdFa:(Y3*, Se3+). Total energy of the system as a
function of the nearest M3+-F~ distance (c.c.).

o
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potential for M3*-F~ which we determined separately for each of the four dopant
atoms with the Gordon-Kim approach. The short range extended-ion parameters,
which is represented by the central cell correction in EMa. and the electronic polar-
ization are also different. Although the shallow level wavefunctions are diffuse in all

cases, they differ in detail when the eigenvectors are examined.

3.2 Deep Levels

All defect states in semiconductors can be fairly safely divided into two groups.
The first is formed by effective mass states as described above, while the second
by the so-called deep states. The most significant difference between them is the
electron wavefunction localization. The Bohr radius of the first group is of the order
of simple hydrogenic estimations, a = 20A. For the second group of states, good
knowledge of the wavefunction is scarce, but there is quite substantial experimental
evidence that the deep states are localized. For example, in the absorption spectrum
of CdF:In®** (Fig. 1.2) the vis band (corresponding to deep states) is much broader
than that of IR band (corresponding to shallow states). This reveals the localized
feature of the deep state. Generally, a localized state has strong coupling to the
atomic vibration of the surrounding atoms and leads to broad optical absorption or
luminescence bands. In a semiconductor the Bohr radius of deep states is of the
order of the interatomic distance [42]. .

With In and Ga replacing a host Cd atom, we obtained beside the shallow level
one deep level with a compact wavefunction (also s-like). The Gaussian damping
factor @=0.08 (in a.u.) of exp{—ar?) has the largest weight. Corresponding to
the deep level, the displacement of lattice atoms is almost negligible. The lattice

responds as if to a In?* (or Ga?*) ion. The electronic polarization is also quite small,
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= -0.1 eV. We have mentioned that the deep level wavefunction is also s-like. since
the ground state configuration of In** and Ga** are [Kr]4d'%5s! and [Ar]3d"%4s!,
respectively. In the calculation of the adiabatic potential energy as a function of the
lattice configuration, the Gaussian bases were set to form s-like \va\°efuncti§ns for
both the shallow and the deep states.

The deep state is the consequence of strong lattice-defect vibronic coupling. ‘The
delocalized states couple predominantly to the optical modes, while the localized
states, to large k-vector (predominantly acoustic) modes. A dramatic increase of
the strength of the electron-phonon coupling for localized defects may lead to quite
unusual phenomena known as the Large-Lattice-Relaxation {LLR). From the differ-
ent lattice configurations of the shallow and deep states one can see that an electron
transfer from the localized state to the delocalized shallow state produces a large
symmetrical lattice collapse around the impurity, it is the so-called LLk. From the
experimertal data, U. Piekara and J.M. Langer [5] estimated that the lattice relax-
ation, Q4 - @, between the deep and the shallow state is about 10% of the lattice
parameter. Where Qg is the nearest M3+-F- distance of the deep level, and Q, is
the one of the shallow level. Our calculation gives the relaxation (Qq~ Q,) of about
7.9% of the lattice parameter for In, and 9.5% for Ga, respectively, both are close
to the estimate. It is also in agreement with experiments that the lattice relaxation
is larger for Ga. The experiment shows that uv.vis absorption band of Ga is almost
1 eV higher than that of In, and the grourd state of Ga is thermally 0.1 eV deeper
than that of In. Ga has therefore even larger Stokes shift.

The electronic energy of the s-like electron is about -8 eV which is to be compared
with the -28 eV in the free atomic state. This rise in energy is principally due to the
lattice Madelung energy (which is & 20 eV at the cation site). Table 3.3 shows some
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Table 3.3: Characteristic Data of The Adiabatic Potential Energy of the Bistable

System CdFa:M3t+ (M=In, Ga)

Eigenvector {¢;}
of: 3 eiNyemenr
o = 0.005 a2 = 0.02

. Energy Terms (eV) az = 0.08
M AQ(A) Eooul Ercp Ectec Epol ' Eiot <1 C2 C3
In |S| -0.15 |-24.11 1.40 -2.72 -1.08 -26.52 | 1.35 -0.09 0.31
D| 0.04 |-19.12 017 -7.72 -0.09 -26.76 |-0.26 0.18 -1.63
Ga|S | -026 [-25.32 148 -2.72 -1.41 -27.97| 1.37 -0.07 0.23
D| 0.04 |-2036 0.01 -9.07 -0.19 -29.61 | 0.38 0.77 -1.98
=

S for shallow and D for deep.

24 is the distortion of the first shell around the impurity with regard to the perfect
lattice. Negative value means that jons move toward the impurity.

fi Y
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characteristic data, such as the spatial extension of the electron wavefunction {(a of
¢~ with the largest weight), the relaxation of the M3*+-F- separation, electronic
polarization energy and the total energy of the system, corresponding to the shallow
and deep levels in CdFs:In?+, Gad+.

A potential barrier between the shallow and deep levels is seen in both CdFa:In3+
end CdF2:Gat. It seems rather low, although it is not possible to attach with great
coafidence to the value obtained (% 0.1 €V). On the other hand, the energy difference
between the shallow and deep levels is found to be about 0.2 eV in CdFy:In3* from
Table 3;3. This value is in qualitative agreement with the one reported in Ref [lﬂj:
0.11 eV. In the case of CdF;:Ga*, there is no reported experimental value available.
However, the energy difference obtained Table 3.3 seems too large. Although we
were successful in reproducing the observed trend in the four trivalent impurities
regarding the presence of deep levels, our predicted energy difference between the
shallow and deep levels is not in quantitative agreement with the experimental data.
This may be attributable at least in part to the difficulty of studying a shallow center

with atomistic discrete defect approach.

3.3 Mechanism of Existence of Deep Levels

First we analyze the variation of energy terms, and then discuss the mechanism
of the existence of deep levels. Table 3.4 gives details of energy terms (Coulomb,
repulsion, electron, polarization and total energy) and defect electron wavefunction
varying with the lattice configuration for CdF,:In**. In the table the lattice config-
uration is represented by the distortion of the first shell surrounding the impurity.
The first shell’s distortion ranges from ~0.24A toward the impurity (noted as -
0.244) to ~0.184 away from the impurity (noted as 0.18A). For a fixed first shell’s

R\
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position, the second and third shell positions are those minimized to give the lowest
total energy. As the first shell’s configuration changes from -0.244 to -0.114 (the
_ position of shallow level), the Coulomb energy increases, while the repulsive energy
decreases with less distortions. The electron energy remains almost the same as
the wavefunction remains very diffuse. Considering the effective-mass large-radius
character of the shallow level and its weak coupling to the lattice, the change of the
lattice configuration is not supposed to much affect the electron energy. The polar-
ization energy also decreases but slower compared to the change of the Coulomb and
repulsive energies, which is mainly because of the change of the lattice configuration.

As the first shell’s position reaches the area of the potential barrier (from -
0.091A t0-0.0554), the displacement of the second and third shells suddenly changes
the direction, which causes a precipitous increase and decrease of the Coulomb
and repulsive energies, respectively. At this point the defect electron starts to be
localized on the impurity. This is reflected in the electron energy, it gets much
deeper; the polarization energy, its value becomes very small; and the wavefunction,
the Gaussian damping factor which has the largest weight jumps abruptly from
«=0.005 to «=0.08.

After the area of the potential barrier, (the first shell’s position from -0.037A to
0.18A) the electron wavefunction remains compact, which indicates a localized state.
The value of the-repulsive energy and the polarization energy first gets smaller and
then gets larger, the minimum of the value is at about the bottom of the deep state

because of the smallest lattice distortion.
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Table 3.4: The APES of CdF,:In3+ (1)

64

Eigenvector {c;}

Negative value in distortions means that ions move toward the impurity.

of: Ec.-N.-e“"'"

The First 3 Shells’ a; = 0.005 ay = 0.02

Distortions (.3\)_ Energy Terms {(eV) - _a3=0.08
1st 2nd 3rd Eeout Erep Egee Epoz Biot [~} c2 C3
-0.24 -0.05 -0.06 | -25.02 3.60 -2.77 -148 2567 1.23 0.1 0.02
-0.22 -0.03 -0.05 [ -24.78 2.8¢ -2.78 -1.31 -2598| 124 0.8 0.06
-0.20 -0.01 -0.05 | -24.69 242 -2.72 -1.23 -2622( 1.30 007 0.12
-0.18 0.00 -0.05| -2445 196 -274 -114 -26.36| 1.30 004 0.8
-0.16 0.01 -0.03{ -24.23 160 -276 -1.08 -2647| 1.31 0.01 923
-0.15 0.93 -0.03 |-24.11 1.40 -2.72 -1.08 -26.52| 1.35 -0.09 0.31
-0.13 -0.06 -0.01| -24.02 148 -271 -1.26 -26.51| 1.37 -0.15 035
-0.11  0.09 0.00| -24.03 1.87 -264 -1.64 -2645| 1.43 -026 0.40
-0.09 0.13 0.02 [-24.21 3.13 -2.54 -2.72 -26.35| 1.51 -0.38 0.42
-0.06 -0.05 -0.02 |-20.76 0.26 -5.55 -0.28 -26.33|-0.43 -0.09 -1.39
-0.04 -0.05 -002] -2036 024 -6.09 -0.26 -26.47| -0.38 -0.01 -1.50
-0.02 -0.05 -0.02( -19.96 0.26 -6.64 -0.26 -2659| -0.33 0.06 -1.57
0.00 -0.03 -0.01] -19.74 0.13 -6.93 -0.14 -26.68| -0.31 0.11 -1.60
002 -0.01 0.00]| -19.53 0.08 -7.21 -0.08 -26.73| -0.29 0.15 -1.62
0.04 -0.01 0.00|-19.12 0.17 -T7.72 -0.09 -26.76 | -0.26 0.18 -1.63
005 0.00 0.00| -1893 022 -7.96 -0.09 -26.75| -0.26 022 -1.64
007 0.01 001 -1892 032 -8.02 -0.11 -2672| -025 024 -1.64
0.09 0.03 002] -1875 0.52 -824 -0.20 -26.67| -0.24 025 -1.63
011 0.05 0.03] -1861 0.81 -844 -0.35 -26.59| -023 027 -1.63
013 0.05 003 -1821 095 -8.86 -0.38 -26.50| -0.21 0.27 -1.62
015 006 0.04]| -1809 133 -9.0¢ -060 -26.39| -021 028 -161
0.16 0.07 005| -17.98 1.79 -9.21 -0.88 . -2628| -0.20 0.29 -1.60
018 011 006 -1831 262 .898 -149 -2616| -0.21 031 -1.59
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Table 3.5: the APES of CdF,:In3+ (2)

(a) Diffuse bases only o = 0.005,0.02

The First 3 Shells’ |
Distortions {A) Energy Terms (eV) .
#_———: —— —

Ist 2nd 3rd Emu[ Erep Eelcc Epal Etot

-0.18 0.00 -0.04| -2445 196 -271 -1.25 -26.45
-0.16 0.00 -0.04{ -24.14 156 -2.75 -1.2T -26.60
=015 001 -0.03( -23.90 1.24 -2.76 -1.27 -26.70
-0.13 0.03 -0.02-23.69 1.04 -2.77 -1.33 -26.74
-0.11 0.04 -0.02 | -23.57 0.96 -2.70 -1.44 -26.75
-0.09 0.06 -0.01 | -23.37 0.96 -2.70 -1.60 -26.71
-0.06 012 0.02| -2340 218 -256 " -27T -26.55

I

(b) Compacf. bases only a = 0.02,0.08

The First 3 Shells’
Distortions (A) . Energy Terms (eV)

-0.11 -0.10 -0.05| -21.13 1.63 -4.10 -1.01 -24.60
-0.07 -0.07 -0.04 | -20.85 0.84 -4.97 -0.55 -2554
-0.04 -0.06 -0.03( -20.20 0.50 -6.16 -0.35 -26.21
0.00 -0.03 -0.01} -19.74 0.13 -6.90 -0.09 -26.60
002 -0.03 -0.01| -19.33 0.20 -748 -0.10 -26.71.
004 -0.01 0.00| -19.12 0.17 -7.77 -0.05 -26.79
0.05 0.00 0.01-18.93 0.22 -8.03 -0.05 -26.79
007 0.01 001 -1892 ¢.32 -811 -0.08 -26.78
011 0.04 0.03| -1861 0.81 -855 -0.33 -26.67
015 0.06 0.04| -18.09 1.33 -9.15 .0.58 -26.49
0.18 0.10 0.06| -18.31 2.62 -9.10 -1.48 -26.27

—*—-———_—_-_—___.____—.___

Negative value in distortions means that jons move toward the impurity.
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Figure 3.3: The APES of CdF,:In**

Potential energy surfaces of CdFa:In3* with either a set of diffuse floating Gaus-
sian bases or a set of compact ones, respectively, as well as that with two types of
bases. The presence of both types of bases lowers the barrier.
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Table 3.6: The APES of CdF,: Y3+

Eigenvector {¢;}
of: T ¢; Njemaur®

The First 3 Shells’ o) =.0.005 a2 = 0.02
Distortions (A) Energy Terms (eV) az = 0.08
Ist  2nd 3rd Ecoul Erep Edec Epot Eio ) (o) c3

-0.24 -0.04 -0.06 | -25.02 3.54 256 -1.73 -25.78| 1.29 023  -0.27
-0.20 -0.03 -0.05 | -2447 233 -256 -1.66 -26.36| 1.28 0.24 -0.28
-0.18 -0.01 -0.04{ -24.23 1.84 -256 -1.59 -26.53| 1.29 023 -0.27
-0.16 0.00 -0.03| -24.00 145 -255 -1.58 -26.65| 1.30 022 -0.97
-0.15 0.01 -0.02( -23.78 117 -25¢4 -1.63 -26.78| 1.30 o021  -097
-0.13 003 -0.02| -23.69 1.02 -248 -1.70 -26.84| 136 0.12 -0.24
-0.11 0.04 -0.01 |-23.48 0.94 -2.48 -1.84 -26.86|1.37 0.11 -0.23
-0.09 0.06 0.00| -23.29° 0.97 -247 -2.05 -26.84| 1.37 0.10 -0.3
-0.07 0.07 0.01] -23.11 1.11 -246 -232 -26.781 1.39 0.08 -0.22
-0.06 010 0.03( -23.13 1.86 -244 -299 -26.70( 1.42 0.02 -0.19
-0.04 012 0.06| -23.06 222 -242 -3.37 -26.64| 1.45 -0.03 -0.17
0.00 0.13 0.08| -22.62 268 -243 -3.98 -26.35| 1.44 -003 -0.16
0.04 013 0.08| -21.93 257 -245 -4.08 -2589| 142 -0.01 -0.15
0.07 015 010 -21.50 3.31 -247 -474 -25.40| 1.41 -0.01 -0.14

Negative value in distortions means that jons move toward the impurity.
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Near the deep level, the repulsive and polarization energies vary slowly, the
main contribution of the change of total energy is from the electron energy, which
is getting lower, and the Coulomb energy, which is getting higher. One can clearly
see a competition between these two energy terms, which determines the bottom of
the deep state. The situation in CdF2:Ga®t is quite similar. There exists a strong
electron-lattice coupling: the bound electron induces LLr (relative to the ionized
limit) around itself, which in turn helps to bind the electron. This is similar to the
self-trapping in a perfect lattice.

We also calculated the adiabatic energy using only diffuse bases (=0.005 and
«=0.02) for the delocalized shallow state or compact bases (a=0.05 and a=0.08)
for the localized deep state. The results are listed in Table 3.5. With only diffuse
bases the energy curve was calculated up to the first shell’s distortion at -0.06A
(Table 3.52). As the first shell’s relaxation gets larger (in the direction of the deep
state), the total energy can not be minimized. The polarization energy starts to
blow. Since a delocalized shallow state is not supposed to be accompanied with
large lattice relaxation. From Table 3.4, one can see that -0.064 is just the position
of the barrier where the electron starts to sit on the impurity. The shallow level
obtained with only diffuse bases: -26.75 eV is deeper than that obtained with both
types of bases: -26.52 eV (Table 3.4), mainly because of the larger polarization. The
deep level obtained with only compact bases: -26.79 eV (Table 3.5b) is almost the
same as that obtained with both diffuse and compact bases: -26.76 eV (Table 3.4),
with almost the same lattice configuration.

The adiabatic potential energy surfaces obtained either with diffuse bases only
or with compact bases only, as well as that with two types of bases are plotted in

Fig. 3.3. The presence of both types of bases lowers the barrier as shown in Fig. 3.3.
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We now examine the cases of Y and Sc in CdF;, where the defect electron can
never sit on the impurity to give a deep state. The electron energy remains almost
constant and the wavefunction is always diffuse as the lattice configuration changes
" (the first shell’s distortion from about -0.24A to 0.07A). Table 3.6 gives details of
energy terms and defect electron wavefunction varying with the lattice configuration
for CdF3: Y3+, |

We now discuss the factors which contribute to the appearance of the deep level,
such as in In and Ga, but not in Sc and Y. It seems reasonable to associate the deep
level with the highest s-like level of the free M?* ion. From Table 2.11 (Free Ion
Energies), these are [Kr]j4d!%5s! (In®*, Y?*) and [Ar]3d'%4s?(Ga?t, Sc?*) levels. For
In and Ga, the binding energy is 28.0 eV and 30.7 eV, respectively {33]. In the ionic
lattice, an electron at a cation site is sitting on a barrier of the repulsive Madelung
potential, which is

En = ”KM =20.3eV | (3.1)

1)

where aps is Madelung constant at a cation site of fluorite structure,
ay = —3.27611 ; (3.2)
and R, is the distance between the cation and its nearest neighbour F~,
R=4.3%1ac.u. . (3.3)

As a rough estimate, the above binding energy can be reduced by 20.3 eV, which
becomes 7.7 eV for In and 10.4 eV for Ga. The resulting energy can be compared
to the purely electronic energy of the deep level which is (-)7.7 eV and (-)9.1 eV,
respectively. Applying the same argument to the case of Sc and Y, one finds from

Table 2.11 that the electron energy in ike-lzttice would be about zero. It seems

*_._—‘7-"‘
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reasonable therefore to argue that the deep level does not show up in the case of
Sc and Y due to this internal difference of the two groups of trivalent atoms. In
experiments the deep level in the case of Ga is deeper than that in In. This would
also be explained according to the internal difference, the binding energy for Ga is
larger than that for In. Based on the argument just shown, we predict that TP+
would show a deep level beside the shallow donor level. Indeed, the binding energy
of the 6s electron in free T1?*+ is about 29.8 ‘eV, close to those in le1 and Ga. After
correcting for the Madelung potential, there would result a deep level comparable
to that observed in In and Ga. As we will discuss below, this can be interpreted as
the effect of short range potential produced by the impurity atom in the context of
the extrinsic self-trapping, proposed by Shinozuka and Toyozawa {14].

According to the fundamental studies of Shinozuka and Toyozawa [14], the self-
trapping of carriers in a deformable medium of 3-d is characterized by the existence of
both free(F) and self-trapped(S) states which are separated by a potential barrier.
In the present system involving an impurity center, the F and S states refer to
diffuse (EMA) and very compact states, respectively. Toyozawa named such cases as
the “extrinsic self-trapping” (impurity assisted self-trapping) to distinguish it from
self-trapping in a pure crystal. The basic idea is that a constructive addition of both
the short range impurity potential and the electron-phonon interaction leads to the
realization of a deep state in a system where such a deep state would not occur
with only one element present. The present system is an example of the extrinsic
séif-tra.pping.

Using the effective mass approximation, combined with the Frohlich ha.rniltonfan
to represent the electron-phonon coupling, Bednarek and Adamowski have studied

the In and Y centers in CdF, (43, 44]. They fitted certain parameters, such as the
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central cell correction and the non-parabolicity of the band, to experimental data of
donor ionization energy. They plotted the energy of the system as a function of the
decay constant of the exponential wavefunction of the donor state. They obtained
two minima for In and only one for Y. Although there are some similar aspects
between this work and the present work, it is not clear in the continuum work which
factor determines the bistable behaviour and therefore a direct comparison is not

straightforward.

3.4 A Candidate Medium for Optical Storage of Informa-

tion

First we introduce briefly other well-known bistable defect systems. The DX cen-
ters [45] observed with various donors in III-IV semiconductors (e.s. AlGaAs or
GaAs under pressure) and the EzL centers [46] in GaAs are such examples. It is
believed that most donors in III-IV compounds exhibit the usual shallow donor
level and also a deeper level, separated by a small potential barrier. Recent first
principle’s calculations on Si in GaAs, based on the super-cell (or large unit cell)
method [47], show that in the charged state (D™), the deeper level is associated with
a largé lattice distortion of lowered symmetry. When the highly covalent system is
compared with the present system of trivalent impurity centers in CdF5, some differ-
ence appears. In the present work, we noted that both the shallow and deep levels
occupy the same symmetry. There is no pseudo Jahn-Teller effect involved with the
deeper level, as in the case with the DX center.

The search for novel efficient photorefractive and photochromic media continues

for more than two decades because of their potentié.l high storage density [48]. CdF,
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crystals doped with indium may be an efficient medium for optical storagé of infor-
mation in static and dynamic regimes. As we have discussed above the remarkable
‘change in the electron localization at the In impurity during phototransformation
leads to a change in the local polarizability. This character will cause a change of
the refractive index of the host crystal . Although the impurity phototransformation
process proceeds via the conduction band (photoionization of the localized state is
followed by a subsequent recapture of electrons by In®* into the delocalized hydro-
genic state), the change of the refractive index may be very localized due to a very
low mobility of electrons in CdF;. Therefore a spatial resolution of writing may be
in a nanometer range and be limited only by statistical fluctuations in the Indium
distribution. The efficient writing of a dispersive grating in CdF,:In3* has been
reported [49]. A similar effect based on defect metastability in AlGaAs epitaxial
layers was also reported [50]. There, the change of the refractive index was caused
by photoionization of X centers and metastable photogeneration of free carriers. In
the case of CdF; the effect is caused by a phototransformation of the impurity itself.
In contrast to AlGaAs layers, bulk CdF, crystal can easily be grown, therefore it is
more suitable for writing thick and multiple holograms. Moreover, CdF; offers also

a much broader spectral range of scanning the hologram, as compared with AlGaAs.
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Chapter 4. Introduction

The phenomena of desorption of atoms and molecular species induced by electronic
transitions (either by photon or electron stimulation) are studied in a wide range
+ of insulating materials including the ionic halides. The ejecta can be both neutral
and ionized species in the ground and excited state. There are possible applications
involved, but the fundamental aspects are also important. In this work. we are
interested in the energetic desorption of neutral ground state halogen atoms observed
in alkali halides KBr and NaBr. Following a recent report, we also investigate the
role of indium impurity in KBr in the nonthermal Br® desorption. We will also
present preliminary works dealing with the desorption of fluorine atoms in CaFs,.
Our work shows that the desorption of halogen atoms is induced by decay of
excitons (either Frenkel-type free exciton or the self-trapped exciton) on and near
the surface. Since the recent works revealing that the self-trapped exciton (sTE,
hereafter) in ionic halides is basically a primitive F-H pair and that the substantial
relaxation energy associated with the off-center relaxation can be converted to propel
. the V. center away from the excited electron which is being localized as an F center,
the energetic halogen atom ejection was interpreted as being the consequence of
the same relaxation taking place near the surface [51, 52]. Earlier association of
the phenomena to the excitonic mechanism originated from the observation made
by Townsend and collaborators [53] that the ejected atoms were dominantly along
the <110> direction, which is the direction of the halogen ion row in the NaCl

lattice. It is in this direction the Vi center is propelled away in the bulk. More
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recently, however, time-of-flight spectroscopy measurements made by Szymonski et
al. showed that the ejected halogen atoms from a (100) surface were preferentially
along a direction perpendicular to the surface plane. They suggested that this may
indicate that the sTE mechanism is not involved and a hole localization on the su: “ace
might be responsible for the observed direction.

In this section, We will first introduce briefly the study of electron and photon
induced desorption, and then introduce the experimental results. At last we will
review briefly the instability of sTE in the bulk of alkali halides, in which the related
concepts such as on-center and off-center STE as well as Robin-Klick parameters will

be described.

4.1 Electron and Photon Induced Desorption

There are many kinds of desorption processes. Desorption can be induced by electron
beams or ion beﬁms with energy from several keV to MeV. Fast particles cause lots
of damage, displace many atoms or ions and stimulate electrons in ion cores into
excited states. So desorption induced by fast ions is a complicated process including
sputtering as well as different electronic interactions responsible for the composition
and final charge state of the emitted particles. Usually inert ions, Ar* for example,
are used to avoid chemical interactions in the process.

Desorption can also be induced by low energy electrons or photons with energy
from 10 eV to keV, commonly called Em, ESD and PSD (electron induced desorption,
electron stimulated desorption, and photon stimulated desorption).

When a charged particle slows down in an ionic insulator, in addition to dis-

placing atoms from their lattice positions, it creates electronically excited states
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(excitons and electron-hole pairs). These initially delocalized excitations can inter-
act with a lattice to form localized excited states. e.g. so-called self-trapped holes
and self-trapped excitons. Such localized excitations can subsequently decay non-
radiatively leading to defect production in the bulk of the crystal and/or particle
emission from the surface. In the particular case of an impinging low-enefgy elec-
tron, according to Franck-Condon principle, the elastic part of the interaction can
be neglected, because the projectile’s mass is much smaller than that of the target
atoms. Similar electronic desorption phenomena have been observed for ultraviolet
or X-ray photon irradiation. Such processes provide a unique opportunity to study
the electronic transitions responsible for transfer of the excitation energy into the
energy of atomic motion leading to surface sputtering.

Generally, electronic desorption processes are of fundamental importance. Alkali
halides can be used as model systems for studying these electronic interactions, since
they have simple and well-known crystallographic and electronic structures, and the
electronic desorption in these materials is very efficient.

Interaction of charged particles and photons with alkali halides have been studied
for several decades. We would like to mention the Menzel-Gomer-Redhead (MGR)
model introduced in 1964 by Menzel and Gomer [54], and independently by Red-
head [55], which was proposed to explain why electronic desorption cross sections
are generally much smaller than the analogous dissociation cross sections for gas
phase molecules. The model begins with a valence electron excitation. An electron,
presumably from a bonding orbital between the desorbate species and the rest of
the system is suddenly excited into a non- or an anti-bonding state. As. a result
of this Franck-Condon excitation, the desorbate species finds itself on a repulsive

potential curve and begins to move away from the surface. The main predictions of
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this MGR picture are that:

1. desorption thresholds should be in the range of energies of bonding-antibonding

transitions, a few to say, 20 eV;

2. there should be an isotope effect in desorption. since faster particles wkich have
the same surface chemistry have a better chance of escaping before tunneling

or Auger processes vitiate the effects of the initial excitation;

3. the reason that desorption cross sections are low relative to those for appar-
ently analogous gas-phase dissociation processes is that surfaces have available

a large supply of electrons for reneutralization of the initially created hole.

However, this model does not offer specific understanding on the ground and excited
states potential surfaces. It is hard to confirm if this mechanism is at work in any
given case.

In 1983 Townsend [56] concluded that electronic desorption of alkali halides
could be adequately understood in terms of what he called the Pooley-Hersh model,
which is primarily used for explanation of Frenkel-pair formation in the bulk of
alkali halides (Pooley, 1966 [57]; Hersh, 1966 [58]). But it has appeared that neither
the primary defect structure and evolution in the bulk, nor the surface emission
phenomena were sufficiently known. In the last decade, considerable theoretical
development of seIf-trapp'ed excjtons and related defect formation in the bulk has
been made, for example, Song’s off-center sTE model [59]. And now, much more
sophisticated experiments performed recently, have provided new insight into the
basic mechanisms involved in the electronic desorption_ of alkali halides. It is the
purpose of the present work to undemta.ﬁd the met;hanism of energetic halogen atom

desorption from the point of view of excitonic instability.
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4.2 Experimental Results of Alkali Halides Desorption

4.2.1 Desorption from alkali halides of NaCl lattice

Since the early work of Townsend and Kelly (1968) [60], and Palmberg and Rhodin [61].
1t 1s known that electron irradiation of alkali-halide surfaces results in the efficient

desorption of halogen and alkali atoms.

Halogen atoms desorption from pure alkali-halide crystals

Townsend et al. [53] observed that halogen atoms were ejected dominantly along
<110> axes at the surface of an alkali halide subjected to electron beam excitation.
Attempts to measure angular dependence of emitted species were made. Ea.r‘ly
techniques [33, 56, 62] could not provide any information about either mass or charge
of the different desorbing species that arrived at the collected deposit and stick with
various probabilities. In addition, the results were likely influenced by reflected
primary electrons. The time-of-flight (ToF) measurements have been performed since
1978 [63, 64, 65, 66, 67). In 1991, Szymonski et al. [67] obtained angle-resolved energy
distributions of bromine atoms. The following are main results of ToF measurements.

(1) The neutral halogen atom spectra [63, 68, 65, 67] consist of both a broad
peak that has a temperature-dependent maximum and a narrow, higher velocity
peak whose energy (at peak maximum) is temperature-independent. The broad
peak can be fitted by a Maxwellian energy distribution that is representative of the
specimen temperature and is due to thermally emitted particles. The narrow peak
is due to the ejection of hyperthermal halogen atoms at ground state, which is only
observed in type III alkali halides (e.g. KBr and RbBr, see Fig. 4.2. The maximum of
the narrow peak may give the kinetic energy of hyperthermal halogen atoms, which
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Figure 4.1: Temperatures-Dependent TOF Spectra

Time-of-flight spectra of bromine atoms desorbed from the (100) surface of KBr
under 700 eV electron excitation, as a function of temperature. [67]

is 0.25eV in KBr. Fig. 4.1 shows the ToF distributions of Br atoms emitted along
the normal to the (100) surface of KBr at several temperatures. The hyperthermal
component gives way completely to thermal halogen enﬁssion at 350°C. The Tor
spectra of halogen atom desorption in 9 alkali halides are presented in Fig, 4.2.

(2) Angular-dependent measurements [67] show that the nonthermal bromine
atoms have a strikingly more peaked angu];u' dependence than the thermal ones. As
shown in Fig. 4.3, the athermal emission is strongly along the direction normal to

the (100) surface.
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Figure 4.2: TOF Spectra of Desorbing Halogen Atom in 9 Alkali Halides

Time-of-flight spectra of halogen atom desorption in 9 alkali halides from {100)

surface [69].
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Figure 4.3: Angular Distributions of the Athermal Br Atoms

Angular distributions of nontkermal Br atoms sputtered from a KBr crystal at
140°C. [67), measured in a (010) plane of the (100) KBr crystal.
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Figure 4.4: Br° Yield vs In* Concentration
Dependence of the thermal and nonthermal Br? yield on concentration in 1 keV
electron-irradiated (001) KBr:In* single crystals. Black markers indicate results for
pure sample. The measurements were done at 150°C. [70]

Halogen atoms desorption from In-doped KBr

To determine the role of hole diffusion in the desorption of nonthermal halo-
gen atoms, Postawa et al. [70] measured the kinetic energy distributions of neutral
halogen atoms emitted due to EsD from In-doped (001) KBr single crystals. The
energy spectra consist of two peaks, the broad one and the narrow one, similar to
the case of pure KBr. The distribution of low-energy particles can be described by
the thermal (Maxwellian) energy spectrum. Particles contributing to the second

peak have nonthermal kinetic energies. Their experiment shows that the emission
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3
of halogen atoms having nonthermal energies decreases witli an increase in the con-
centration of In impurities, as shown in Fig. 4.4, At the same time, the emission
of thermal particles does not seem to be sensitive to variation of In* concentration.
At the temperature of the experiment (150°C). In* impurities are known to be very
efficient traps for migrating holes but not to influence the migration of H-centers.
According to their arguments, the obtained results support the model of nonthermal

Lalogen desorption which requires a long range diffusion of holes from the bulk to

the surface as a necessary step of the process.

Alkali atom desorption

Most studies of EsD and psD investigate ground state species, like halogen atom
desorption introduced above. Since Tolk et al [71, T2] have first found Esp and psD
of excited-state alkali atoms from alkali halides and proposed an important role of
the electronic state in the surface layer, several groups have followed them to confirm
the desorption of excited-state alkali atoms under electron bombardment [73, 74).
An interesting result has been reported recently by Hirose and Kamada (75, 76].
They observed that the atomic emission (Na D-line) from the excited desorbed
alkali atom is the strongest in the type III materials, such as KBr, and has not
been detected from NaBr for example. The atomic emission (Na D-line) due to
the transition from desorbed excited state sodium atoms is stronger in NaF than in
NaCl, and is too weak to be observed in NaBr and Nal, while the intensity of the
atomic emission line from excited state potassium atoms is larger in the order of
KI, KBr and KClI (see Fig. 4.5). These results may be interpreted in terms of the
lattice instability due to the electronic excitation on and near the surface.

Our brief study of the excited alkali atom desorption preceded by that of a
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Figure 4.5: Na D-line Emission from Desorbed Excited State Alkali Atoms

A set of emission spectra from sodium halides irradiated with undulator radiztion
of 36 eV at room temperature. [76]
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halogen atom indicated that it is energetically possible if the F center is in an

excited state. More details are in Ref. [77].

4.2.2 Desorption from CakF. crystals

In CaFa, desorption of neutral Ca and F, as well as of F*, is reported [78]. However,

no energetic F emission seems to have been established [78, 79].

4.3 The Instability of STE in the Bulk of Ionic Halides

Qur study shows that the instability of the STE on or near the surface plays an
important role for the athermal halogen atom desorption from KBr, RbBr and
Ca.Fg.

4.3.1 On-center and off-center models of the STE

Reflectance and absorption spectra often show structure at photon energies just
below the energy gap. This structure is caused by the absorption of a photon with
the creation of a bound electron-hole pair. An electron and a hole may be bound
together by their attractive Coulomb interaction just as an electron is bound to a
proton to form a neutral hydrogen atom. The bound electron-hole pair is called an
exciton, which can move through the crystal and transport energy.

Excitons can be found in every insulating crystal. Removal of an electron from
the valence band to the nearby conduction l’)a.nd upsets the stability of the lattice.
In alkali halides, the hole can be localized to one halide ion. The particular halide
on which the hole is localized will no longer be a “hard sphere” with respect to

repulsion equilibrium with its neighbors. The most outer shell of 2 negative halogen
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ion is a complete p shell. After an electron is removed from the valence band,
the incomplete p shell of the halogen atom can form a covalent bond with one of
the halide neighbors, forming a dimer X7 molecule ion in the crystal. It is the
so called Vi center. Then a sTE results when the excited electron becomes bound
to the site of the V} center in a relatively loose orbital. This is the first model
of the STE as proposed originally by Kabler [80], after he demonstrated that the
recombination of an excited clectron with the V. center results in the same emission
band as the intrinsic luminescence. This on-center (Vi +e) STE model has further
been reinforced by optically detected Esr studies which showed in many alkali halides
that the hyperfine structure was very similar to that of the V. center itself, with
the spin Hamiltonian parameters clearly correlated. Subsequent analyses of exciton
spectroscopy (luminescence, transient absorption and magnetic resonance etc---)
have all been conducted on the azsumption that the sTE in alkali halides has the
same structure as that of the V., except possibly in some details. Earlier theoretical
calculations [S1, 82, 83] were based on this on-center model.

The excited electron and the hole would normally have opposite spins and the
sTE would be a spin singlet state. But the spin of the excited electron may flip
because of the spin-orbit coupling or the interaction with nuclei. Because of this,
an STE may be either singlet or triplet and the triplet state is generally lower in
energy. The intrinsic recombination luminescence of the sTE is either o-polarized or
w-polarized (the polarization is parallel or perpendicular to the axis of the V. center,
respectively). The o luminescence bands have lifetimes in the range of nanoseconds,
and the 7 luminescence bands have lifetimes ranging from 90 ns in Nal up to 5 ms
in KCI [59]. The ¢-bands originate from the radiative der..:ay of singlet state of the

STE, and the 7-bands arise from the triplet state [84]. Because of the spin selection
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Figure 4.6: Schematic Tlustrations of STE in Alkali Halides

rule, the triplet lifetime is much longer. Electronic processes are mainly associated
with the long-lived triplet state sTE.

In 1984, in a series of work [85, 86, 24] Song and collaborators studied the
instability of STE using a combined method based on the extended-ion approach
and the cxpo (Complete Neglect Differential Overlap) code. Their study showed
that the STE is strongly unstable in t.h.e configuration of the on-center (Vi+e, Dzx
symmetry) geometry. The Vj core suffers an axial translation along the <110> axis.
At the same time the surrounding ions undergo relaxation of the same symmetry,
i.e. Cay. The excited electron charge density is concentrated on the nascent anion
vacancy after the V. core slips to one side. The electron and hole charge density of
the sTE therefore split in space and the resulting structure of the sTE is more like

a primitive F-H pair. The charge distribution on X5 becomes polarized, such that
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the hole and electron attract each other. Fig. 4.6 illustrates the variation of the
geometries from a V. center to a F-H pair.

Recently, ab initio Hartree-Fock methods hav: become available to handle de-
fect systems like the sTE in alkali halides. This method is still in the trial stage
for such complex defect as sTe. Some preliminary results have been obtained with
two independent codes, 1cEcaP (lonic Crystal with Electronic Cluster: Automatic
Program) and cappac (Cambridge Analytic Derivatives Package) [87, 88, 89, 90],
both support the ofi-center model. The adiabatic potential energy surface (aPEs) of
the triplet STE as a function of the axial shift AQ. along the <110> axis are shown
for some typical materials obtained using the extended-ion approach [91], in Fig 4.7,
and using ab initio Hartree-Fock method [88), in Fig. 4.8.

The basics of this lowered symmetry of the off-center sTE relative to that of
the V. center has been described in recent literatures [51, 59, 92]. In short, the
driving force of this large photo-chemical reaction is in the excited electron. The
excited electron which is in a diffuse orbital around the self-trapped hole when in the
highly excited state becomes localized on the nascent anion vacancy as it reaches
the lowest triplet state. In fact the excited electron is so strongly attracted by
the half anion vacancy that it can easily displace the rﬁolecule-ion core X; along
the <110> row accompanied with appropriate relaxation of other surrounding ijons.
It was believed that on going from on-center geometry to off-center geometry, the
sTE, which moves toward a nearest halide neighbour, needs to overcome the nearest
neighbour alkali repulsive barrier [83]. However, the excited electron gains more
than adequate energy by localizing on an anion vacancy site. Recent calculations
based on various method show that the energy gained by this lowered symmetry (as

the sTE transform from the on-center Dy, to off-center C,, symmetry) is about 1
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Figure 4.7: The APES of the Triplet STE with the Extended-lon Method

The adiabatic potential energy surface (APES) of the triplet STE in NaF and
NaBr, obtained by the extended-ion method [91]. Qg represents the axial translation
of the molecule-ion from the original Vi center position.
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Figure 4.8: The APES of the Triplet STE with ab initic Method

The APES of the triplet STE in NaF and NaBr, obtained by all-electron Hartree-
Fock method (CADPAC code) [88]. (Also the ground state APES is shown).
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eV, but depends on the method used [39)].

The axial shift and the relaxation energy gain along the <110> axis in NaBr
and Nal seem smaller than in NaF and other fluorides. KCl, RbCl. KBr and RbBr.
It is found that the degree of the off-center relaxation depends on the host lattice

parameter related to the size of X3.

4.3.2 The Rabin-Klick diagram

In order to explain the strong material dependence of low temperature F center yield,
Rabin and Klick [93] have introduced a geometrical parameter which is known as

| the Rabin-Klick parameter S/D. The parameter S, illustrated in Fig. 4.9, is the
separation of two adjacent halide ions along a <110> row minus twice the halide
ion radius, i.e. the “excess space” measured between hard spheres placed at the
ion positions. D is the diameter of the neutral halogen atom. The ratio S/D was
originally proposed as a geometric measure of space available for the insertion of an
interstitial halogen atom to form an H center, or now in the present context, is the
space for the sTE to relax off-center. Fig. 4.10 is the plot of the Stokes shift against
Rabin-Klick parameter S/D. According to the relative magnitude of the Stokes shift,
these alkali halides are divided into three distinct classes by Kan’no et ol [94]. Nal,
NaBr belong to type I, NaCl and a few others belong to type II, and KBr and others
form type III.

Fig. 4.11 shows the original Rabin-Klick diagram of the low temperature F center
formation yield, in which the logarithm of energy per F center formed at 4.2 K is
plotted versus the Rabin-Klick parameter S/D. The defect (F center) formation
efficiency at 4.2 K is large in crystals with S$/D exceeding 0.45, since it is easier

for the conversion of sTEs to separated F-H pairs in these crystals. Also one may
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Plot of Stokes shift of STE luminescence bands normalized by the energy of the
lowest exciton absorption peak vs. the Rabin- Klick parameter S/D defined above.
Closed circles denote the 7 emission and open circles indicate the ¢ emission. Group-
ing of the bands as type I, II, and III is indicated [94].
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Figure 4.11: Rabin-Klick Diagram of F Center Creation (4K)

Plot of logarithm of the ionizing energy required per stable F center generated

at 4K in alkali halides arranged along the horizontal axis according to the value of
S/D.

conclude from the trends in this figure that if the lattice is open enough (large S/D)
to allow large off-center relaxation of the sTE, then any barriers to further separation
of the F-H pair are also likely to be small. 1t is therefore possible that the relaxation
of the free exciton or of an excited state of the STE can provide enough directed energy

along the separation coordinate to produce stable defects at low temperature.

4.3.3 Understanding of the off-center STE

The various aspects involving the STE are now understood from the point of view of

the off-center model.

1. The large variation of the Stokes shift of the = bands (from 76% in NaF to 24%
in Nal) is directly correlated to the magnitude of the axial shift. The larger
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axial shift lcads to a larger Stokes shift. The shift is not directly accessible
experimentally, but the calculated shift, called AQ, as shown in Fig. 4.7 and
Fig. 4.8, correlates well with observed Stokes shift [95]. The Stokes shift cor-
relate also with the Rabin-Klick parameter S/D, as Kan’no et al [94] demon-
strated. This is not surprising because the magnitude of the axial shift should
certainly be a function of the space available in the halogen <110> row for

the molecule-ion to move through.

Song and Chen found that the triplet lifetime = can be directly correlated to
the axial shift AQz in an approximate theoretically derived formula [95]. It
is possible to deduce the axial shifts of several sTe configurations belonging to
the same energy surface, as it has been done in RbI [96] and for Nal under

dilatational strain [97].

. The low temperature F center formation yield which depends strongly on ma-

terial, as shown in Rabin-Klick diagram [93, 9§] can be understood in terms
of the available relaxation energy along the reaction coordinate Q2 which can
be converted to kinetic energy of the molecule-ion (the H center). Such mech-

anism is clearly satisfactory at least qualitatively [91].

. The thermal channel of F center formation which seems available in all alkali

halides with about 100 meV of activation energy is certainly compatible with
the calculated APEs, both through the extended-ion and the ab initio Hartree
Fock method. The aPEs of Fig. 4.7 and Fig. 4.8 suggest no energy barrier of
substantial magnitude (of the order of, say 0.2 eV).



CHAPTER 4. iINTRODUCTION 95

At the presem time evaluating with great confidence an energy barrier of this
magnitude is an extremely difficult task with any caleulational method. The extended-
ion method we described in Part I has its obvious limitations due to the basic ap-
proximations used. It can predict generally correct trends for defects such as the
sTE. The values of activation energy obtained by such method are qualitative or
semi-quantitative at best. However, there is no doubt that well-thought out ap-
proximate methods are valuable in exploring complex new defect systems. It is only
after such explorations that one can attempt more elaborate calculations, such as
the ab initio calculations. The ab inilio approaches have their specific difficulties.
The problem of embedding a quantum cluster inside an infinite crystal is a complex
one [99]. There are also problems of purely quantum chemical nature which have
to be faced in view of the large number of electrons involved in a solid state defect
study.

Recent experimental works present direct indications as to the nature and even
the detailed environment of the ste. The recently published resonant Raman scat-
tering work [100] shows very clearly that the hole of the sTE in NaCl is practically an
H center, rather than a V. center. There is a large difference in the stretching mode
frequency of the molecule-ion between the H and V centers (366 cm™! vs 243 cm™!
respectively). The excited electron of the sTE is similar, but with some perturbation,
to the F center according to the same work. Similar results are obtained in Rbi [100].
Fast spectroscopic studies have shown in Rb] [96] that several local minima exist on
the triplet sTE APES, and there is a transfer of population between them which are
observed by time-resolved luminescence studies. Recent femto-second photoconver-
sion studies [101] showed more details on how the excited STE state relaxes to various

metastable states before settling to either the w emitting STE state or to F-H pair
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state. Although some details are not yet clearly understood. such as the possible
rcoricntation of the sTE axis during relaxation [102, 103, 104], there is no more any
doubt as to the fact that the sTE is off-center and practically a primitive F-H pair
already and there is no energy barrier of substance between the sTE state and other
states on the same APEs, including well-separated F-H pairs. Recent study of oDESR
monitored by magnetic circular dichroism in KBr [105] showed that the correlated
Frenkel pairs created at 4K correspond to the 4-th nearest neighbour F-H pairs. By
comparing the theory and experiment together in a critical way, one has reached a
satisfactory understanding of the sTE for the most part [59]. This can be considered

as a paradigm of close interplay between experiment and theory.



Chapter 5. Method of Calculation

The method of calculation in this part is basically the same as in Part 1. The main
difference is that the cluster is made of a number of circular slabs to simulate a
surface with possibly an infinite thickness, and the defect consists of a pair of excited
electron and hole trapped on a V. center. The Madelung potential was calculated
directly, from the point charges inside the cluster. The short range interaction
between ions is treated classically using Born-Mayer type pair potentials. The pair
potential constants of alkali halide are well known [106], and are listed in Table 5.1.

The polarization energy in this bulk sTE problem is calculated by the Mott-
Littleton method of the lowest order as in Ref. {107, 108]. The polarizabilities of
Nat, K*, Ca®*, Br~ and F~ are listed in Table 5.1.

The electron energy is calculated using the extended ion method (see section
2.3). The deep core ion size parameters, the outer shell short range potential and
overlap interpolation parameters for Na*, K*, Ca?*, Br™ and F~ [91, 108] are listed
in Table 5.1.

In the following, only the elements not covered in Part I will be described.

5.1 Generation of the Surface.

In the present study of desorption, we have used a cluster of ions consisting of ten
circular slabs to simulate a semi-infinite surface. This cluster is electrically neutral,
the total number of point charges included in it is around 6000. About 500 atoms

in the cluster contribute to the electron energy through the short range potential
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Table 5.1: Parameters for Nat, k¥, Ca**, Br~ and F~

a: Born-Mayer pair potential coefficients.

Nat+-Br~

50.851
0.6198

K*-Br~ Br=-Br~ Ca**-F~ F--.F-
33.265 93.300 70.879 | 23.856
0.6350 0.5940 0.5290 | 0.5290

b: lon size parameters, short range potential and

overlap interpolation parameters. Polarisabilities.

Na* K+ Br- Ca?t
A 6.87800 | 26.99000 | 33.91133 | 26.77859
B 0.18600 | 2.08000 | 5.01791 | 1.70488
J -0.00300 | 2.23000 | 8.02950 | 1.93452
K 0.00000 | 0.23000 | 1.70585 | 0.16146
J’! 0.27800 | 4.68000 | 8.75470 | 3.63728
K’ 0.00700 | 0.37000 | 1.33958 | 0.23421
Bs | 1.94900 { 0.88000 | 0.30624 | 1.14560
Ase | -4.12410 | -5.34450 | -4.54650 | -5.49402
Bez 1.00960 | 0.38720 | 0.19328 | 0.44400
Az | -4.17637 | -2.38390 | -2.02488 | -2.37786
Bsowt | 1.25000 | 0.60000 { 1.10000 | 0.65000
Azt | 0.15960 | 0.21148 { 1.40270 | 0.12142
Ky 4 4 8 4
E, -3.07635 | -1.96444 | -0.67924 | -2.82800
Bpowt | 1.25000 | 1.30000 [ 0.35000 | 0.65000
Apour | 0.06681 | 0.84795 | 0.44269 | 0.08017
Kp 6 5 5 4
E, -1.79715 | -1.17109 | -0.13320 | -1.93000
Polar. | 1.95700 | 8.98000 | 28.07300 | 7.42000

All parameters are in atomic units. The outer shells for Ions here are only s and

F-

7.95117
0.34943
-0.00794
0.00000
0.54139
0.02252
0.76000
-3.82315
0.37520
-2.07188
0.85000
0.38138
4
-1.06574
1.20000
0.44265
8
-0.17442
4.40000

p. E, and E, are the energies of the outer s and d shells, respectively.
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energy such as the screened Coulomb and exchange terms. The number of ions
explicitly relaxed to minimize the total energy is between two and three dozen.
depending on the type of crystal lattice. the surface chosen. and the position where
the STE is created initially; the surface, the first, second or third layer. The first

layer sTE is defined as the onc created between the surface and the next plane.

5.2 Parameters of In*

The parameters of In* were obtained in the same way as for In®*. The Born-Mayer
pair potential of In*-Br~ is obtained with Gordon-Kim method [19], (see Sec. 2.2,
Append. C). There is no polarisability available for In*{[KrJ4d'°5s?), so we used
the one for Ag*([Kr]4d'?) instead. Table 5.2 lists the parameters. The deep core ion
size parameters, the outer shell short range and overlap interpolation parameters
are defined and obtained in the same way as described in Sec. 2.3. The outer shells

for In* are 5s and 4d.

5.3 Treatment of the V; Center

The V. center consists of two anions bound together when a hole is localized. The
basic idea of computing the interaction of an excited electron and a Vi center is
to keep the treatment of the molecule as close as possible to the treatment of the
individual ions to simplify the calculation. In the study of CaF3, the available F;
orbitals from Ref. [109] were used. The fitted parameters previously determined [108] -
were used here, and are given in Table 5.3 and Table 5.4. For the bromides, we have
used the parameters previously used in the study of the bulk sTe [91], which are also

given in Table 5.3 and Table 5.4. In Ref. {91], BrJ was approximated as a pair of Br°
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Table 5.2: Parameters for Int

a: Born-Mayer coefficients and polarisability.

A /) Polar.

In*-Br~ 182.173 0.5977 16.482

b: Ion size parameters.
A B J K J K'

84.08622 17.28261 44.46939 14.76043 39.14369 9.16588

¢: Short range potential and overlap
interpolation parameters.

8 A E(eV) «

s¢  0.53120 -5.74250
ex 0.13600 -0.95367
sovl 0.34800 0.98125 -0.60688 6
dovl 1.10000 0.16348 -1.33167 4

.. All parameters are in atomic units. The outer shells for In* are only s and d. E,
and Eg are the energies of the outer s and d shells, respectively.
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Table 5.3: Short Range Potential Interpolation Parameters for X7 (atomic units)

x ﬁsc -4“ .Ber Al.':

Br 0.43630 -4.76850 0.16928 -1.40554
F 1.10000 -4.13804 0.42667 -2.30630

Table 5.4: Overlap interpolation parameters for X7 (atomic units)

X ﬁsau( Asoul Ky Es 6::0:.-! -4poul Kp Ep

1.49650 8 -0.75670 0.25 0.11561 4 -0.20860

Br 5
F 0 0.1513¢ 4 -1.19526 0.70 0.25279 4 -0.3019%4

b
=1 o

E,, E; and E; are the energies of the outer s and p shells, respectively.

for the calculation of short range terms as the molecular orbitais are not available.

Throughout 2ll of the above discussion, it has been assumed that the V, center
is perfectly symmetrical, ie. the hole is shared equally by both ions of the molecule.
However, in most cases this is not true as the charge is shifted more to one side
than the other, or shared by three ions in a row when the hole jumps from one
pair of halide ions to the next pair. One possible way to deal with the hole charge
distribution would be to scale all of the parameters in some way from an X~ jon to
X% (X represents a halogen atom) as the charges shift from one side to the other.
We did not attempt it, however.

When the hole diffuses away from the electron (localized on the nascent F cen-

ter), the Xr; undergoes changes in hole charge distribution and bond length, and
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sometimes bond-switching. A cxpo (Complete Neglect of Differential Overlap) code
was adapted to represent the molecule-ion more precisely, and is interfaced with the
extended-ion package in a consistent way. A small number of X~ ions, usually three
to five, were treated by the cnpo cluster. The cNDo program determines the change
in energy of the molecule bonding which shares the hole and updates the hole charge
distribution during the lattice relaxation, which is used in the extended-ion part to
calculate the electron wavefunctior, the energv and the lattice displacements. It
is important to note that the excited electron is directly influenced by the state
of the hole described by the cnpo code, especially its charge distribution. At the
same time, the excited electron charge density determines the electrostatic potential
which acts on the ¢NDo ions. The entire process was iterated back and forth between
the two parts of the program.

The cNpo parameters of Br employed in this work are slightly adjusted from the
standard values [110] to fit the observed bond length, vibrational frequency, and
the electron affinity of the halogen atom. This last adjustment was made in such
a way that the total energies of Br2~ and Br3, at large internuclear distance, differ
by the known value of the electron affinity. The same procedure was used for Fy.

The ¢NDO parameters obtained in this way are listed in Table 5.5.

5.4 -Minimization Method

In this work, we need to find the minimum energy configuration of the multidimen-
tional space of the crystal. A minimization procedure is developed to solve this

problem [86]. We minimize the total energy with respect to individual ion position:

B = Eow.! + Ercp + Eclec + Epal + ECN DO ,
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Table 5.5: CNDQ Parameters for X3

Orbital exponent electronegativity,

X (A-1) LI+ A4) (eV) Bonding energy 8 (eV)
8 ? $ P

Br 220 2.20 2520  6.37 -6.90

F 211 2.11 3743  8.66 -11.30

where the various constituent energies have been described in Part I and the previous
sections.

We optimize the position of one atom at a time with three degrees of freedom.
The same process is carried out in sequence over all ions allowed to move. We then
repeat the whole procedure and iterate until the total energy converges within some
pre-determined value. Convergence was usually obtained after about 4 interactions,
but sometimes it took more iterations to reach convergence.

The V; center has two ions covalently bonded. In general, the V. center is dis-
placed by large distances and it usually requires more iterations to reach equilibriuin
and convergence. Therefore we minimize twice over the cNDo ions before the rest of
the lattice is minimized.

To calculate the minimum energy position of the ion, we used the following
efficient interpolation scheme, which was developed by Brunet, Leung and Song (86].

First, we interpolate the energy surface to first order of ion displacement:
E= ag + a1 + a2y + azz . (5.1)

This requires the energy to be sampled at four points. In practice we need only

calculate the energy at three points since one point can be the energy before the
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jon is moved, which is obtained from the minimization of the previous cycle. For
the other three sampling points we choose three mutually perpendicular directions
to avoid problems with linear dependence when we solve the set of 4 simultaneous
equations for the coefficients of equation 5.1. We can now calculate the direction
and magnitude of the gradient of the energy surface at the point under study.
Then to calculate the minimum energy position of the ion, we interpolate to

second order along a line in the direction of — 7 E:
E=a+b6+c8, (5.2)

where § is the displacement of the ion in this direction.

Here we need to evaluate the energy at only one more point since we already
know a and b (a is the energy at § = 0 while b = |7 E| at § = 0). Then it is
straightforward to determine the position of minimum energy ém:

dE b
S=0atbn = Sn=—p. (5.3)

The jon then is moved a distance é,, in the — 57 E direction. We reevaluate the
energy with the ion at this position and compare it with the other energies that
have been calculated in the course of the minimization, and the ion is placed at the
position that gives the lowest energy.

In the study of the instability of the STE in the desorption problem, we usually
try to find the most likely path for the molecule to move. We first determine the
minimum energy direction of the molecule’s axis, and then pull the head of the
molecule or push the tail of it along the direction (that means some coordinates
are restricted to follow a certain path) to calculate the adiabatic potential energy
surface. As the molecule moves the V) center may jump from one pair of cNDo ions -

to the next.
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5.5 The CPU Times

We used the workstation (1BM Rrs/so00) to calculate the adiabatic potential energy

surface (APES) of the desorption. For a typical case, (e.g. 2130 point ions, 420

extended-ions, 26 relaxing ions, 3 cNDO atoms. 2 gaussian bases and d iterations)

about 1 hour of the cpu time is needed to obtain a point of the apes,



Chapter 6. Results and Discussion

6.1 Br’ Desorption From (100) Surface of NaBr and KBr

We have selected three bromides as they represent the two distinct classes, as shown
in Fig. 4.10. NaBr represents, together with Nal and a few other impurity-associated
STE systems, the typical case of e large molecule in @ small cage (type I according
to Kan'no ¢t al. [94]). KBr and RbBr belong to the type III and represent the case
of a small molecule in a large cage. As we described in-section 4.3, NaBr on the
one hand and KBr and RbBr on the other differ in the magnitude of the off-center
shift, off-center relaxation energy, Stokes shift of * band and low temperature F
center yield. They are therefore expected to behave differently also in halogen atom
desorption. For both bromides, we examined halogen atom desorption in different
cases of F and/or H center localizations: free exciton {one-center) on the surface
layer, sTE (two-center) on the surface layer and the first, second, third layers below
the surface. In the following we will report the results obtained for NaBr and KBr,

the results for RbBr are almost the same as for KBr [77).

6.1.1 Free exciton and STE decays on the surface

A free Frenkel type exciton is simulated by a Br® atom on the (100) surface, with
an excited electron bound to it in a perfect lattice. After relaxation, the excited
electron localizes on the anion site, thereby becoming an F center. At the same

time, the bromine atom on which the hole is localized is ejected normal to the (100)

106
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Figure 6.1: The APES of Free Exciton in KBr and NaBr

The adiabatic potential energy surface (APES) of the free exciton decay on Lhe
surface in KBr and NaBr. Energy is in eV and the coordinate R (in units of the
anion-cation distance) gives the distance between the (100) surface and the bromine
atom.

surface with an excess energy of about 2.6 eV in KBr and 3.0 eV in NaBr. The
adiabatic potential energy surfaces aPEs are shown in Fig. 6.1. In both KBr and
NaBr, when the bromine is ejected to about one lattice parameter away from the
surface, the adiabatic potential energy is at the minimum. As the bromine moves
further, the energy rises until the bromine is about two lattice parameters away
from the surface, then the APEs becomes flat. The energy rising is about 0.25 eV

and 0.30 eV for KBr and NaBr, respectively.
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Figure 6.2: The APES of STE on the Surface in KBr

The APES of the STE created on the surface in KBr. Energy is in ¢V and the
coordinate R (in units of the anion-cation distance) gives the distance between the
(100) surface and the center of gravity of the hole charge distributed on the bromine
atoms.
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During the bromine atom’s ejection from the surface, the relaxation of the sur-
rounding ions remains small, i.e. less than 3% of the anjon-cation distance. As we
change the number of ions which are allowed to relax from about one dozen to about
two dozen, the relaxation energy remains almost the same within an error of about
0.05 eV. The aPes shown in Fig. 6.1 is obtained with two dozen relaxing ions. The
fioating Gaussian basis (FG0) used in the calculation is & = 0.04, for it gives the
lowest total energies.

In the absence of the excited electron, the hole localizes initially on onc bromine
atom, and then very quickly a stable Br: forms on the surface and never leaves
the surface. This seems to show that the ejection of the bromine atom from the
surface is the direct consequence of the electron localization on the anion vacancy.
In broniides, only sTE luminescence is observed, therefore, it is uncertain whether
free exciton is stable enough on the surface to produce desorption.

STE formed on the (100} surface in KBr and NaBr has also been studied. The
two ions chosen to form the molecule are at site (0,1,1) and (0,0,0). In both crystals,
during the minimization of the total energy, one of the molecule-ion at (0,1,1) site

‘starts to leave the surface. In NaBr, the hole distribution polarizes slowly, for
example, it is 58% and 41% on ion(0,1,1) and'ion(0,0,0), respectively, when ion
(0,1,1) is 2.33 a.u. away from the surface (the anion-cation distance in NaBr is
5.648 a.u.}. It is close to half and half. The bond length of the molecule remains
about 5.2 a.u. even when the ion(0,1,1) is 4.73 a.u. away from the surface. In NaBr,
the electron and hole do not split as in the bulk. Our study suggests a radiative
recombination on the surface. By contrast, in KBr, the hole distribution polarizes
very early, it is 72% and 28% on ion(0,1,1) and ion(0,0,0), respectively, when the

ion(0,1,1) is 1.8 a.u. away from the surface (the cation-anion distance in KBr is
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6.232 a.u.). Also the molecule bond breaks in early stage. Our calculation shows
that the sTE decays with Br® leaving the surface approximately normal to the surface
with a kinetic cnergy estimated to be about 0.4 eV. Fig. 6.2 shows the APES of the

sTE decay on the surface in KBr.

6.1.2 Near the surface

We have examined the instability of the sTE in the first three layers below the surface
and calculated APEs for these three layers in KBr and NaBr. The configurations of
the sTE in the three layers are shown in Fig. 6.3. The aptss for KBr and NaBr are
shown in Fig 6.4 and Fig 6.5, respectively.

In the bulk, a V; center in an otherwise perfect crystal is symmetric relative to
the mid-point of the molecule-ion. Near a (100) surface we found the symmetry is
broken and the hole is attracted toward the surface. According to our work, the
excited electron localizes with preference nearer to the surface in the first and second
layers below the surface. Further below, the electron is expected to localize either
near the surface or away from the surface with equal probability. Fig. 6.3 illustrates
the geometry of the sTE on the three layers. Only when the off-center relaxation of
the sTE propels Bry toward the surface can there be a desorption. So that there
is no desorption starting from the STE in the first and second layers. This is true
in both KBr and NaBr. The sTe in the first and second layers relaxes toward the
interior and it is expected either to recombine giving off the = band luminescence ,
or create F-H pair near the surface which may be transient or stable.

Starting from the third layer, the hole on the Br; shows no polarization, and
the excited electron could localizes on either anion site. When the excited electron

localizes on the deeper site (see Fig. 6.3) in KBr, it leads to desorption with a
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& anion O cation

Figure 6.3: Configurations of the STE Near the Surface

The first layer STE is defined as being formed by a pair of Br atoms along the

<110> axis, one of which is on the surface and the other on the next plane below it.
The subsequent layer STEs are defined in a similar way.
In the first and second layers below the surface, the excited electron tends to localize
nearer to the surface. Further below the electron is expected to localize on either site
with equal probability. Here we show the electron localizes on the site away from the
surface in the third layer STE.
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Figure 6.4: The APES of STE Near the Surface in KBr

The APES of the STE created in the first three layers below the (100) surface in
KBr. Energy is in eV and the coordinate R (in units of the anion-cation distance)
gives the distance between the (100) surface and the center of gravity of the hole
charge distributed on the bromine atoms.
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Figure 6.5: The APES of STE Near the Surface in NaBr

The APES of the STE created in the first three layers below the (100) surface in
NaBr. Energy is in eV and the coordinate R (in units of the anion-cation distance)
gives the distance between the (100) surface and the center of gravity of the hole

charge distributed on the bromine atoms.
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possible kinetic energy of about 1 eV. In NaBr, although Bry is propelled toward
the surface in the third layer, the APES encounters a barrier as in the bulk [24].
No energetic desorption is expected in NaBr therefore. This is in agreement with
the experiment [67] according to which there is no energetic emission of Br? from
NaBr, in contrast to KBr where it is efficient. It has been generally accepted that .
the energetic desorption of halogen atoms would be observable only in the type
111 materials, which include KBr. It is interesting to note here that according
to a recent opESR work in KBr monitored via magnetic circular dichroism of the
" absorption (Mcpa) [103], the correlated F-H pairs formed at 4 K correspond to forth
nearest neighbours. This seems to indicate that the kinetic energy of the H center
propulsion along the <110> direction originating from the relaxation energy on the
APES is dissipated when the F-H pairs are about 20 A apart in KBr lattice. The
energetic halogen atom ejection may have to take place from within the first four
layers from the surface.

The ejected atom’s trajectory is one of our main interest. As described in Chap-
ter 4 (Introduction), Szymonski et al. recently performed angle-resolved experi-
ments on electron stimulated bromine atom desorption from KBr, finding that the
preferential direction of nonthermal halogen atom ejection is <100>, rather than
<110> [112, 67]. Asshown in Fig. 4.3, the sharp (non-thermal) peak in the bromine
ToF spectrum was found to be preferentially emitted normal to the (100} face of the
cleaved KBr crystal and at 45° to the (110) face of a sawed and polished crystal [67].
That is, hyperthermal bromine emission was found to occur in the direction normal
to the surface, independent of the cut of the crystal face. The <100> emission di-
rection appears to be in direct contradiction to the findings of Townsend et al. [53]

and Schmid et al. [62] as well as to widely-held expectations based on models for
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Figure 6.6: Schematic Illustrations of Halogen Atoms Desorption

Schematic illustrations of crystal excitations in alkali halides leading to desorption
via the focused replacement sequence along <110> and leading to <100> desorption

via outward relaxation of a surface halogen atom having localized a hole according
to the model of Szymonski et al. [67].

halogen ejection along the sTE molecular bond axis.

The mechanism proposed by Szymonski et al. to account for <100> halogen
emission is illustrated in Fig. 6.6. They suggested that if a hole is suddenly intro-
duced on a2 surface halogen ion, the resulting neutral atom will relax away from the
alkali neighbours to which it had been electrostatically bonded. The symmetry of
the perfect (100) surface dictates that the net direction of such relaxation will be
normal to the surface. Our study of the desorption on the third layer below the
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(100) surface in KBr shows that, initially, the momentum is given to the molecule-
ion Bry in the <110> direction. However, as the atom to be ejected approaches the
(100) surface, the axis of the molecule-ion starts a deviation to approach the normal
to the surface. After the ejecta has cleared the surface the bromine atom becomes
gradually neutral and the trajectory makes an angle of about 10° from the normal
to the (100) surface at a distance of about 0.6a (a is the anion-cation distance). Ta-
ble 6.1 shows the angles between the trajectory and the normal to the (100) surface
changing with R (R is the distance between the (100) surface and the desorbing
bromine atom). When the distance between the desorbing Br and the surface was
larger than 0.62, the energy surface became fairly soft. It would be meaningless
to calculate the direction of the desorbing atom. Although we have not pursued
our calculations of the direction beyond that distance, according to the tendency
already shown, we expect that the trajectory will eventually become normal to the
crystal surface at a macroscopic distance.

The reason for this rotation of the trajectory is to be found in the overall symme-
try of the system at this point. Neglecting the perturbation of the F center which is
left in the crystal, the ejected aiom is seeing an approximately perfect semi-infinite
crystal. The ejected bromine atom becomes neutral only at some distance from the
surface, about 1.7a. While it leaves the surface, the bromine atom is submitted to
both the long range electrostatic as well as the short range fields. It is as a result
of these fields that the direction deviates from the [110] axis. Therefore, the model
proposed by Szymonski et al. [67] accordiag to which the short range repulsion
determines the ejection can be integrated with the sTE instability model which is
needed to initiate the process. The reason that the desorption direction is found to
be 45° to the (110) surface may be somewhat different. The (100) face is the only



CHAPTER 6. RESULTS AND DISCUSSION

Table 6.1: Data of Trajectory of Br® Desorption in KBr

Ei:(eV) Bond Length R{a) Angle(®)

(au.) L

6.60 5.00 0.074 427
6.58 5.02 0.136 45.7
6.62 5.01 0.182 45.6
6.53 5.09 0.303  50.6
6.54 5.31 0.397 52.1
6.43 5.62 0.431 37.1
6.26 5.50 0.523 289
5.89 5.19 0.569 173
5.89 5.15 0.639 9.8
5.64 5.04 0.638 *
5.49 5.19 0.674

5.74 5.30 1.155

6.10 5.39 1.476

6.33 5.61 1.637

6.35 8.27 1.736

6.34 9.38 1.877

The angle is between the trajectory and the normal of the (100) surface. R (in
units of the anion-cation distance) represents the distance between the desorbing Br
atom and the (100) surface. The table also lists the corresponding total energies of
the system and the bond lengths.

*For R being larger than 0.6a, it is meaningless to calculate the angle.

The last two sets of data shows that at the distance of about 1.7a, the bond is

broken. After that the total energy remains almost the same (the APES becomes
flat).
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stable surface plane of a rocksalt alkali halide, so the (110) cut may be a stepwise
series of (100) faces at 45° to the normal.

The present work seems to settle the question regarding whether or not the
instability of the sTE is the driving force of the halogen atom desorption. We have
shown that in the absence of the excited electron, the localized hole merely relaxes
into the V. center configuration on the surface and no desorption of bromine takes
place (see Section 6.1.1). The instability of the STE in the third layer below the
surface gives rise to the bromine atom desorption in KBr, but not in NaBr, because
it belongs to a different type of materials (type III and I, respectively) and differ
in the magnitude of the off-center shift and off-center relaxation energy of the sTE.
And also the result that the trajectory undergoes a rotation toward the normal of
the (100) surface and then at a macroscopic distance the bromine atom is ejected
perpendicularly has clarified some doubt.

In a recent work on defects and the STE near the surface in NaCl, Puchin et
al. [102] have found results which are quite similar to the ones described in Section
6.1.1. They used a simplified version of the 1cEcaP (Ionic Crystal with Electronic
Cluster: Automatic Program) code, with the norm-conserving pseudopotentials for
Na*t and CI™*. The one substantial difference is the presence of a barrier of about 0.5
eV for the sTE in the third layer and below. At this depth, the STE is quite similar
to that in the bulk, and the origin of the barrier should be the same as in their
earlier works using the same method [89]. Based on Song and Baetzold’s earlier
studies [87, 88] using both 1cEcAP code (with and without the pseudopotentials)
and capprac (Cambridge Analytic Derivatives Package) code , it is believed that this
barrier found may be due to the use of the pseudopotentials as well as the choice

of the floating Gaussian orbitals used. Indeed, with the use of the pseudopotentials
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the core polarization of some of the alkali jons are not adequately provided. As the
ions can not relax much in the bulk. the core polarization becomes more crucial for
the relaxation of the system. By contrast, an alkali ion at the surface can freely

relax into the vacuum without raising the energy, as can be seen in Ref [102].

6.2 Influence of In* Doping in KBr

The yield of the halogen atom desorption decreases in KBr when doped with In*.
We studied the influence of In* doping in KBr in two cases, the free exciton on the

(100) surface, and the sTE in the third layer below the surface.

6.2.1 The free exciton on the surface

In the experiment, the concentration of In* in investigated samples varied between
10'" and 10%° particles/em®. It is reasonable to have only one In* in the cluster.
There are 5 nearest cations for an anion site on (100) surface as shown in Fig. 6.7(a).
The positions of the four cations on the surface are equivalent, so we calculated the
APES for an In™ replacing one of the four potassiums on the surface (Fig. 6.7(b))
or replacing the one below the surface (Fig. 6.7(¢c)). As in pure KBr, the excited
electron localizes on the anion site thereby becoming an F center, at the same time,
the bromine atom on which the hole is localized is ejected. The relaxation energy
in both cases are about 3.0 eV, 0.4 eV larger than in pure KBr. It is found that an
In* on the surface near Br? has a significant effect on the trajectory. The excited
electron is attracted by both the anion site and In* and as a result the trajectory

of the desorbing Br® deviates markedly. The APEss are shown in Fig. 6.8.
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Figure 6.7: Configurations of an In* Neighbour for a Free Exciton on the Surface
6.2.2 The STE in the third layer

For the sTE in the third layer, an In' replacing one of the 10 nearest potassiums
should give the most influence. The sTE and the 10 nearest cation sites are illustrated
in Fig. 6.9 in which the 10 sites are numbered. We investigated the influence of the
In* impurity in different nearest cation sites. We put the floating Gaussian bases
on sites (2,-2,0) and (3,-3,0), the two Br~ ions on which form the molecule, as well
as the 10 nearest cation sites, one of which was replaced by an In*, the number of
jons which are allowed to move is about 40. The results are given in Table 6.2. It
would be noticed that the hole distributions are almost the same for an In™ to be
in site 1 or in site 2, these 2 positions are equivalent. Other pairs like sites 3 and 4,
5 and 6, and so on, should also be equal, so we calculated only one position for 2
pair.

1t is found that the In* attracts the hole, makes the excited electron tend to
localize nearer to the In*. From Table 6.2, we can see that when an In* is in site

1 or site 2, there are more hole on ion (2,-2,0) which is closer to the surface, and
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Figure 6.8: The APES of Free Exciton in KBr:In

The APES of the free exciton decay on the surface in KBr:In. Energy isin eV and
the coordinate R (in units of the anion-cation distance) gives the distance between
the (100) surface and the bromine atom.
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Figure 6.9: The Illustration of the Possible Positions of the In* Adjacent to the

Third Layer’s STE
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Table 6.2: Polarization of V. Center Influenced by In* Impurity

Int Hole Distribution Excite Electron
Position  (3,-3,0) (2,-2,0) Localizes on
1(2,-1,0)( 0.29 0.71 (2,-2,0)
2(1,-2,0)| 0.28 0.72 (2,-2,0)
3(3-2,0) 049 0.51 (1,-2,0)
5(4,3,0)§ 0.72 0.28 (3,-3,0)
7(2,21)| 024 0.76 (2,-2,0)
9(3,-3,1) [ 0.75 0.25 (3,-3,0)

The Int positions are referred to Fig. 6.9. (2,-2,0) and (3,-3,0) are the sites of
ions which form the molecule. (2,-2,0) is closer to the surface. The results for sites 1
and 2 are almost the same, these two positions are equivalent. And so it is for sites 3
and 4, 5 and 6, and so on, one position is calculated for a pair as shown in the table.
When an In* is in the No.3 (No.4) site, the excited electron localizes on a K+ site.
It makes the hole jump back and forth, and the energy minimization could not reach
convergence,
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the excited electron localizes on the site of jon (2,-2.0) with an Int adjacent to it.
In these two cases, the In* makes the excited electron localize closer to the surface.
then the off-center relaxation of the sTE will propel Br; toward the interior. There

“will be no desorption in these cases. It is expected either to recombine giving off the
7 band, or create F-H pair like in the cases described above for the first and second
layers. The results are almost the same when an In* is in site 7 or 8. The ares of
the sTE in the third layer in KBr with an In* adjacent to it at site 1 is shown in
Fig.6.10.

When an In* adjacent to a third layer sTE, on the site (5 and 6, 9 and 10) further
to the surface, the excited electron will localize on the Br site deeper in the bulk, the
APES in this case is similar to the one in pure KBr. An Int in the site 3 or 4 makes
excited electron localize on a K¥ site, which causes the hole jumping back and forth.
No stable sTE structure was obtained in this case. In conclusion, being near the stE,
an In* impurity tends to inhibit B:® desoption by attracting the excited electron

and propelling the V. center away from the surface.

6.3 Desorption from (111) Surface of CaF,

There is no comparable experimental work on F° desorption with hyperthermal
emission in CaF2. However, there are some interesting results obtained from our
theoretical calculation [111].

Here we present preliminary works dealing with the desorption of fluorine atom
induced by decay of excitons ( either Frenkel-type free exciton or the STE) on and
below the (111) surface. Several different initial excitations localized on the (111)
surface and on the next F~ plane are studied. Our primary interest is still in the

instability aspect of the sTE near the surface.
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Figure 6.10: The APES of the STE in KBr:In

The APES of the STE crected at the third layer below the surface in KBr:In.
Energy is in eV and the coordinate R (in units of the anion-cation distance) gives
the distance between the (100) surface and the center of gravity of the hole charge
distributed on the bromine atoms. The APES of pure KBr is 2also shown for compar-

ing.
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The crystal of CaFa with a surface (111) is represented by a semi-spherical ¢luster
of atoms arranged as in the perfect crystal at 0 K. The size of the cluster which
is electrically neutral is about 1100-1500. Typically, a pair of floating Gaussian
bases (with a = 0.03 and 0.06 in atomic units: exp(-ar?)) is used to represent an
excited electron. Because of the lattice structure in the fAuorite, the <111> planes
contain only one type of ions (see Fig. 6.11), such that starting from the surface
the successive planes are F~/Ca®* /F~ Jempty/F~/Ca?*, etc. It is assumed that the

samples studied experimentally are cleaved along the plane marked empty above.

6.3.1 Decay of free exciton

The free Frenkel-exciton is simulated by an excited electron bound to a fluorine
atom FC in an otherwise perfect lattice. Such a system on the (111) surface was
studied. The system is found to be highly unstable and the fluorine atom desorbs
normal to the surface with a portion of the relaxation energy which is estimated
to be about 2.0 eV. As the direction of the fluorine emission is perpendicular to
the surface throughout the relaxation cycle in the calculation, it seems that a good

fraction may be converted to kinetic energy.

6.3.2 Decay of the STE on the (111) surface

In this case the distance between the pair of fluorines is 3.85 A in the perfect lattice.
The excited electron very quickly localizes on one of the anion site in the early stage
of lattice relaxation cycle. The fluorine closest to the nascent F center is displaced
by a large amount out of the plane while the other F regains the regular anjon site.
The potential energy shows a total drop of about 3.0 eV, but only a portion of this

may be available to impart a kinetic energy along the ejecting direction. Before
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Figure 6.11: The Structure of (111) Surface and Planes Below in CaF,

The arrangement of atoms are shown viewed vertically from above the (111)

surface.

1# F~ layer on the (111) surface,

2# Ca* layer, the first plane below the surface,
3# F~ layer, the second plane below the surface.
The next plane is an empty plane.

In the perfect lattice, the distance between a pair of flucrines on the surface is 3.85
A, and the distance between a flucrine on the surface and a fluorine on the first plane

is 2.73 A.

(111) plane
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the molecular bond is broken, the energy goes through a barrier of about 1 eV at
about 3 A from the surface. Similar {eature was also observed in the studies in
NaCl lattice as described above. The barrier is related to the dissociation of the
molecule jon, which depends somewhat on the choice of the cNDoO parameters. As
long as the energy drop is larger than the potential barrier height there could be an
energetic fluorine emission. The direction of ejection determined at about 1 A from
the surface is estimated to be around 60° from the vertical to the surface. Energy
minimization away from the surface by more than several A is imprecise, however.
As will be discussed below, there is generally a correction of trajectory once the

ejected atom has ¢leared the surface.

6.3.3 Decay of the STE between the surface and the next fluorine plane

The distance between this pair of fluorines in the perfect lattice is shorter (2.73 A)
than in the case above (3.85 A). It is expected that all else being equal the molecule-
ion F; may be formed more easily here. As in the NaCl lattice, we allowed the
excited electron to be free to choose the site (on the surface or on the next fluorine
plane) to localize by providing floating Gaussian bases on both planes. Invariable,
the electron localized on the surface thereby creating an F center on the surface.
The surface has the same influence as for the first two layers in KBr. However, the
structure of (111) planes in CaF), is different from the structure of (100) planes in
KBr. The excited electron would not propel the molecule toward the next plane, the
Ca?* plane, instead it made the axis of molecule rotate because of the symmetry,
(see Fig. 6.12). During the time when the axis of the molecule approached parallel to
the normal of the (111} surface, the fluorine displaced by the electron desorbed. This
- fuorine followed a trajectory which gradually became perpendicular to the surface.
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When the total energy was minimized relative to all relaxing atoms, including the
desorbing atom, the angle was about 30° from the normal at a distance of about
1 A from the surface. At this point, the desorbing atom was given an imposed
trajectory perpendicular to the surface and the potential energy was obtained by
relaxing all other ions (about two dozens). The potential energy plotted relative to
the perpendicular distance of the F® from the surface is presented in Fig. 6.13. There
is an cnergy barrier of about 0.6 eV on the way to molecule dissociation, similar
to the case presented in 2. The relaxation energy available that can be converted
to the kinetic energy is larger than the barrier height and therefore an energetic
fluorine desorption is possible.

It is quite clear that the exciton, both free and self-trapped, is unstable at or
near the surface and as a result fluorine atom can desorb leaving behind an F center
on the surface. The parameters which are of interest are the direction of ejection
from the surface and the kinetic energy imparted to the emission atom. Except in
the case of the free exciton, when the trajectory is normal to the (111) surface from
the beginning, the fluorine atom takes a trajectory which undergoes deviation as
it leaves the surface to become normal to the (111) surface at large distance. This
correction of trajectory seems reasonable when the symmetry of the charges on the
surface is considered.

When the exciton decay occurs near the surface, there is adequate relaxation
energy which can be converted into ejecting an F atom. The present work shows
that this is the case on the surface and the next fluorine plane. It seems unlikely
that fluorine atom will desorb from planes deeper than the first two if we refer to

the sTE relaxation in the bulk.
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111
[1A]

Figure 6.12: The Trajectory of the Desorbing F Atom in CaF;

Fluorines {0,-2,0), (0,0,-2) and (-2,0,0) are on the (111) surface, fiuorine (0,0,0)
is on the plane below the surface. (0,-2,0) and (0,0,0) form the molecule. The
excited electron localizes on (0,-2,0) and propels the fluorine following the trajectory
indicated by the circles. The axis of the molecule approaches parallel to the normal
of the surface, and the trajectory of the desorbing F atom becomes perpendicular to
the normal gradually.
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Figure 6.13: The APES of the Desorbing F Atom in CaF,

The APES of the desorbing F atom as a function of the distance from the (111}
surface d in CaF; (d = 0 indicates the surface). The STE is created between a pair
of fluorines on and below the surface. Energy is in eV.
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6.3.4 Study of an ideal (111) Ca** surface

Our preliminary work on an ideal (111) Ca®* surface indicates that there is a large
atomic relaxation. Ca®*t ions move inward. perpendicular to the surface, by as
much as 0.3 A, with the facing F~ ions moving outward by comparable magnitude.
This seems to imply an instability in this surface. On the other hand, as the (111)
F~ surface studied above undergoes a gradual depletion of F® atoms leading to a
formation of F center clusters on the surface, interesting processes could take place,

such as the transfer of the excited electrons to Ca®*, transforming it to Cat.



Chapter 7. Conclusion

In this chapter we summarize the main points of our desorption work.

(1) The sTE shows a general instability on the surface and in the first three layers
in both bromides and CaF, studied, in the sense that the stable state of the exciton
is the one in which the hole and the excited electron become localized away from
onc another in space.

(2) There are two kinds of decays on the surface, the free exciton {one-center,
Frenkel type) and the sTE (two-center). According to our calculation, the free e.;<~
citon decay makes a halogen atom ejected perpendicularly to the surface. But it is
uncertain if free exciton has long enough lifetime on the surface. A Br alone without
the excited electron, quickly forms a stable Br; on the surface and never leaves the
surface. For a STE formed on (100) surface in KBr and NaBr, and on (111) surface _
in CaF;, Br/F atom desorbs normal to the (100)/(111) surface in KBr/CaF,. No
such desorption is found in NaBr, because the excited electron and the hole do not
split as in the bulk, there would be a radiative recombination on the surface.

(3) When the sTE is created near the surface, i.e. between the surface and the
first layer below the surface (in KBr, NaBr and CaF:), and between the first and
second layers (in KBr and NaBr), the symmetry of the V. center about the mid-
point of the molecule-ion is broken and the hole is attracted toward the surface. The
excited electron prefers to localize nearer to the surface. So that in NaCl lattice, the
off-center relaxation of the sTE pushes the molecule deeper into the bulk. As a result,

there is no desorption, but sTE luminescence is expected from the surface. However,
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the structure of (111) layers in CaFz is different from that of (100) layers in the
bromides. In CaFa. each (111) laver is made of one type of ions. The surface layer
and the first layer are made of F~'s, the next two layvers are Ca** layer and empty,
respectively. For the sTE created between the surface and the first layer, the excited
electron localizing on the surface propels the molecule to change the direction of its
axis, since it can not go any deeper. The axis of the molecule gradually approach
the normal of the surface which leads to I atoms desorption.

(4) Starting from the third layer, according to our work, the excited electron.
has equal probability to localize behind the Bry molecule and thus propel it toward
the surface. The third layer sTE in KBr leads to desorption with a kinetic energy of
about 1 eV. In NaBr, there is a barrier for the off-center relaxation of the sTE as in
the bulk. No energetic emission of Br® from NaBr is predicted as a result, which is
in agreement with experiment [67].

(5) The presence of a In* adjacent to a STE in the third layer, on the side closer
to the surface, results in a drastic éhanges. The excited electron localizes on the Br
site nearer to the surface and on In*, propelling the V; center deeper into the bulk.
So that no halogen atom desorption is expected. This may explain the observed
inhibition of Br° desorption in In doped KBr [113].

(6) Before the molecular bond is broken, the energy goes through a barrier of
about 1 eV near the surface for both Br and F atoms desorption, which is related
to the dissociation of the molecule jon. It depends somewhat on the choice of the
¢NDO parameters. As long as the energy drop is larger than the potential barrier
height there could be an energetic emission. How much of the relaxation energy
is imparted to the ejecting fluorine atom is more complex. Generally, a few eV of

relaxation energy is available when the sTE undergoes non-radiative decay. In terms
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of a recent work by Meise et al. [103], it seems, at least in the case of energetic halogen
desorption in NaCl lattice, that up to the fourth layer below the surface contribute
to the emission. Halogen atoms from different layers would leave the surface with
different velocities on the average. The spread of kinetic energy of emitted halogen
atoms in KBr [67, 114] does not seem incompatible with this interpretation.

(7) The perpendicular halogen atom emission from the (100) surface in NaCl is
observed by Szymonski et al. (67, 114] and confirmed by calculations [115, 77, 102].
This is one of the important findings which any mechanism must be able to explain.
As our calculations shows in Chapter 6, in the cases of the free exciton (one-center,
Fenkel type) and the sTE on the surface, the trajectory of halogen atoms is normal
to the surface from the beginning, this is true for all the three crystals with different
surfaces ((100) in NaCl lattice, (111) in CaF;). When the sTE is formed below the
surface, in NaCl lattice the halogen atom is given an initial momentum along the
{110} axic and on approaching the surface undergoes a deviation toward the normal
to the (100) plane. In CaF: crystal, the fluorine atom’s trajectory also undergoes
deviation as it leaves the surface to become normal to the (111) surface at large
distance. The trajectory correction seems to be determined by the symmetry of the
long and short range interactions with the atoms on and below the surface.

(8) In conclusion, we have shown evidence that the sTE instability is likely the
driving force of the energetic halogen atom desorption from near the surface. Hot
hole transport from inside toward the surface, proposed by Szymonski et al. [112]
may have some indirect influence on the desorption of B1°. However, we do not think
anion atom desorption can be realized with'out the excited electron localization near

the surface.



‘Appendix A. Properties of Gaussians

We first list some properties of Gaussian basis functions. An excellent description

of this subject may be found in reference [116).

In this work, we use exclusively floating Gaussians of spherical symmetry defined

Gi(Ff)=e " | (a>0) (A.1)
where the Gaussian is centered at .é, and ;=1 — E.

The product of two Gaussians centered at any two sites, is itself a Gaussian

centered at a third site

Gi(7)G;(75) = KGi(Fe) , (A.2)
where
K = e mmeA-Ri (A.3)
o = o+aj, (A.4)
and R, = it + oy . (A.5)
a; + a;

In terms of the properties of Gaussians the calculation of the kinetic energy and
the point-ion energy is straightforward. The expression of the kinetic energy is

(@iTI8) = [ e=n® (—39°) e 7ar
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And the expression of the point-ion energy s

@ =

l

= Sor Rt el - BTN @

~

where Z., is the net charge on ion 7, R, is defined as in equation A.5 and
1 [=
Fot) = 5y/3er F(VE) . (A.8)

erf is the error function [117] For ions in their perfect lattice positions the sum
of equation A.8 is evaluated by the Ewald method [118]. For ions that have been
displaced from their perfect lattice positions the point-ion potential is evaluated

using equation A.8 (without the sum over 7).



Appendix B. Deep Core Ion Size Parameters

We used Bartram’s [28] approach to calculate the contributions from deep core or-
bitals of the ions in the lattice. Bartram’s pseudopotential is based on the assump-
tion that the smooth pseudo-wavefunction varies slowly over the region occupied by
an atomic core, which we have imposed on our Gaussian ¢;.

Assuming that ¢; is slowly varying, we can expand it in a multipolar series
$(F—R:) = ?-WZE(T“, E)n(cos Q)
= 'J‘JTZF[ T, .R,)z ‘)l };m(T)}Im(R.,) (Bl)

where Q = £(7, R), ¢i(F - B;) = e~ol- -RiF
Multiply Pr(cos§?) for both sides and integrate:

[ Puleos )67 - Rd(eosQ) = 2 3R R)gry b, (B2

we obtain .
B(rR)=2 4"; L L $(F — ;) P(cos ) d(cos Q) . (B.3)

Then we rewrite
¢i(F_ El) = 2“ZH(T’ lm(r) im (Rr.) ] (B4)
RFEB) = /_1 67— R)P(cos Q)d(cos ) (B.5)

Further we expand Fi(7, R;) in a Taylor’s series about R;
$(F-R) = 2> [E —FE“’(U Ry ] > Yim(f) (B.6)
!
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- 1 n - 2
FMOR) = ,f [a—e'°f""-)] Fi{cos Q)d(cos ) .

Jo |G f=0
Up to the order of 2 we have:
Féo} = 2. °R ,
FM = o,
F) = ¢oR (gazﬁf—-io:) .
F9 =9,
FY = ZaReR,
P =0

138

(B.7)

(B.8)

After the expansion the overlap integral can be expressed in a convenient form

(@) = 2x [ [[FD + 3P Ya Yool )
+FPr ViAo &) + Y (A)Ya (&)

+Y33 () Yis(R)]] xvadr

1

4? 1'2)(-,‘,\(11'

1 1
= 27 [Fé? ) j X2dT + EF(}”—

i Ar

3 .
+ F,(,!)\/:—TKD(R;)jrcos By adT
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+ F(,?)\/Si_}'h(ft’;)frsir 96"*x,,_\dr
[3 ..,z . o
-+ Fg) -S-_-_-}'li(Rg)jrsm Gc‘“_\'.,v\dr] . (B.9)

Therefore

Z\:(éill’mk) (Xval65)

1 2
- gl (fus)
3 ,,
g(F(O)F( )+F,§,2) (0} fx.,;drfr X~ 2dT
) [y (7 : :
+ 3 FRFY | Vio(R)Yia(Ry) ([ 7 cos bxaadr )
1, s oy 2
+5Ya(R)YA(R) ([ rsinoexyadr )

+ %Ki(ﬁ«)}ﬁ(‘é’) (jrsxnﬂe x-,.\d-,-)z]]

_ [ FOF® ( / de.,)

1
+ 3 (FORP + FPES) [ xondr [wxaadr

2
+ %FS )Fl(;-) [cos 6; cos 8; ( f T COS Bx.,,,\dr)
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‘ : 2
+:41~ sin §; sin §;¢(* =) ([ rsin Ge‘*'x.,_,\dr)
L H =il =) 3 —i 2
+ 7 5in 0;sin §;e™1 ™1 frsm g Y

()

+S (Féo)Fé:) + FAF (0) fx ,\d'rjr X adT

9 1) (1] R R 2
+=FVF ( rcos fy ,,\dr) , (B.10)
ST A / !
where the term of Fj mF 2 js dropped because it becomes a term of order 4. Also

the terms lhike

1 f 3 s
F(O)Fl(:)4 4T}"10(Rj)./‘x,,_,\d7"/rcos ex;._\dT

are zero. Since X,,1 can not be non-zero in both [ x,d7 and [ rcosfx; ,dr at the
same time, either of the integrals will be zero.
In the last step of equation (B.11} we have used

_ 2 _ 2
S ( j rsin Ge‘wxq,,\dr) = Y. ( / rsin Ge""x.,,,._,ndr)

A n

2

23" ( / Cos Gx.,,n,mdr) . (B.11)
] . 2

Z ( / rsin fe™y., ,\dr) = > ( f rsin Ge"”x,',,.ﬁdf)

A n
= 23 j 7605 8 m 10477, (B.12)
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here n is the principle quantum number. And
cos §; cos 6; + sin 6; sin 6; cos(p; — ;) = cos(R;, }-fj) . (B.13)

We obtain the ion-size parameters B,, K and K.

2 {ixvaHxval9;) = LBy + o + f3K., (B.14)
b
where
1 - -
fi = FFU0.R)FG0,R), (B.15)
1 = = ~ -
o = 5 (B RIF0 R + FO.RIFS(0.B)) . (B.16)
9 o = R-R
= "‘Fll- U,R‘ Fl' O,R = -J ¥ B-l7
s = FRORFO Ry (B.17)

B, = TEa=2(f Xaadr) (B.18)
K, = 2);1{;,A=ZA;( [ xadr) ( / x,.,\rfdr) , (B.19)

2
Ky = S Ky =Z( / x.,,;rcosﬁdr) . (B.20)
by A

Similarly, for the screened Coulomb and the exchange terms we have

(¢i [(V;r:(ﬂ + Vw(ﬂ)?] ¢J)
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= TFOFY [ (V) + Viel), dr

+ 3 (PR + FPFS) [ (Vi) + Vi), 77

+ %Fl(,-”ﬂ(;] [cos 0; cos b; f r cos 8 (Vie(F) + Vie(F)), ' cos 6 dr

+ -}1- sin §; sin §; €% ™) / rsin 0e™ (Vie(F) + V(7)) 7' sin e dr

+ % sinf;sing; €0 [ rsin e (Vaol#) + Vee (), 7' sim a'e*~=‘dr)2]
= i [ (Vi@ + Veal®), 4+ fo [ (Vi) + Veel), 72

+fs [ 10050 (Viel ) + Vea(), ' cos 'dr (B.21)

fi, f» and f3 have been defined before. lon size parameters A,, J, and J, are

defined as:

Ay = [ (Vi) + VialP), dr = T ED\Boa (B-22)
A
J o= f (Vael) + Veel ), 727 = S ES, KL 5 (B.23)
A

J, = j rc0s 8 (Vio(F) + Vea(F)), " cos 0'dr = T E2, K, n . (B24)
A
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so that

(61 Vel ) + Ve 65) = T (B2 + AE,) { i N2} (X2 85)

T

= 3 (fids + Sl + fods) + S AE, (fiBy + oK) + fsK,) . (B.25)



Appendix C. Calculation of Interatomic Potential

Onc of the best known methods of generating interatomic potentials is the Electron
Gas Model of Gordon and Kim [19]. This model computes the interatomic potentials
taking account both of the overlap of the separate atomic densities and of electron
correlation. The method is successful for predicting potentials between closed-shell

atoms, ions and molecules. The theory is mainly based on three assumptions,

1. Additive atomic electron densities. No rearrangement or distortion of the sep-
arate atomic densities takes place when the atoms are brought together. The
total electron density of two interacting atoms is therefore taken simply as
the sum of the two atomic densities. This assumption is reasonable for sys-
tems which do not form strong chemical bonds and for distances of separation
greater than about half R, the equilibrium internuclear separation. This is -

satisfied in the present work.

o

Uniform electron gas. The electron density is treated locally as relatively
uniform, which is reasonably accurate in the outer portions of the atoms.
Actually, only the outer regions of the atoms, in which the atomic densities

overlap, contribute significantly to the interaction.

3. Hartree-Fock wavefunction. All it is required from the atomic wavefunction
is the electron density, which is a one-electron property. Since Hartree-Fock
‘predictions for one-electron properties are accurate to second-order in electron-

electron interactions, they are satisfactory.
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With these assumptions. we used Clementi-Roetti’s [30] wavefunctions for the
calculation of the electron densities. The total density p should be a sum of atomic

densities p, and p, for the two separated atoms

P = pa+ p. (C.1)

The interaction energy is written in terms of p.

The interatomic potential energy has two parts: the Coulomb interaction be-
tween all charges (both electrons and nuclei). which is calculated directly; and the
interaction including the electronic kinetic energy, electron exchange effects, elec-
tron correlation, which is noted as electron gas terms and evaluated using a simple
free electron gas model.

The Coulomb potential energy of two ions is

E = Z_:;z@+é/][ﬁa(ﬁ)+P5(F1)][Pa(’-"2)+m(?2)]

12

drydr,

where Z, and Z, are the nuclear charges of ions A and B, R is the distance between
the nuclei, r;; is the distance between two electrons, and ry, and rs are electron-
nuclear distances.

To obtain the pair Coulomb interaction, the Coulomb energies of the separated
atoms should be subtracted from the total Coulomb energy. The Coulomb energies

of the separated atoms are

1 [ pa(f1)pa(2) o pa(r) ...
(a) ud - k
E; 3 / - drdrs Z,,f ~ dry , (C.3)
1 [ pa(T1)pa(T2) .o pb(71) -
(8) e tiral el -
E; | 2[ - drydiy = Z, - dry . (C.4)
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After the subtraction, and using the relations

[pulRrér =2, , (C.5)

and
[ o= 2., (C.6)

where Z, is the number of electrons of the positive ion, and Z, is that of the

negative ion. The Coulombic interaction is obtained for ion pairs in spherical polar

coordinates
2w 2
V. = j:a pe(r1)ridry jj py(r2)radr j; déy jo dé;
LA T, Zazb - zb - Za -
x /o sin 6,d6; /0 sin (550 R 4 7 = 2 ‘z_,,r“l)
= /: dmridry -/; drridropa(r1)pu(r2). (C.7)

The following integrals [119] are used for the expression of ] in the above equation
(C.7):

(RY = (4%)2 j:” déy f:" &gy [ sinbudty [ sinadts R
- R, (C.8)

( 4% )z /:x dn /ozar d¢? f: <in 6,6, -Lr sin 8,d0,r=)

2
R+rn+|R-m]|’

[

{riy

(C.9)
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1 2 p2m b T x
-1 . n . i Badfar=l
(rz.) = (—4:.-) j; doq /0 doa ju sin 8,46, »/o sin Badfors,

WA

= AR (C.10)
iy = (i)2 jhdé jhdé [ sin0ds, [ sin 6:d6:r3
2= 4/ b T U " e
= F(R,T;,T‘g)

2
Rn+R-n] ? forr2< lR—‘rlI;

(i AY_ B _(n-n)
'—’("1+!‘2) dryry 4Rmr2 ?

Jor|R=m|<ra<R+n;

rst, forra>R+m.

-

(C.11)
The expression of I then is
_ Z.Z 1 Zy 2
I'=1327."% +E(Rnn) - e TR
% 2
Zy R+T’2+‘R-—T2I.
(C.12)

The double integral over the electron distances r; and r; is then carried out

numerically using Gauss-Laguerre quadrature

_/:o G(z)dz = iw;e"G(z.-) = iwIG(z;) ,

=1 =1

w:: = w.-e’"‘. 7 (C.13)
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Where G(z) is the integrand, z; is the zero point of Laguerre polynomials, and w;
is the weight factor. Since the wavefunctions of the cations involved in our work are
farely compact, 80 x 80 peints were needed to give four-figure accuracy.

The energy density of electron gas is defined as a sum of two parts, the Hartree-
Fock portion (noted as Eyr) and the electron correlation (noted as E.,. ).

The Hartree-Fock portion includes the zero-point kinetic energy density and the

exchange contribution, (the Coulomb terms was already calculated separately)
Exr(p) = Cip* 4 Cp'? | (C.14)
where
3
= 2 (a-212/3
Ck 10(317 ) ]
and
C.= —5(3/7)‘(3 .
4
The correlation energy density is

Elr(rs) = —0.438r71 +1.325rs7%2 — 147772 — 045752,
for low density, r, > 10;

E:_(r,) = 0.031llnr, — 0.048 + 0.009r,Inr, — 0.01r,,
for high density, r, < 0.T;

Ei...(r) =~ —0.06156 + 0.01898!nr,,

interpolafion formula, for 0.7T< r, <10, (C.15)

where the radius r, is related to the electron density p by pdnr3/3 =1.
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Then the total energy density functional for the electron gas is

EG(P) = EHF(P) + Ecarr(p)'- (CIB)

then the electron-gas contribution to the interatomic interaction is given by

Vo = [d{leatra) + n(re)lEelpa + )

—pa(ra}EG(pa) = pr(r) Ec(ps)}- (C.17)

Where r, and r;, are as shown in Fig. C.1.
The total interatomic potential is the sum of the Coulomb terms Ve ( C.7) and

the electron gas terms Vg ( C.17).
To evaluate the integrals of electron gas terms in équa.t.ion C.17, it is more

convenient to use the prolate spheroidal coordinate system, in which

R 2
E(m'!' p'-)?

Te =
R =
ry, = ;(\/1'{'/\ - pf), (C.18)
and
- R ) 2 2 .
dr = 5 \/l_-i-/\—i(/\ — p* — DdgdudA. (C.19)

The angular integration over ¢ is 27 since the electron density is cylindrically sym-
metric about the axis joining @ and b. The A and u integrations were carried out us-
ing Gauss-Laguerre and Gauss-Legendre numerical qua.dfa.tur&s, respectively. 80x80
and 48 x 48 points were needed for A and u, respectively, to make the convergence
smoothly and give about three-figure accuracy. The program .‘(Fortran) to calcu-
late the repulsive part of the total interatomic potential is given at the end of this

appendix.
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Figure C.1: Prolate Spheroidal Coordinate System
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Here is a brief introduction of the prolate spheroidal coordinate system [120].

It is simpler to proceed by considering the equation of an ellipse and a hyperbola

M

=2 + x? -

aj aj(l—¢f)

:2 _,r'..‘

- - —_———m=1, N
a3 aj(e2—-1) 7 (C-20)

where ¢ is the semi-major axis and €, < 1 is the eccentricity of the ellipse, ex > 1,
the eccentricity of the hyperbola. Now substitute %ch(u) for e, and sech(u) for ¢,
in the ellipse, £ cos v for a; and secv for e; in the hyperbola and finally 22 43 = r2

for z2, we obtain

32 r'.‘.
Erckw) T Epshi@)

+ . C.21
(£)2cos?y (£)2sin®v (C21)

with
0fu€ow 0<v<r

These equations represent the confocal families of: (1) prolate spheroids (u =
const) and (2) hyperboloids (of two sheets) of revolution (v = const) obtained by
rotating the ellipse and hyperbolas around the z-axis. The intersection of these
surfaces, as shown in Fig. C.1, will be a circle of radius r; hence if 0 < ¢ < 27, the
addition of (3), a family of planes through the z-axis (¢ = const), to the spheroids
and hyperboloids gives us three suitable coordinate surfaces (u,v,¢). These three

surfaces are orthogonal and all of them have common foci (2 =(£).



APPENDIX C. CALCULATION OF INTERATOMIC POTENTIAL 152

Solving = and r from equation C.21. then setting z = rcos ¢, y = rsing, we

obtain

y:

- —

—~sh(u)sin v cos ¢,

sh{u)sin vsin é,

to| ool s

ch(u) cosv.

For a two-center problem such as the electron gas terms, it is convenient to

introduce the cnordinates A and g in place of sh(u) and cosv

0

A

A L o0, using Gauss — Laguerre quadrature;

=1 < u<1, using Gauss — Legendre quadrature. (C.22)

Then

and

T Dme) -8 irw

R
;)\ 1— p2cos o,

R
;A 1 — u?sin ¢,

gv,\? + 1p.

R® A

(A* = p? = 1) (C.23)

According to the properties of the ellipse and hyperbola, we have

o+ T

Tea — T

it leads to

= 2a; = R-ch{u),

= 2a;=R-cosv,

R
B TTT ),
%(\/1-{-_)@ — ).
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FORTRAN PROGRAM

THIS PROGRAM IS FOR CALCULATING THE INTERACTION ENERGY
(REPULSIVE PART. WITH GORDON-KIM METHOD) BETWEEN ION

PAIRS OR ATOM PAIRS,

LFION: THE FLAG TO INDICATE IF IT iI5 AN 10N PAIR OR AN
ATOM PAIR TO PE CALCULATED,
LFION=1: ION PAIRS. 0: ATOM PAIRS,

Zp: NO. OF NUCLEAR CHARGES OF THE POSITIVE 10N,

ZN: NO. OF NUCLEAR CHARGES OF THE NEGATIVE ION.

ZEP; NO. OF ELECTRONS OF THE POSITIVE ION,

ZEN: NO. OF ELECTRONS OF THE NEGATIVE ION.

NR: NO. OF VALUES OFR.

DFAC: THE PARAMETER TO ADJUST THE SCALE. .

NLAGR: ORDER OF GAUSS-LAGUERRE NUMERICAL QUADRATURES,

NLEGD: ORDER OF G4USS-LEGENDRE NUMERICAL QUADRATURES;

XLAGR: ZERO POIN OF LAGUERRE POLYNOMIALS,

XLEGD: ZERO POINT OF LEGENDRE POLYNOMIALS;

XLAGR: 'WEIGHT FACTOR OF LAGUERRE NUMERICAL
GUADRATURES,

XLEGD: WEIGKT FACTOR OF LEGENDRE NUMERICAL
QUADRATURES.

NPK/NNK: NOQ. OF ORBITAL TYPES OF A POSITIVE/NEGATIVE ION,
NORBPZNORBN (1-D ARRAR):
NUMBER OF s (p. d. ...) TYPE OF CRBITALS OF A
POSITIVE/NEGATIVE ION,
NBASP/NBASN (1-D ARRAY):
NUMBER OF BASES FOR s (p. d. ...) TYPE OF ORBITAL
OF A POSITIVE/NEGATIVE ION,
INDP/INDN (2-D ARRAR):
INDEX OF BASES OF A POSITIVE/NEGATIVE ION,
BASP/BASN (2-D ARRAR):
BASES OF A POSITIVE/NEGATIVE ION,
COEP/COEN (3-D ARRAR):
COEFFICIENTS OF DIFFERENT BASES AND DIFFERENT
s(p.d, ...) ORBITALS.

OO0 NNOCN00NONANNANNDONNOONONONONNND

DMPLICIT REAL*S3(A-H,0-2)

DIMENSION RO(100),R(109)
COMMON/C1/ZP,ZN ZEP ZEN,LFION
COMMON/C2/XLAGR(20), WLAGR(80),NLAGR
COMMON/C3/XLEGD(48), WLEGD(48),NLEGD
COMMON/C4/ROP(80), RON(80)

COMMON/CS/DFAC,PI
COMMON/DAION/NBASP(3),NORBP(3),INDP(10,3),BASF(10, 3),
* COEP(10,5,3),NBASN(3),NORBN(3),INDN(10,3),BASN(10,3),

* COEN(10,5,3),NPK,NNK

AONOOOAANNOA0ONGOONONDNNNNNNNONNNNONOON
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C
I FORMAT(/1X."*****DATA OF CATION*****)
2 FORMAT(/1X"****DATA OF ANJON*****")
3 FORMAT(/IX.'INDEX 4X.BASIS'18.4110)
21 FORMAT(4F6.1)
32 FORMAT(1X 514.8X. LFION.NR.NPK.NNK.NNEIB")
33 FORMAT(1X414.12X NLLAGNHLAG NLMEW,NHMEW")
22 FORMAT(1X.4F6.1 4)L'ZP.ZN.ZEP.ZEN')
23 FORMAT{814) ,
34 FORMAT(F12.6.F6.1)
35 FORMAT(1XF6.1,10X,'DFAC")
23 FORMAT{/1X,'NO. OF S ORBITS:'12.4X.'NO. OF § BASIS: I2)
25 FORMAT(/1X.'NO. OF P ORBITS:".12.4X.'NO. OF P BASIS:'12)
26 FORMAT(/1X.'NO. OF D ORBITS:.2.4X."HO. OF D BASIS:".I2)
27 FORMAT(14,2X.6F10.5)
28 FORMAT(2D25.15)
29 FORMAT(3F7.2)
Cc
READ (5.23)LFION.NR.NPK.NNK
WRITE(6,32)LFION,NR.NPK.NNK
. READ (5,23)NLAGR,NLEGD
WRITE(6,33)NLAGR,NLEGD
READ (5,21)ZP.ZN.ZEP ZEN
WRITE(6.22)ZP ZN,ZEP ZEN
READ (5.34)DFAC
WRITE(6,35)DFAC

C
C READ POSITIVE ION WAVEFUNCTIONS
C

e XpXp

WRITE(6,1)
DO 10 K=1,NPK
READ (5.23)NORBP(K) NBASP(K) .
IF(K-EQ.1) WRITE(6,24)NORBP(K),NBASP(X)
IF(K.EQ.2) WRITE(6,25)NORBP(K),NBASP(K)
IF(K.EQ.3) WRITE(6,26)NORBP(K),NBASP(K)
WRITE(6.3) (1,1=1,NORBP(K))
DO 20 I=1, NBASP(K)
READ (5,27)INDP(LK),BASP(LK),(COEP(LK),J=I NORBP(K))
WRITE(6,27)INDP(LK) BASP(LK),(COER(LY,K),J=1, NORBP(K))
20  CONTINUE
10 CONTINUE
C

C READ NEGATIVE ION WAVEFUNCTIONS
C

00

WRITE(6.2)

DO 30 K=1,NNK
READ (5,23)NORBN(K), NBASN(K)
IF(X.EQ.1) WRITE(6,24)NORBN(K) NBASN(K)
IF(K.EQ.2) WRITE(6,25)NORBN(K),NBASN(K)
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IF(K.EQ.3) WRITE(6,26)NORBN(K).NBASN(K)
WRITE(6.3XLi=1.NORBN(K))
DO 40 I=1 NBASN(K)
READ (5.27)INDN(LK).BASN(LK).(COEN(1.1.K).J=1. NORBN(K))
WRITE(6.27)INDN(LK).BASN(LK).(COEN(LJ.K).J=1 NORBN(K))

40  CONTINUE
30 CONTINUE
C

READ (5.28)(XLAGR(T)."vLAGR(]).I=1.NLAGR)
READ (5.28}XLEGD({I). WLEGD(I).I=1 NLEGD)
READ (5.29)(R(1).I=1.NR)

PI=DACOS(-1.0D0)

DO 50 I=1,NLAGR
CALL CHADEN( 1,1.XLAGR({I).ROP(I))
CALL CHADEN(-1,1 XLAGR(I),RON(I))

50 CONTINUE
55 FORMAT(1X.2D12.4)

C

WRITE(6.81)

DO 80 I=1,NR
CALL COUL(R(I),VCOUL)
CALL HUCO®R(),VK_VE,VC)
ETOT=VCOUL+VK+VE+VC
EREP=ETOT-HZP-ZEP)R(Y)
EREP=ETOT*27.2116D0
WRITE(6,82)R(I),EREP

80 CONTINUE
81 FORMAT(/1X.R(A.U.)..5X,'EREP(eV)") B
82 FORMAT(2X F5.2,3X D12.5)

C

sTOP
END

C S/R CALCULATE COULOMBIC INTERACTIONS.

C

pNp Xy

SUBROUTINE COUL(R,VCOUL)

IMPLICIT REAL*$(A-H,0-Z)
COMMON/Cl/ZP,ZN ZEP,ZEN L FION
COMMON/C2/XI.AGR(80), WLAGR(80),NLAGR
COMMON/C4/ROP(80),RON(80)
COMMON/CS/DFAC,PI

CR=R*DFAC

VS§=0.0D0

VCOUL=0.0D0

DO 110 I=I NLAGR
RA=XLAGR()
ROPP=ROP(I)
WXA=WLAGRD)*RA**2.0D0

155
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DO 120 J=1.NLAGR

RB=XLAGR(J)

RONN=RON(J)

WXB=WLAGR(J)*RB**2.0D0

POWER=DLOG(ROPP)+DLO:{RONN)

IF(POWER LT.-90.0D0) RONN=0.0D0

RPB=2.0DO/(CR+RA+DABS(CR-RA))

RNA=2.0DO/(CR+RB+DABS(CR-RB))

IF (LFION.EQ.1) THEN
Fl=(ZP*ZN+1)/(ZEP*ZEN*CR)
F2=ZN/ZEN*RPB
F3=ZP/ZEP*RNA
F4=FRPN(CR.RARB)
F=F1+F4-F2-F3

ELSE
Fl=1.0DO/CR
F4=FRPN(CR.RA.RB)
F=F1+F4-2.0D0*RPB

END IF

VS=VS+WXA*ROPP*WXB*RONN*F

120 CONTINUE
110 CONTINUE

&

IF (LFION.EQ.1) THEN
VCOUL=(16*PI*PI*VS-1.0D0/CR)*DFAC
ELSE
VCOUL=(16*PI*PI*VS)*DFAC
ENDIF
RETURN
END

C SR CALCULATE HARTREE-FOCK AND CORRELATION ENERGY.

C

'SUBROUTINE HUCO(R, VK, VE,VC)

IMPLICIT REAL*8(A-H,0-2)
COMMON/C2/XLAGR(80), WLAGR(80), NLAGR
COMMON/C3/XLEGD(48), WLEGD(48), NLEGD
COMMON/C5/DFAC,PI

CK=0.3D0*((3.0D0*PI*PT)**(2,0D0/3.0D0)) -
CE=-0.75D0*((3.0D0/P)**(1.0D0/3.0D0})
VK=0.0D0
VE=0.0D0
DO 210 Il=1,NLAGR
TXX=DSQRT(1+XLAGR(I1)*XLAGR(1))
DO 220 J1=1,NLEGD
RA=R*(TXO(+XLEGD()1))/2.0D0
" CALL CHADEN(1,2,RA ROHP)
RB=R*(TXX-XLEGD(J1))/2.0D0
CALL CHADEN(-1,2,RB,ROHN)
SRO=ROHP+ROHN

000
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IF (SRO.LT.0.1D-45) THEN
TKS=0.0D0
TES=0.0D0
ELSE
TKS=SRO**($.0D0/3.0D0)
TES=SRO**(4.0D0/3.0D0)
END IF
IF (ROHP.LT.0.1D-$2) THEN
TKP=0.0D0
TEP=0,0D0
ELSE
TKP=ROHP**(5.0D0/3.0D0)
TEP=ROHP**(4.0D0/3.0D0)
END IF
IF (ROHN.LT.0.1D-32) THEN
TKN=0.0D0
TEN=0.0D0
ELSE
TKN=ROHN**(5.0D0/3.0D0)
TEN=ROHN**(4.0D0/3.0D0)
END IF
FACI=XLAGR(!*XLAGR(1)-XLEGD(J1)*XLEGD(J1)+1.0D0
FAC2=XLAGRA1)/TXX*WLAGR(1)*WLEGD(J1)
CC=P/$.0D0*(R**3.0D0)*FACI*FAC2
TK=TKS-TKP-TKN
TE=TES-TEP-TEN
VK=VK+CC*TK
VE=VE+CC*TE
220 CONTINUE
210 CONTINUE
VK=CK*VK
VE=CE*VE
VC=0.0D0
DO 510 2=1,NLAGR
TXX=DSQRT(1+XLAGR(12)*XLAGR(2))
DO 520 J2=1,NLEGD
RA=R*(TXX+XLEGD(12))/2.0D0
CALL CHADEN(1,2,RA ROHP)
RB=R*(TXX-XLEGD(12))/2.0D0
CALL CHADEN(-1,2,RB,ROHN)
SRO=ROHP+ROHN
IF (SROLT.0.1D-50) THEN
TCS=0.0D0
ELSE
TCS=SRO*FCOOR(SRO)
END IF
IF (ROHP.LT.0.1D-50) THEN
TCP=0.0D0
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ELSE
TCP=ROHP*FCOOR(ROHP)
END IF
IF (ROHN.LT.0.1D-50) THEN
TCN=0.0D0
ELSE
TCN=ROHN*FCOOR(ROHN)
END IF
FAC1=XLAGR(I2)*XLAGR(12)-XLEGD(J2)*XLEGD(J2)+1.0D0
FAC2=XLAGRI2YTXX*WLAGR(12)*WLEGD(J2)
CC=PI/4.0D0*(R**3.0D0)*FACI*FAC2
TC=TCS-TCP-TCN
b VC=VC+CC*TC
520 NTINUE
510 CONTINUE
RETURN
END

&
C S/R CALCULATE CHARGE DENSITY.
C

0o0on

SUBROUTINE CHADEN(LFPN,LFFN,YY,RO)
PMPLICIT REAL*S(A-H.0-2)
= COMMON/CSRFAC.PI
COMMON/DAION/NBASP(3),NORBP(3).INDP(10,3),BASP(10,3),
* COEP(10.5.3).NBASN(3),NORBN(3).INDN(10.3),BASN(10.3),
* COEN(10,5,3),NPK.NNK
. C ’
RO=0.0D0
IF (LFPN.EQ.1) THEN
DO 310 K=1,NPK
ROL=0.0D0
DO 320 J=1,NORBPK)
POSI=0.0D0
DO 330 I=1, NBASP(K)
IF (LFFN.EQ.1) THEN
FBASP=BASP(LKYDFAC
ELSE

/ FBASP=BASP(K) .
ENDIF °
ZNOM=FNOM(FBASP,INDP(LK))
POW=FBASP*YY
IF (POW.GT.90) THEN

CKI=0,0D0

CKI=ZNOM*(YY**INDP(LK))/DEXP(POW)
ENDIF

POSI=POSIHCOEP(1,) K)*CKI
330 CONTINUE

ELSE
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iF (ABS(POSI).LT.0.1D-38) GO TO 320
ROL=ROL+POSI*POSI
320 CONTINUE
RO=RO+ROL*(2*K-1)
310 CONTINUE

ELSE
DO 410 K=1.NNK
ROL=0,0D0
DO 420 J=1,NORBN(K)
POSI=0.0D0
DO 430 I=1.NBASN(K)
IF (LFFN.EQ.1) THEN
FBASN=BASN(1.KVDFAC
ELSE
FBASN=BASN(LK)
END IF
ZNOM=FNOM(FBASN,INDN(LK))
POW=FBASN*YY
IF (POW.GT.90) THEN
CKI1=0.0D0
ELSE
CKI=ZNOM*(YY**INDN(LK)/DEXP(POW)
END IF
POSI=POSI+COEN(LJK)*CKI
430 CONTINUE
IF (ABS(POSI).LT.0.1D-38) GO TO 420
ROL=ROL+POSI*POSI

420 CONTINUE .
RO=RO+ROL*(2*K-1) 5
410 CONTINUE
END IF
RO=RO/(2.0D0*PT)
RETURN
END
c
¢ .
FUNCTION ENOM(BAS,IND)
IMPLICIT REAL*3(A-H,0-2)
NN=2#(IND+1)
DFCTO=1.0D0
DO 510 I=1,NN
DFCTO=DFCTO"I
510 CONTINUE
DIND=DBLE(IND)
FNOM=((2.0D0*BAS)**(DIND+1.5D0))/(DFCTO**0.5D0)
END

C
C
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FUNCTION FRPN(R.RA,RB}
IMPLICIT REAL*3(A-H,0-Z)
DRRA=DABS(R-RA)
SRRA=R+RA
IF (RB.LT.DRRA) THEN
FRPN=2 0D0/(R+RA+DRRA)
ELSE IF(RB.GT.SRRA) THEN
FRPN=1.0DO/RB
ELSE
FRPN=(1.0D0/RA+1.0D0/RB)/2.0D0-R/4,0D0/RA/RB
*  (RA-RB)*(RA-RB)/(4.0D0*R*RA*RB)
END IF :
RETURN
END

FUNCTION FCOOR(RO)

IMPLICIT REAL*8(A-H.O-Z)

PI=DACOS(-1.0D0)

RS=(3.0D0/4.0D0/PL/RO)**(1.0D0/3.0D0)

IF (RS.LT.0.7D0) THEN
FCOOR=0.0311D0*DLOG(RS)-0.043D0

¢ +0.009D0*RS*DLOG(RS)-0.01DG*RS

ELSE IF (RS.GT.0.1D+02) THEN
FCOOR=-0.438D0/RS+1.325D0/(RS**1.5)

. -1.47D0/(RS**2.0)-0.4D0/(RS**2.5)

ELSE
FCOOR=-0.06156D0~+0.01898D0*DLOG(RS)

END IF

END
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INPUT DATA

(This input data is for calculating the repulsive energy between Int and Br~. The
order of Laguerre numerical quadratures is 80, and the one of Legendre is 48. Values

in the left side are the zero points, and values in the right side are weight factors.)

14 3 3 ***LFION,NR.NPK.NNK
80 48 ***NLAGR.NLEGD
49.0 35.0 480 360 ***ZPZNZEP.ZEN
10.0 ***DFAC
51 *** S ORBITS *** IN+

0 50.15070 0.8658% 0.01440 -0.01057 -0.00283 0.00085

0 3497610 0.14569 0.50458 -0.21400 -0.09452 0.02714

1 24.55580 -0.05141 -0.13212 -0.44604 -0.20465 0.06085

1 20.83330 0.04065 -L.06700 1.21694 0.54816 -0.16060
2 1534990 -0.00715 -0.01686 -0.20750 -0.04061 0.00937
2 1007610 0.00335 -0.00852 -1.10744 -0.74470 0.22959
6.23000 -0.00994 0.04055 0.58366 1.40335 041351
4.39864 0.03122 -0.13043 -1.86048 -1.57045 0.187v5
2.64214 -0.00015 0.00036 0.00829 001763 0.55617
1.62892 0.00002 -0.00004 -0.00114 -0.00315 0.54435
4.87386 -0.0234]1 0.09830 139535 1.50078 -0.16715

7 L Lt PORBITS L LT m+
31.80050 -0.13531 <0.02976 0.01000
20.93160 -0.86597 048115 0.20252

1149460 -0.04141 0.66664 -0.20590

9.66376 0.02603 0.43599 -0.42595

7.30333 -0,00262 0.04313 0.29493

5.17808 0.00041 -0.00469 0.68070

3.50539 0.00006 0.00126 0.25325

5 w4 D) ORBITS *** IN+
17.18530 -0.24029 0.08709

9.91941 0.77921 -0.27952

6.04509 0.04908 0.39941

3.72813 001005 0.56395

2.29150 -0.00252 0.20448

10 *** S ORBITS *** Br-( in Iattice)
0 32.83790 -0.80855 -0.37829 0.14605 -0.04120
0 41.13520 -0.19674 0.02716 -0.00771 0,00058

1 26.42870 0.00607 -0.20359 0.10114 -0.03348 .
1 15.94410 -0.00564 1.05731 -0.48088 0.14987 ’
2 13.73830 0.00262 0.19545 -0.28102 0.09075

8.75244 -0.00106 0.00594 0.54030 -0.17759

599564 000048 0.00130 0.71412 -0.28975

3.63572 0.00014 -0.00027 0.00495 0.45178
2.37420 0.00009 000013 000133 0.55278

1.51690 -0.00003 -0.00005 -0.00023 0.15953

BN WW RN RN W WU = =W WwW

WwWwwih



(INPUT DATA)

39

APPENDIX C. CALCULATION OF INTERATOMIC POTENTIAL

*=* P ORBITS *** Br-in lattice
1 1580950 -0.73379 -0.30621 0.07896
23.96750 -0.10367 -0,03753 0,00673
14.97930 017237 -0.12902 0.02509
8.60775 -0.04791 0.41356 -0.08655
5.87791 0.02504 0.67051 -0.23825
5.16140 -0.01002 006117 0.06158
281552 0.00191 0.01008 0.50790

1.04140 0.00030 0.00110 0.17373

5
4.85590 046278
3.11959 0.11069
7.33254 031176
10.10240 0.19315
2 16.28710 0.02961
0.179604233006984D-01
0.946399129943540D-01
0.232622868125863D+0C
0.431992547802387D+00
0.692828861352022D+00
6.101523255618947D+01
0.139932768784287D+01
0.184526230383585D+01
0.235320887160926D+01
0.292336468655543D+01
0.355595231404613D+01
0.425122008230983D+01
0.500944263362016D+01
0.583092153860872D+01
0.671598597785132D+01
0.766499349489177D+01
0.867833082516770D+01
0.975641480574293D+01
0.108996933712879D+02
0.121086466423657D+02
0.133837881127786D+02
0.147256659435086D+02
0.161348643716625D+02
0.176120052438144D+02
0.191577496842412D+02
0.207727999097921D+02
0.224579012045405D+02
0.242138440689586D+02
0.260414665601656D+02
0.279416568418595D+02
0.299153559649010D-+02
0.319635609022089D+02
0.340873278647262D+02
0.362877759287815D+02

1
2
2
2
3
3
3 1.68578 -0.00091 -0.00325 0.45248
3
|
2
2
2
2

0.460931031330610D-01

0.107313007783933D+00
0.168664429547948D-+00
0.230083089384940D+00
0.291631302502438D+00
0.353226753575408D+00
0.414988177550940D-+00
0.476909792302936D+00
0.539016218474955D+00
0.601332497447191D+)0
0.663884136396681D+00
0.726697163614157D+00
0.789798189428429D-+00
0.853214471438152D+00
0.916973983833893D+00
0.981105491004006D-+00
0.104563862580654D+01
0.111060397300026D+01
0.117603315841226D+01
0.124195894449809D-+01
0.1308415333031340+01
0.137543767574893D-+01
0.144306279387849D+01
0.151132910758831D+01
0.158027677653099D+01
0.164994785280268D+01
0.172038644781283D+01
0.179163891476094D+01
0.186375404864910D-+01
0.193678330603071D+01
0.201078104701134D+01
0.208580480238741D+01
0.216191556924160D+01
0.223917813882365D+01

*** D ORBITS *** Br- in lattice

START*LAGRS0*
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0.385660910092922D+02  0.231766146114652D+01

0.409235302180313D+02
0.433614266517312D+02
0.458811946612789D+02
0.484843356608332D+02
0.511724445446070D+02
0.539472167895544D+02
0.568104563346362D+02
0.597630843421100D+02
0.628101489639265D+02
0.659508362574561D+02
0.691884824202363D+02
0.725255875442633D+02
0.759648311278632D+02
0.795090896290888D+02
0.831614564010537D+02
0.869252644196156D+02
0.908041123009408D+02
0.948018942159474D+02
0.989228344469506D+02
0.103171527508039D+03
0.107552984977540D+03
0.112072690484128D+03
0.116736664673504D+03
0.121551542490953D+03
0.126524665796516D-+03
0.131664195252120D-+03
0.136979246686937D+03
0.142480058912162D+03
0.148178202455004D+03
0.154086842281799D+03
0.160221072870096D+03
0.166598351934054D+03
0.173239071334250D+03
0.180167323049032D+03
0.187411949676964D+03
0.195008022441533D+03
0.202998984195075D+03
0.211439870494836D+03
0.220402368151736D+03
0.229983206075680D+03
0.240319037055842D+03
0.251615879330500D+03
0.264213823883199D+03
0.278766733046005D+03
0.296966511995651D+03
-0.998771007252426D+00
<0.993530172266351D+00
-0.984124583722827D+00
<0,97059159254624TD+00

0.239743905144001D-+01
0.2478589044444973D+01
0.256119670357790D+01
0.264535099306969D+01
0.273114922289915D+01
0.281869577775934D+01
0.290810334368223D+01
0.299949384839686D+01
0.309299953469357D+01
0.318876418994712D+01
0.328694455975338D+01
0.338771197960398D+01
0.349125426598732D+01
0.359777791769613D+01
0.370751069001736D+01
0.382070461965312D+01
0.393763959771431D+01
0.405862761338353D+01
0.418401782381424D+01
0.431420264929613D+01
0.444962515053656D+01
0.359078802263618D+01
0.473826464598930D+01
0.489271277966692D+01
0.505489168534040D+01
0.522568375594272D+01
0.540612213379728D+01
0.559742640184041D+01
0.580104932137644D+01
0.601873893878099D+01
0.625262247491437D+01
0.650532173517669D+01
0.678011521200777D+01
0.708117122025415D+01
0.741389244615305D+01
0.778544154841613D+01
0.820557347814596D+01
0.868301383996162D+01
0.925286973415579D401
0.993114471840216D+01
0.107739736414647D+02
0.118738912465097D+02
0.134228858497264D+02
0.159197801616898D+02
0.214214542964372D+02
0.315334605230584D-02
0.732755390127626D-02
0.114772345792345D-01
0.155793157229438D-01
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<0.95298770316043 1 D+00
<0.931386690706554D+00
-0.905879136715570D+00
-0.876572020274248D+00
-0.843588261624394D+00
<0,807066204029443D+00
-0.767159032515740D+00
<0.724034130923815D+00
0.677872379632664D+00
=0,628867396776514D+00
<0,577224726083973D+00
-0.523160974722233D+00
0.466902904750968D+00
<0.408636481990717D+00
<0,348755886292161D+00
<0.287362487355356D-+00
<0.224763790394639D+00
<0,161222356068892D+00
<0,970046992094627D-01
-0.323801709628694D-01
0.323801709628694D-01
0.970046992094627D-01
0.161222356068892D+00
0.224763790394689D+00
0.287362487355456D+00
0.348755886292161D+00
0.408636481990717D+00
0.466902904750968D+00
0.523160974722233D+00
0.577224726083973D+00
0.628867396776514D+00
0.677872379632664D+00
0.724034130923815D+00
0.76715%032515740D+00
0.807066204029443D+00
0.843588261624394D+00
0.876572020274248D+00
0.905879136715570D+00
0.931386690706554D+00
0.952987703160431D-+00
0.970591592546247D+00
0.984124583722827D+00
0.993530172266351D+00
0.998771007252426D+00

0.196161604573555D-01
0.235707608393244D-01
0.274265097083569D-01
0.311672278327981D-01
0.347772225647704D-01
0.382413510658307D-(1
0.415450829434647D-01
0.446745608566943D-01
6.476166584924905D-01
0.503590355538545D-01
0.528901894851937D-01
0.551995036999842D-01
0.572772921004032D-01
0.591148396983956D-01
0.607044391658939D-01
(.620394231598927D-01
0.631141922862540D-01
0.639242385846482D-01
0.644661644359501D-01
0.647376968126839D-01
0.647376968126839D-01
0.644661644359501D-01
0.639242385846482D-01
0.631141922862530D-01
0.620394231598927D-01
0.607044391658939D-01
0.591148396983956D-01
0.572772921064032D-01
0.551995036999842D-01
0.528901894851937D-01
0.503590355538545D-01
0.476166584924905D-01
0.446745608566943D-01
0.415450829434647D-01
0.382413510658307D-01
0.347772225647704D-01
0.311672278327981D-01
0.274265097083569D-01
0.235707608393244D-01
0.196161604573555D-01
0.155793157229438D-01
0.114772345792345D-01
0.732755390127626D-02
0.315334605230584D-02

030 09 100 1L10 120 130 140 1.50
1.60 170 1.75 130 135 1.90 195 2.00
205 210 215 220 225 230 235 240
245 250 255 2.60 2.65 2.70 2.75-2.80
285 290 295 300 3.05 3.10 315 320
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