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Abstract. The transition energies of F-centers for six alkali halides are
calculated with the point-ion approximation and the ion-size correction.
We show the correct expression of the energy functional for the Gourary
and Adrian wave function of type II. We compare our results with other
works and find that they do not differ by more than 13% from the
experimental results, except for Lil, with a = 0.53.
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1. Introduction

Recently we have studied the optical absorption of F and Fa-centers in CsF [1] and
in KCL:KBr [2], as well as the optical absorption of F-centers in mixed crystals [3].
In those studies, we have calculated the transition energies using the Bartram,
Stoneham and Gash method [4] and Gourary and Adrian [5] trial wave functions.

It is interesting to notice that Alig [6] developed a similar methodology but he
considered the Phillips and Kleinman [7] form of the repulsive potential.

It is also known that Weber and Dick [8] found an error in the expression of
Gourary and Adrian energy functional [5] for the ground state function of type II.
Nevertheless, they never showed the correct expression.

That wrong expression was used to calculate the optical absorption energies of
I and Fa-centers in cesium halides [9,10], and therefore Ruiz-Mejia [11] showed
that the results given in those papers were probably incorrect.

In this work we show the correct energy functional expression and compare our
results with other works.

2. Theory

In the Bartram et al. method [4] the ground and first excited state energies are
obtained by minimizing the energy functional

Eis(é) = Epr + Z(A'T + ( Ve — UT)BT)|¢(?‘T)|2, (1)

where £ is the parameter which is varied to minimize Eq. (1) with V; fixed. Ep; is
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the point-ion approximation. The last term represents the ion-size correction
Vo= 3" (4 + (T = U)B, ) 8(r — 1), (2)
-

where
Vo = Vo + Vis. (3)

Here Vp; and Vis are the expectation values of the point-ion potential and jon-size
correction respectively, U, is the potential at the 7-th ion due to all the other ions,
and A, and B, are characteristic parameters of the jons.

To obtain the point-ion approximation Epy, it is considered that the electron

which forms the F-center has a potential energy of the form

o

Veu(r) = E:’ F*f”“+“ﬁx—amf+%y—amf4%z—ﬂﬁf)4ﬁ- (4)

Ii,¥i,2{==—00

In Eq. (4), a is the nearest neighbor distance, (az;, ay;, az;) are the coordinates of
the i-th ion, and the prime on the summation sign means that the point (0,0, 0) is

omitted. Then
/{(D“(r) [—%vz g Vp[(r)J ¢(r)} dr
Ep[ = ] (5)

[y

where ®(r) is a trial wave function. The Gourary and Adrian wave function of
type II for the ground state is

Am(%)wm—w,r<a
®(r) = (6)
Ajo(€) exp (1;’—'") , r>a

where

TI";I“fCOtf’ (T}
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and for the first excited state is

. Al (f—) ep(-1),  r<a N

Air(€) (5) exp (—"a—‘") , r>a

where
2 —
7' =3-¢%(1-¢cot )L, (9)
Here A and A’ are the normalizing constants and ¢ and £ are the variational pa-

rameters respectively.
Using Eq. (5) we obtain for the ground state

1 G 1 1 1
= ga{e- SR -n-gee (15457}

oy —zntee) Y e R
8 i 5242120 >
where
G(&)] ™! = [l - ;—Esen 2{] (sené)™* + -'1; (1 + % + %ﬂ—z) (11)
and

= (2) 2, (12)

n;!
ays is the Madelung constant for the lattice structure, n; is the number of times

any given number occurs in the triplet (zj,yi,zi), 0; is the number of times that
zero occurs in this triplet, and

pi = (2 + 42 + 28)'2. (13)

The wrong expression that Gourary and Adrian obtained instead of Eq. (10) was

aa _ 1 G [, 2 Loamfy 1. L.
b _@{52_ 0 [n gt (1 nt2” )]}



480 E.R. Lopez-Téllez et al.

¢ ¥ —Vp —ESA £ g = —E},
LiF 238 01774 04342 02568 223 01140 04113 02973
LiCl 243 01124 03439 02315 231 00788 03320  0.2532
NaF 241 01358 03780  0.2431 228 00923 03635  0.2712
NaCl 245 0.0948 03151 02203 234 00685 03058  0.2373
KCl 247 00772 02834 02062 237 00574 02765  0.219]

RbBr 2.49 0.0653 0.2597 0.1944 2.39 0.0492 0.2538 0.2046

TABLE 1. Parameter £, kinetic (T), potential (Vi) and total (Ep,) energies for expressions (10)
and (14) for six alkali halides. All energies in atomic units.

SPE R RGN BN T AR LR FONEPRRTY G
2i2yi22;20 -

For completeness, we also give the expression for the first excited state

B = %5{6’2 - 26/(€")[(2n) 56" + r)[@r) + 4(20')?

+12(20')% + 24(2¢") + 24] —2(2¢')"3 [(27;’)3 +3(20') +6(21/) +6] |}

I 1. = P
_Q_{QM_ET’f SGr(éJ) Z h‘(—l) :+§':+:p_j
2i2yi>z; >0
9
X ew[—%’(ps - 1)} [3 + §Tr'p +3(n'p)* + (n’p.‘)a} (15)

where

(G = 1= jo (€726 5 (€'))2
+2(20')7°((20')* + 4(20)® + 12(29')? + 24(29") + 24 (16)

Results and conclusions

We obtained the point-ion approximation and ion-size correction using the correct
expression for the energy functional for the ground state wave function of type II
(Eq. (10)).

The error in the Eq. (14) is in the kinetic energy (T'). That means that the
point-ion potential (Vi) is the same in Egs. (10) and (14) for the same £. However,

the value of x that gives the optimum energy varies if T does and consequently Ep,
varies too.
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—Ea -E}, —ES (I1I)
LiF 0.2568 0.2973 0.2966
LiCl 0.2315 0.2532 0.2527
NaF 0.2431 0.2712 0.2706
NaCl 0.2203 0.2373 0.2369
KCl 0.2062 0.2191 0.2188
RbBr 0.1944 0.2046 0.2043

TaBLE II. Ground state total energies for function of types II and I11.

€ T Ve -E3 3 T A -El,
LiF 2.46 0.1879 0.4211 0.2332 2.32 0.1308 0.3982 0.2674
LiCl 2.48 0.1166 0.3346 0.2180 2.35 0.0836 0.3210 0.2374
NaF 2.47 0.1419 0.3700 0.2281 2:33 0.0995 0.3524 0.2529
NaCl 2.50 0.0984 0.3083 0.2099 2.36 0.0705 0.2960 0.2255
KCl 247 0.0772 0.2815 0.2043 2.36 0.0566 0.2738 0.2172

RbBr 2.45 0.0634 0.2597 0.1963 2.34 0.0458 0.2535 0.2077

TaBLE IT1. Parameter £, kinetic (T), potential (V,) and total (E,) energies that BSG gave in
their paper and ours for Eq. (15), with o = 0.53.

Table I shows the results obtained by Gourary and Adrian [5] and those obtained
with our expression for some alkali halides. We present the different terms that
contribute to the total energy. In Table II we compare the results for the wave
function of type II and III for the ground state. Gourary and Adrian took the
function of type III for the ground state and the function of type II for the first
excited state because those functions gave the lowest energies respectively.

Bartram et al. took those same wave functions, and they found that good agree-
ment with experimental F-center transition energies could be obtained if all the
calculated parameters A, were reduced in magnitude by a factor of & = 0.53. In
table III we show our results taking into account the ion-size approximation with
a =0.53 and Egs. (10) and (14). As we can see in table II the wave function of type
I gives lower energy values than type III. Then following the Gourary and Adrian
criterion, we can take a wave function of type II (for the ground state) to calculate
the transition energy of the F-center. In table IV we compare the transition energies
obtained by us with those of other works.

Bartram et al. also took into account the polarization energy and distortion of
the six nearest neighbours of the F-centers. Weber and Dick [8] used a wave function
of type l and a factor a = 1 in order to get good agreement with experimental results
for F-centers. Dochy [12] included polarization energy, lattice distortion, and we
present his results where he took a trial wave function of type III for ground state,
a function of type II for the excited state and a = 1.

We found that values of & > 0.53 give lower transition energies than the exper-
imental results.
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Bartram [4] Weber [8] Dochy [12] Ours EXP [4]
a =0.53 a=1 =l a=0.53

LiF 0.1930 0.2135 0.2470 0.1875 0.1890
LiCl 0.1210 0.1053 0.1130 0.1178 0.1215
NaF 0.1390 0.1560 0.1860 0.1402 0.1370
NaCl 0.1005 0.0902 0.1080 0.0985 0.1020
KCl 0.0805 0.0916 0.1270 0.0774 0.0860
RbBr 0.0640 0.0717 0.1125 0.0619 0.0680

TaBLE IV. Transition energies for six alkali halides given in some works and experimental results.

Renn [14] Dochy [12] Ong-V. [13] Ours Exp. a [4] Exp. b [4]
a=1 a=10.53 a=0.53

LiF 0.1246 0.1990 0.2020 0.1875 0.1885 0.1890
LiCl 0.0978 0.1140 0.1265 0.1178 0.1205 0.1215
LiBr 0.0897 0.0875 0.1090 0.1010 0.0995
Lil 0.0798 0.0860 0.0960 0.0888 — 0.1200
NaF 0.1113 0.1600 0.1550 0.1402 0.1380 0.1370
NaCl 0.0871 0.1025 0.1055 0.0985 0.1010 0.1020
NaBr 0.0801 0.0815 0.0940 0.0866 0.0870 0.0865
Nal 0.0720 0.0810 0.0835 0.0773 0.0765 —

KF 0.0937 0.1525 0.1125 0.0978 0.1050 0.1030
KCl 0.0757 0.1030 0.0865 0.0774 0.0845 0.0860
KBr 0.0706 0.0880 0.0780 0.0706 0.0770 0.0765
KI 0.0636 0.0830 0.0705 0.0643 0.0680 0.0690
RbF 0.0875 0.1405 0.0725 0.0780 0.0890 0.0895
RbCl 0.0709 0.1000 0.0735 0.0668 0.0750 0.0745
RbBr 0.0669 0.0865 0.0685 0.0619 0.0680 0.0680
RbI 0.0603 0.0820 0.0630 0.0575 0.0625 0.0630

TaBLE V. Transition energies for all alkali halides and experimental results.

Other trial wave functions have been used. Ong and Vail [13] used a Gaussian-
localized spherically symmetric wave function and considered the lattice distortion.
Dochy [12] included in his work a wave function that is an exact solution for a
cuspless hydrogenic potential for the ground state, and for the excited state a type
I function with & = 1. Renn [14] took Dochy’s functions and the theory developed by
Stumpf [15]. Brown and Vail [16,17] considered a saddle-point configuration of the
F-center using a gaussian-localized wave function. Vail and Harker [18] considered
flexible, symmetry-adapted trial pseudowave functions. In table V we compare our
results with some of the works that we have described above.

In recent years there have been major developments in the field, namely, the
computer analysis of the electronic state from first principles, the application of
the method of lattice statics and new methods for taking into account the ionic
polarization [19,20,21].
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Finally, we notice that the calculated results are closer to experimental results
(they do not differ by more than 13%, except for Lil) if one uses trial wave functions
of type II and o = 0.53 with no polarization nor lattice distortion.

References

1. E.R. Lépez-Téllez, D. Cardenas-Garcia and C. Ruiz-Mejia, Phys. Stat. Sol. (b) 154
(1989) K171.

2. E.R. Lépez-Téllez, D. Cardenas-Garcia, C. Ruiz-Mejia and R. Rodriguez-Mijangos,
Journal of Physics: Condensed Matter 2 (1990) 4513.

3. R. Rodriguez and C. Ruiz-Mejia, Phys. Rev. B 39 (1989) 1120.

4. R.H. Bartram, A.M. Stoneham and P. Gash, Phys. Rev. 176 (1968) 1014.

5. B.S. Gourary and F.J. Adrian, Phys. Rev. 105 (1957) 1180.

6. R.C. Alig, Phys. Rev. B 2 (1970) 2108.

7. J.C. Phillips and L. Kleinman, Phys. Rev. 116 (1959) 287.

8. W. Weber and B.G. Dick, Phys. Stat. Sol. 36 (1969) 723.

9. 5. Radhakrishna, N.N. Nigam and V.S. Sivansankar, Phys. Rev. B 15 (1977) 1187.

10. V.S. Sivansankar, C. Sankar and P.W. Whippey, Phys. Stat. Sol. (b) 100 (1980) 261.

11. C. Ruiz-Mejia, Phys. Stat. Sol. (b) 147 (1988) 593.

12. F. Dochy, Phys. Stat. Sol. (b) 93 (1979) 325.

13. C.K. Ong and J.M. Vail, Phys. Rev. B 18 (1978) 7104.

14. W. Renn, Phys. Cond. Matter 17 (1974) 249.

15. H. Stumpf, Phys. Kondens. Materie 13 (1971) 101.

16. R.J. Brown and J.M. Vail, Phys. Stat. Sol. 40 (1970) 737.

17. R.J. Brown and J.M. Vail, Phys. Stat. Sol. (b) 49 (1972) K33.

18. J.M. Vail and A.H. Harker, Phys. Rev. B 20 (1979) 2506.

19. A.H. Harding and A.H. Harker, Phil. Mag. B 51 (1985) 119.

20. O.E. Taurian, A.H. Tang Kai and V. Lobatch, J. Phys. Chem. Solids 47 (1986) 59.

21. T. Takeuchi, Phys. Stat. Sol. (b) 140 (1987) K113.

Resumen. Se calculan las energias de transicién para seis halogenuros
alcalinos con la aproximacién de ion puntual y la correccién de tamaiio
del ion. Mostramos la expresién correcta para la funcional de la energia
con la funcién tipo Il de Gourary y Adrian. Comparamos nuestros
resultados con otros trabajos y se encuentra que éstos no difieren mds
del 13% de los valores experimentales, excepto para Lil, con a = 0.53.



