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ABSTRACT. Recenlly \\"ecalculaled lhe oplical absorplion of the U cenler in mixed alkali halide
cryslals, and oblained also lhe oplical absorplion of U cenlers in several alkali halides using lhe
poinI-ion melhod. This melhod gives betler resulls than olhers \\"hen a physical consideratio n
proposed by us is used. lIere \\"eextend lhe calculalions for lhe oplical absorplion of the U cenler
lo olher alkali halides nol considered before. The values lhus oblained values are compared \\"ilh
lhose oblained from lhe ¡vey la\\".

RESUMEN. Recientemente calculamos la absorción óptica del centro U en cristales halogenuros
alcalinos mixtos, y obtuvimos la absorción óptica del centro U para varios halogenuros alcalinos
puros, usando el método del ion puntual. Cuando aplicamos este método, pero haciendo una
cierta consideración físical propuesta por nosotros [20]' encontramos mejores resultados que los
obtenidos por otros autores. Aquí extendemos los cálculos anteriores [20] de manera que se incluyen
halogenuros alcalinos que 110 habían sido considerados. Los valores obtenidos se comparan con los
que se oblienen de la ley de ¡vey [21].

PACS: 61.70.-r; 71.55.-i; 78.50.-\\"

1. INTRODUCTION

The U center consists of a negative hydrogen ion 11-, located snbstitntionally al an anion
site. The U cenler changes hoth the phonon speelrnm and the optieal properties of its host
crysta!' Using Raman scattering, nv and illfrared absorption, several researchers [1-6] ha\"C
sludied the phonon speclrum alld lhe optical properlies of lhe U cenler. Several lheorelical
calcnlations of lhe electronic energy levels of the 11- ion in the a¡kali halides exis!. Sorne
lheoretical investigations have nsed lhe poinl-ion model of Gourary [7J in which the H- ion
is coupled to the laltice with a :o.ladelulIg lype potelllial (crystal-field approximalion). This
approach gi\"Cs considerable insighl inlo the struclure of the U center, bnl the calcnlated
lransition energies are approximalely 20% smaller than the obser\"Cd energies.
Spector et al. [S] again nse the point-ion model, and confirm Gonray's [7J resnlts owr lhe

whole range of alkali halides, including those crystals having esel structure. This stndy [8]
also inclndes investigations in\'Olving exdted slates of lhe U center. Using a model in which
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inleraclions wilh lhe firsl-nearesl neighbors are considered in delail and in which all lhe
olher are laken as poinl charges, Wood and Ópik [91calculaled lhe e1eclronic slruclure of
lhe H- ion in KCl, KBr and KI cryslals. As in lhe case of Gourary [7]' Wood and Ópik 191
use lrial wave funclions conlaining lwo varialional paramelers. They [9) also calculaled
lhe low-Iying slales of lhe U cenler in KCI by a more refined mode!. The U band lransilion
energies predicled by bolh of lheir models agree significanlly beller wilh lhe experimental
values than lhe poinl-ion resulls [7,81. Bul, even lhough Wood and Ópik use models wilh
sorne refinemenls, lhey also argue lhat lhe abilily of a model lo predicl a single lransilion
energy is nol necessarily a good lest for.lhe validily of lhe mode!. Haynes [10]' using lhe
semiempirical self-consislenl-field procedure (CNDO), found the oplical absorption of the
U eenter in LiF.

Bennel [11,12] solved numerieally lhe Harlree-Foek-Slaler equalions for lhe lwo eleclron
orbitals oflhe U cenler in NaCl, KCI, CdF2, CaF2 allowing relaxalion ofils firsl neighbors.
Beaumonl el al. [13] made ealculalions for lhe ground ami lhe firsl exciled slates of the
U center in CaF2, SrF2 and BaF2. Sing el al. [14] have used also variational wave funelions
eonlaining lwo adjuslable paramelers in order lo oblain lhe U band in CaF2, SrF 2 ami
BaF2. l3ennel [11,12] uses a more flexible scheme lhan lhal employed by Sing el al. [14],
bul lhe laller resulls are in beller agreemenl wilh experimenl. The mulliple-seallerillg
melhod has been applied lo lhe calculalion of lhe U band in KCI, by Yu el al. [15]. Usiug
lhe same melhod, Oliveira el al. [16] calclllated lhe oplical absorplion of lhe 11- iou in
CaF2, SrF2 and BaF2. Güimaráes [17] obtailled lhe e1eclronic slruclure of lhe U center
using lhe cryslalline-clusler-melhod in a NaCI cr'ysla!. Malos and Ma!feo [18,191 made
lhe ealclllalion of lhe U band in LiF, NaF and LiCI using lhe INDO melhod alJ(1 the
molecular cluster (:-IC) approximation. Their oblained values for lhe U cenler absorplion
are higher lhan olher caleulalions. Recently R. Hern ndez-G"mez and C. Ruiz-Mej!a [20]
have ealculaled lhe optical absorplion of lhe U eenter in mixed alkali halide cryslals,
using lhe Gourary [7] melhod. They have proposed lhal for lhe ground slale of the
U eenter lhe eleelrons are eoncentrated al lhe lallice sile 120]. The calculaled energies are
in good agreemcnt \Vith lhe experimental resulls for KCl, KBr and l\'aCI single erystals.
In this papel' \Ve extend these resulls in order lo includc lhe resl of lhe alkali halides with
strueture of l\aC!. The results are compared \Vilh the optieal absorption of the U eeuter
oblained from lhe Ivey [21]la\V.

2. TIIEORY

Follo\Viug Gourary [7], all ions are represenled by poinl eharges, and polarizalion e!feets
are ncgleeled. The Hamiltonian for the U eeuter is given by

(1)

\Vhere the first t\Vo terms represent the kiuetie energy of the t\Vo electrons, the third aud
fourth terms eorrepond to thc Coulomb interaction bet\Veen the electron and the ])[oton,
the fifth and sixth terms arise from the iuteraetiou of the elcetrons with the resl of lhe ious
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in the lattice and the last term is the electro n-electro n interaction. The Hamiltonian is
written in atomic units and the proton is considered the center of our coordinate system.
Following Gourary [7]' for the point-ion potentia! we have

Vdr) =
00

¿' (_lti+Yi+zi [tx - ax¡)2 + (y - aYi)2 + (z - aZi)2rl/2, (2)

where a is the interatomic distance and the prime on the summation sign means that the
point (O,O,O) is not considered.
For the ground state the Chandrasekhar function [22) is the simplest wave function

which gives a stable state for the U center. This is

N
1/Jg= - [exp( -<>1"1) exp( - /3r2) + exp( -ar2) exp( - /3r¡)],

471"
(3)

where a and /3 are variational parameters.
The energy of the ground state obtained using this wave function is 0.0143 a.u. larger

than that calculated by using an 11-parameter wave-function [7]. Thereforc \Ve make a
0.0143 a.u. correction to the obtained energies. The energy functional given by Gourary [71
is

(4)

where /1 = aa, v = /3a,

[ ]

-1
1 1 2a 3 2/3 3

Ew(a,/3) = - - + - (-) (-)2 2 a+/3 a+/3

[
1 11 ( 2a ) 3 ( 2/3 ) 3 1 2 2

x 2(a+/3)+32(a+/3) a+/3 a+f3 -:¡(a +/3)

_ a/3 (~)3 (-'l..L)3 _ a(3 (a
2 + 3a(3 + /32)] (5)

2 a + (3 a + (3 2 (a + ,8)3

and

[
3 3] -12aM 1 1 1 2/1 2v

(1/JgIVL(r¡) + Vdr2)I"ug) = -- + - :-)+ -2 (-) (-)a a... J1+1I Jl+lI

(6)
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where QM is the Madelllng constant and S,,(Il) is defined by the following expression

S,,(ll) = ¿' hi(-1)x;+y;+,;+1(2Ilri)" [A" (2jlT;) - A"_1(2Ilri)]' (7)
z¡ ~Yi;:::z¡ 2:0

where ri = (x; + y; + z1)I/2 and hi = (~) 23-0;. Again the prime on the sllmmation
implies that the point (O,O,O) is omitted; ni is the nllmber of times any nllmber can occur
in the triplet (Xi, Yi, Zi), Oi is the nllmber of times a zero occurs in this triplet and A,,(x)
is defined by the eqllation

A,,(x) = 100 t"e-.T' di.

The wave fllnction for the excited state is given by [71

where

(
1 ) 1/2

<pl(r) = 4" 2,3/2exp(-¡r)

and

(1)1/2 (4)1/2
<p2(r) = 4" cosO 3" 85/2rexp(-8r),

(8)

(9)

(10)

(11)

where ¡ and 8 are variational parameters. For this wave fllnction the fllnctional energy is
given by

where

2R (8)4 ( 8)-7 8 (8)4 ( 8) ( 8)-5g(¡,8) = Ce) 8;:; 1+;:; - 2;:; 3+;:; 1+;:;

3. RESULTS AND COl'CLUS10l'S

(12)

(13)

In order to determine the variational parameters Q and 13, Gourary [7] minimizes Eg as
given in Eq. (4). According lo YlI et al. [15],85% of the electronic charges of the ground
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TABLE1. Energies and parameter values for the ground (Eg, o, 13)and the excited (E" 'Y,6) states
of the U center. Ego= Eg - 0.0143 a.u.

o 13 -Eg 'Y 6 -E. Ego
LiCI 5.050 1.3764 1.2324 4.9271 2.2141 0.9860 1.2467
LiBr 5.3936 1.4699 1.1867 5.2530 2.2882 0.9623 1.2010
Li! 5.8924 1.6058 1.1297 5.7303 2.3841 0.9320 1.1440
NaF 4.5414 1.2376 1.3131 4.4499 2.0876 1.0265 1.3274
Nal 6.3496 1.7304 1.0853 6.1991 2.4621 0.9077 1.0996
KF 5.2377 1.4274 1.2067 5.1045 2.2555 0.9728 1.2210
KBr 6.4744 1.7644 1.0743 6.2894 2.4821 0.9016 1.0886
RbF 5.5286 1.5066 1.1702 5.3820 2.3155 0.9537 1.1845
Rbl 7.1914 1.9599 1.0183 6.9787 2.5873 0.8699 1.0326

TABLE11. The absorption energies of the U cen-
ter for several alkali halides as function of the
interatomic distance a. ~ED.M.S. corresponds to
the Spector et al. paper [8J. 6.Eu represents our
results and 6.EL that obtained from the Ivey TABLEIII. Optical absorption of the U cen-law [21]. ter for several alkali halides as function of

a tiES.~LS 6.Eu 6.E1 the interatomic distance a . .ó.EL is obtaincd
u u from the Ivey la\\' [21]. 6.E~'P represents the

LiCl 4.82 6.12 7.09 7.15 experimental values.
LiDr 5.19 5.66 6.49 6.63

6.E1
Li! 5.67 5.11 5.76 6.02 a tiEexpu u
NaF 4.37 6.88 8.18 8.02 NaBr 5.64 6.0640 5.9000
Nal 6.11 4.68 5.22 5.54 KCl 5.93 5.7280 5.7900
KF 5.04 5.88 6.75 6.84 KBr 6.23 5.4342 5.4300
KBr 6.23 4.60 5.086 5.43 KI 6.67 5.0405 5.0800
RbF 5.32 5.52 6.27 6.44 RbCl 6.19 5.4762 5.4100
Rbl 6.92 4.05 4.42 4.83 RbBr 6.48 5.2000 5.1200

stale orbitals are within lhe cenlral spbere of lhe clnsler. \Ve moelifieel lbe expression
given by Gourary [7] for Eg in oreler lO lake inlo aeeounl lhal fael [15]. So Table I sbows
lhe values of o anel f3 anel Eg for lbe case in which lbe lwo eleclrons are eoncentrateel al
lhe lalliee sile. In Ibis lable Ego represenls lbe energy Egc = Eg - 0.0143 in oreler to take
inlo aeeounl lbe eorreclion wben Eg is calculaleel by using an ll-parameler wave funclion.
Table 1 sbows also lhe varialional paramelers 'YamI 6, corresponeling lo lhe excited slate
of lbe U cenler, anel lhe excileel slale en ergO' E•. For lhe exciled slale we use the same
expression of Gourary [7], as given by Eq. (12). For lhe U2 eenler, which consists of a
hydrogen alom in lbe cryslal, Mimura ami Uemura [23J found lbal lhe cleelron is very
coneenlraled around lhe prolon.
Table II shows lhe oplical absorplion of lhe U cenler as calculated by Spector et al. [8]

6.Et.M.S., lhe values found by us 6.Eu and lbat oblained from tbe Ivey law 6.EL. In
order lo lesl lhe values oblaineel from lbe Ivey la\\' [21]' \Ve sbo\\' in Table 111 lhe oplical
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absorption of the U center for .6.EL (obtained from the Ivey law) and .6.E~xp (obtained
experimentally) for all the alkali halides (structure type NaCl) which are known.
Taking into account that the Ivey law [211gives a very good prediction of the experi-

mental results, we can condude that our theoretical values for the optical absorption of
the U band are in good agreement with the experimental ones.
Because there is no other calculation for these alkali halides we cannot make any further

comparison. However for the alkali halides for which the U band has been measured our
method was found better than the others [20].
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