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ABSTRACT. tf» present m simple one-orbital per site aodel Hamiltonian for 
the D center in alkali-halides with rock-salt structure where correlation 
effects are introduced via an Anderson type Hamiltonian. The Cluster-Bethe 
lattice method is used to determine the local density of states, yielding 
both localized and extended states. We assume at one-electron approximation 
and the problem is solved self consistently in the Hartree-Fock scheme. 
The optical excitation energy is in fair agreement with experiment. The 
present approach is compared with other models previously used to describe 
this center and the results indicate that it adequately incorporates 
the relevant features of the system indicating the possibility of its 
application to other physical situations. 

RESUMO. Apresentamos um Ramiltoniano modelo simples para o centro U em 
Halogenetos Alcalinos com estrutura do NaCl, onde os efeitos de correlação 
são introduzidos através de um termo tipo Hamiltoniano de Anderson. 0 mérodo 
Cluster-Rede de Bethe é" utilizado para a determinação da densidade local 
de estados, obtendo-se tanto os estados discretos quanto os no contínuo. 
0 problema é resolvido de forma autoconsistente na aproximação monoeletrô-
nica e no esquema Hartree-Fock. A energia de excitaçao ótica obtida está 
de acordo com dados experimentais. 0 esquema proposto é comparado con 
outros modelos utilizados anteriormente na descrição do centro U, e os 
resultados indicam que ele incorpora de forma adequada as características 
relevantes do sistema, indicando a possibilidade de aplicação a outras 
situações de interesse físico. 

(1) This work has been partially supported by Brazilian Agencies: Conse
lho Nacional de Desenvolvimento Científico e Tecnológico (CNPq), 
Financiadora de Estudos e Projetos (FINEP) and Coordenação de Aperfei
çoamento de Pessoal de Nível Superior (CAPES). 
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1. INIflDDUCnON 

The electronic structure of color centers in ionic 

crystals is a problem which has been studied theoretically by 

several different methods [1-10]. Usually the properties of 

these centers are explained by molecular type calculations, 

in which the electronic states associated to the defect are 

assumed to be like linear combinations of orbitais centered 

at atomic sites around the impurity. This approach is signi

ficantly improved when the number of shells of neighboring 

ions is increased, indicating the importance of the extended 

states in the understanding of the electronic properties of 

the system [6-8], specially those related to excited states. 

An obvious limitation of cluster calculations is its impossi

bility to account for the band states. 

The Cluster-Bethe lattice (CBL) method has been 

used in the study of several different properties of solids 

[11-16]. For the study of lattice defects the CBL is parti

cularly convenient because it incorporates in a simple manner 

both the local properties near the defect site - the cluster 

region - and the bulk properties through a convenient boundary 

condition, the Bethe-lattice (BL). In this manner one can 

solve exactly the infinite set of coupled linear equations 

connecting the matrix elements of the Green's function, yield

ing the electron density of localized states and extended 

states. From the electronic structure of the system it is 

possible to determine physical properties such as optical 

transitions [10], hyperfine contact interactions [9], etc. 

The main purpose of the present work is to study a 

model Hamilton!an for systems where correlation effects may 
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play an important role; this occurs in severrl physical 

situations such as surface adsorption and chemisorption, 

catalysis, defect in crystals, [17], etc. 

The simplest defect where the necessity of consider

ing correlation effects is well established C5-8] is the 

U-center (substitutional hydrogen ion, H~ in alkali-halides), 

being therefore the most convenient system where the adequacy 

of the proposed model Hamilton!an and specific approximations 

introduced to solve the problem can be properly studied. 

In the present work we study the U-center in 

alkali-halides with NaCl structure using the CBL method, and 

we introduce correlation effects in the substitutional ion 

via an Anderson-type of Hamiltonian [183. We recall that 

in the systems previously studied by the CBL method [9,10,16] 

the defect state is occupied by an unpaired electron only, 

and of course the type of correlation we are concerned with 

play no role. 

In Sec. 2 we present the model Hamiltonian for 

the U-center in alkali-halides. In Sec. 3 we solve the 

problem in the self-consistent Hartree-Fock approximation 

and present the results for the optical transition energy 

of the U band obtained within the discussed approximations. 

The comparison of our results with the experimental data 

and with other theoretical treatments is presented in 

Sec. 4 together with the final conclusions of the paper. 
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2. THEORY 

The Hamiltonian for the U-center in alkali-halides, 

in a one s-orbital per site basis, and assuming no inter

actions except between first neighbors, is written as: 

H = H, -; H c o r r (1) 

where the term 

6 
H0 = +,\ 7 c*c, + A ' 7 c+c + cd+d + 

t?l - L 1=1 i 

+ (V I c*c. + V I c*d + carpi.con;}) = H!+£d+d (2) 
i,j?* 3 1=1 
nearest 
neighbors 

has the same structure as the model-Hamiltonian for the F 

center [101: c, (c.) is the creation (destruction) operator 

for an electronic orbital centered at site i, and the index 

4 refers to the six cations nearest to the impurity site, 

the operator d (d) creates (destroys) an electron in an 

S-state at the hydrogen site. The parameters +,\, -.'., E and 

A' represent the "eigen energies" of the cationic, anionic, 

hydrogen and of its first neighbors electrons respectively. 

Since we consider s-orbita.'s only, the nearest neighbors 

interaction is isotropic and we call it V. The interaction 

of the hydrogen with its nearest neighbors is V . The origin 

of energies is chosen as the average between the cationic 

and anionic "eigen energies". 

The second term in (1) describes the electronic 

correlation in the hydrogen ion, and it is approximated here 

by the Anderson mor.el [18]: 
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H = U " d*d*d d (3) 

Notice that in (2) we omit the spin index ?, since ail 

interactions considered there are spin independent. 

In the ground state, the U center in a closed-she 

system, and therefore the correlation term (3) may be 

rewritten in the Hartree-Fock approximation, which consists 

in taking: 

<d d > = <d d • = •n,> (4) 
a a — — d 

so that: 

up 4. 

w - L Vvd d -• 
This yields a one electron model Hamiltonian which is spin 

independent: 

H = Hj + [e + L<nd>]d
+d t'?.: 

Taking the Dyson's equation for the one-electrcn 

Green's function; 

(E - H)G(E) = 1 ;7, 

which can be written in matrix form, relative to the one 

s-orbital per site basis { i>} (assumed to be complete) as: 

E<i:G|j> = 5.. -*• / <i:H;k><k!G!]> <8; 
ID £ 

The local density of electronic states at site î  

is given by 

1 Ut (E) » - r lm<i!Gli> (9) 
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and the poles of -i 0 i.-* correspond to discrete states asso

ciated, in the LLCS at site i, tc functions of weight 

aiven by 

W (Pi- = resp=p'i G'i^ (10) 

Expressions (9) and (10) are normalized so that the integral 

of the LDOS is one. 

Notice that the Hartree-Fock Hamiltonian is formal

ly equivalent to the model Harrdltcnxan for the F-center in 

alkali-halides (see Eq.(7) of P--f. .". 10"!). Of course the 

numerical values of the parameters Ã and V - related to the 

perfect crystal - remain the same, but the parameters asso

ciated to the defect must be ^-estimated for the case of the 

U center. The Hartree-Fock approximation introduces the 

effect of correlation by adding to the "eigen energy" of the 

hydrogen orbital a term which depends on the product of the 

correlation energy U and the average occupation numoer per 

spin of that orbital, <n >, which must be obtained self-

consistently. 

3. CBL CALCULATIONS AND RESULTS 

In order to obtain the LDOS at the defect site, 

the diagonal matrix element <J'G|0> must be evaluated. The 

infinite set of linear equations given by (8) may be solved 

exactly if the system is substituted by a cluster whose 

boundary is connected to a BL Í.11,12 I. For the present cal

culations, we use the 18-atom plus hydrogen cluster shown in 
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Fig. 1, with a BL attached tc each dangling bond. For the 

hydrogen orbital •. 0> the corresponding diagonal matrix ele

ments is given by flOl 

E;E2 - 8V
2 

<0iG;0> = — : (11) 
E3(EiE2 - 8V

2) - ÔEjV 

with 

Ei = E + r-. - 4VT~ 

E2 = E - A" - VT
+ (12! 

E3 = E - (e + U<nd>) 

where T and T are the transfer functions for the heteropoi .-

Bethe lattice corresponding to the NaCl structure [10-121. 

The imaginary part of (11) is nonzero in the energy 

intervals (- [A2 + 20V2]'&, -A) and (!., U 2 + 20V21'^), whic. 

correspond to the position of the bands in the perfect 

crystal [11,12]. There is a pole of <0;GJ0> in the gap 

region, which corresponds to the U-center ground state of 

r. symmetry; we associate the weight of that pole with the 

occupation number <n
(j

> ir» t n e model Hamiltonian (6) , and the 

problem must be solved self-consistently. There are other 

poles of G(E) in the gap region which correspond to 

unoccupied states of symmetry other than r, , and are 

obtained from the poles of <1|G[1> as in Ref. [101. 

The parameters involved in the Hamiltonian (6) ca

be estimated based on simple physical arguments. The valuer 

of A and V are determined from the width and the gap between 

the bands of the perfect crystals [10]. Since the U-center 

is neutral defect with respect to the lattice, we do not 
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expect significant chances in the eigenenergies of the H 

first neighbors; as in the case cr F center we assume 

A' = A - 0.1 ev ;-_>r all crystals [ 10 "!. The electronic 

afinity of H~ is srt.?.ller than that of the halides, therefore 

one expects V to be larcer than V, and also larger than the 

corresponding parameter for the F center (V in Ref. [10]). 

He choose V = 1.8 V for the clorides, and assume it to vary 

inversely with the lattice pararster for the other halides. 

The eigenenergy of the hydrogen orbital in the lattice is 

c. - - 13.6 eV + 6 where 6 is the correction to the free atom 

energy due to the crystal; 5 i? obtained as in Ref. [10]. 

The value of the par ante ter U is assumed to be the 

correlation energy in the H~ ion {0 = 12.9 eV). 

Solving nunscricr.lly he problem for the values of 

the parameters given in Table Z, we obtain the self-consistent 

Hartree-Fock solution for the electronic structure of the 

U-center in alkali-iicilides. Tie resulting value for the 

residue of the r, pole, which corresponds to the occupacy 

per spin of the defect state in the ground state (<n,>), is 

given in Table II for all the crystals. 

The optical absorption band of the U center 

corresponds, in our model, to a monoelectronic transition 

between the doubly occupied giound state r. and an sropty 

state of symmetry r . which appears very near the bottom of 

upper band [10J. Assuming no relaxation due to the transi

tion, the values of optical e..citation energy are given in 

Table II, together with othar theoretical calculations and 

the experimental data for some alkali-halides. These results 
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show that the present calculations are in fairly good agree

ment with the experimental values for the optical absorption. 

The adequacy of the method to describe apropriately the 

defect is discussed together with more elaborated theoretical 

methods in the next section. 

4. DISCUSSIONS AND CONCLUSIONS 

Similar to the case of F center calculations, the 

numerical values obtained for the optical excitation energies 

are not significantly changed by physically realistic varia

tions in the values of the parameters A, V and A' as discussed 

in Ref. [10]. For the U center, however, the results are 

sensitive to the specific choice of V ; this is easily 

understood because, countrary to the F center, in the 

present model the eigenenergy of the hydrogen orbital 

depends explicitly on the weight of a pole at the hydrogen 

site (see Eq. (6)). Although there is little modification 

in the position of that pole when the interaction parameter 

V is changed, its weight is certainly affected, since this 

parameter is associated to the hopping integral between the 

hydrogen and its first neighbors orbitais. For example, 

results obtained with values of V 20% smaller (which 

corresponds to the values estimated for this parameter in 

the F-center calculation), yield transition energies about 

20% smaller than the ones presented in Table II. It is 

important to mention that the trend of our results is in 

agreement with the experimental data (except for KBr •»-->• NaBr). 
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This feature net cniy is independent of the choice of V , 

but it can not be obtained if we try to fix a value of 

<n,> for ali the alkali-haiides, •. hich indicates the ímoort-
d 

ance of self-consistency in the present calculation (the 

self-consistent values fo <n,> are given in Table II). 
a 

There are different interpretations for the nature 

of the optical transition associated to the U absorption band. 

The point ion method of Gourary [1] has been 

extensively used to study different centers in ionic crystals, 

in particular Spector et al [5] applied it to the U center in 

alkali-halides. The optical band in this model must be 

associated to an intraatomic transition between the H Is'' 

and ls2p states, since the system is described by a two 

electrons hamiitonian, the crystals being simulated by a 

point ion structureless lattice. 

Wood and Opik [6] have shown the importance of 

considering in detail the interactions between the H orbi

tais and other neighboring orbitais; these admixtures have 

greatly improved the simple point calculations of Spector 

et al [51 (see Table II). Wood and Opik associate the 

optical absorption U band to a transition from a .': state 

into a state of symmetry d, which is quite diffuse, and they 

suggest that this state lies close to the bottom of the 

conduction band; therefore the absorption band of the U 

center can no longer be associated to a purely intratomic 

optical transition as in the point ion model. 

It is also important to comment on the results of 

Yu [71 and Yu et al [81, who studied this same defect in 

the alkali ^alides by the Multiple Scattering method in the 
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Xa approximation. The values showr in Table II were obtaxne.: 

with a cluster constituted of the H ion and its six neigh

boring cations, by associating the optical excitation t^ the 

r. •* r transition. The energy levels structure relative 

to this calculation can not be compared to the present 

results, since no information about the anions is given. 

Yu [7] performed a calculation for the U center in KC1 

using a cluster with twenty seven atoms, and the resulting 

energy levels structure positions the r. occupied states 

above and near a group of predominantly Cl 3p levels. Their 

results indicate that the empty r. state is quite delocalize.", 

and although its nature is not directly investigated, it is 

probably a cationic state, since in the pure KC1 twenty 

seven atoms calculation of Yu f7:, r. also appears at 

about the same energy. Unfortunately there is nc agrees:: 

between the seven and the twenty seven atoms clusters cal ~. 

lations concerning one-electron eigen energies and the se:f 

consistent potentials, leading to different results for t"-.e 

optical transition; more seriously, no convergence has beer. 

achieved for a transition state calculation in the bigger 

cluster. 

The previously proposed models indicate the 

necessity of studying this system within a formalism where 

the extended states (band states) as well as the localized 

states are treated in an adequate manner. Within a simple 

one s-orbital per site model, we obtain with the CBL rnethc>: 

a picture for the electronic structure of the U center in 

which the localized impurity levels are consistently posi

tioned with respect to both occupied and empty bands. 
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Similar to the F band transition, the peak of the absorption 

U band is associated to a monoelectronic transition between 

the levels of symmetries F.. and r4 . This r. state 

splits-off the cationic conduction band due to the small 

perturbation in the eigenenergy of the impurity nearest 

neighbors (A1 = A - 0.1 eV) and, as in the case of the F 

center, it is located very near the bottom of that band, 

having a small degree of spacial localization. Therefore 

the present model is in agreement with Wood and Opik [6j 

in the interpretation of the optical excitation as a transi

tion from the r. state into r. , whicn extends over a few 

lg 4u 

layer of neighbors. In the present model the 2p hydrogen 

orbitais are not considered, therefore this r„ state is 

predominantly cationic. 

To our knowledge, no previous calculation concern

ing the electronic structure of the U center has unambiguously 

positioned the defect states relative to the valence band. 

This information is important, and from it we may suggest a 

model for the absorption band related to the substitutional 

hydrogen atom (U3-center) [191. In this model, the optical 

excitation can be associated to a transition from a deloca

lized state arising predominantly from the valence halogen 

states into the H atom, forming an H~ .'.on. The r, state 

obtained here for the U center, which is doubly occupied, is 

a possible description of the first excited state of the 

U3 center. In the present model, the energy difference be

tween the top of the valence band and the r, state gives 

an estimate for the value of this excitation energy. For 
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KC1 this calculated value of 3.01 eV must be compared with 

the experimental prediction of 2.9 eV of Hayes and Hodby 

[19], notice that this interpretation is similar to that 

proposed bv Kerkhoff et al [20] for the optical absorption 

of the U2 center in KCl. Their calculation estimates the 

absorption peak by calculating the energy of excitation of 

an electron from a 3p state of CI into the Is state of the 

H atom. No other measurements for the U3 center optical 

absorption in alkali-halides are reported in the litterature. 

To conclude, one can say that the results obtained 

from the present calculations indicate that the CBL method 

describes fairly well the electronic structure of the 

U center in alkali-halides, if correlation effects are 

properly considered in the model Hamiltonian. This was 

taken into account by assuming the Anderson model for the 

correlation energy, and solving the problem self-consistent-

ly in the Hartree-Fock approximation. 
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TABLE CAPTIONS 

Table I - Values of the parameters used in the present 

calculation in units of eV. 

Table II - Experimental and theoretical values for the 

U band energy in electron volts. The self 

consistent values for the average occupation 

of the hydrogen orbital <n,> and the percentual 

deviation of the present results from experi

ment (5) are also given. 
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TABLE I 

Crystal A V V e 

KC1 4.35 1.12 2.02 -6.42 

KBr 3.65 1.13 1.94 -6.98 

KI 3.15 0.97 1.55 -7.54 

NaCl 4.38 1.57 2.83 -5.82 

NaBr 3.55 1.10 1.87 -6.32 

Nal 2.99 1.26 1.97 -6.82 
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TABLE II 

<-™c*. = i
 w v <a> ?oint-ion „_T -^^(d) * ,»\ Crystal < > Xo „ » , . CBL Exp 6 (%) 

'd 

KC1 0.61 5.81 4.82 5.57 5.70 5.79 1 

KBr 0.58 5.49 4.60 5.48 5.62 5.44 -3.3 

KI 0.61 - 4.22 5.21 4.59 5.08 9.6 

NaCl 0.50 6.00 5.52 5.99 6.46 -8.2 

NaBr 0.58 5.58 5.14 4.89 5.90 17.1 

Nal 0.49 4.68 5.11 

(a) Yu et ai C8] 

(b) Spector et ai C5] 

(c) Wood and Opik [6] 

(d) Schulman and Compton [21] 
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FIGURE CAPTION 

Fig. 1-18 atom plus a central hidrogen ion (H ), used in 

the U center calculations. A Bethe lattice is 

connected to each dangling bond. 
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