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ABSTRACT 

An attempt has been made to examine the relative stabilities of Z
1 

center orientations at the surfaces of 
Be2+, Mg2

+ and Ca2
+ doped LiCl, NaCl and KCl ionic crystals as well as the effects of Z

1 
center on the 

adsorption of atomic halogens (F, Cl, Br, I and At) using an embedded cluster model and density functional 
theory calculations. The embedded clusters were terminated by partial ionic charges that make the 
Coulomb potentials at the central surface sites equal to the Madelung potentials of the host;surfaces. While 
the linear orientations of the Be2

+ doped surfaces were more stable than the non linear orientations, the non 
linear orientations of Mg2

+ and Ca2
+ doped surfaces were more stable than the linear orientations. The Z

1 

center is suggested to be an F center strongly perturbed by a neighboring monovalent cation vacancy and 
almost independent on the position of the divalent cation impurity. The relative stabilities were neither 
dependent on the type of the divalent cation impurity nor the type of the monovalent host cation. The Z

1 

center changes the nature of atomic halogen adsorption from physical adsorption to. chemical adsorption 
and the adsorption energies are directly proportional to the electronegativity of the halogen and thtt effec
tive nuclear charge of the host cation. The spin pairing mechanism plays the dominant role in the course 
of adsorbate-substrate interactions, and the surfaces can be made semiconducting by Z

1 
center ithperfec~ 

tion. ,, .. 
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1. Introduction 

In non-irradiated alkali halide crystals, the divalent alkaline earth impurities are associated to positive 

ion vacancies, forming I-V electric dipoles in the <11 0> directions. In some cases, the vacancies are in the 

next nearest neighbor positions and the dipoles are oriented in the <1 00> directions. There are several the

oretical and experimental investigation ofl-V dipoles in the literature [ 1]. As for the monovalent imp uri

ties, it is possible to associate irradiation defects to divalent impurities. An F center associated with such 

I-V dipole form the Z
1 
center [2]. A variety of complex aggregates or Z centers are possible. The nature of 

most of these is still uncertain, but the Z
1 

center in KCl has been unravelled by END OR measurements to 

give two possible orientations, both ofwhich contribute to the same optical absorption spectrum [3]. 

In our previous attempt to examine the relative stabilities of Z
1 

center orientations at the (00 1) surface 

of LiH crystal [2], we found the linear orientation to be more stable than the non linear orientation by ca. 

0.16 e V We also found that Z
1 

center could be described as an F center strongly perturbed by a neigbor

ing positive ion vacancy V- and almost independent on the divalent impurity Be2
+. In the present study, we 

extend our investigations to include the relative stabilities of Z
1 
center at the (001) surfaces ofLiCl, NaCl 

and KCl crystals with Be2+, Mg2
+ and Ca2

+ divalent impurities theoretically using the density functional the

ory model of ab initio molecular electronic structure calculations. 

Theoretical and experimental studies of adsorbate-substrate interactions have become of increasing 

importance since they are related to a variety of technologically important processes such as catalysis, cor

rosion and gas sensors [ 4]. Several theoretical studies have been done to simulate adsorption of simple sys

tems on ionic surfaces [ 5]. These ionic surfaces are known to be highly stable and the nature of adatom 

surface interactions are not so clear. In the present study, we have also attempted to extend our previous 

investigations [2] to include the effects of Z
1 

centers with Be2
+, Mg2

+ and Ca2
+ divalent impurities at the 

(001) surfaces ofLiCl, NaCl and KCl crystals on the adsorption of the atomic halogens (F, Cl, Br, I and 

At) theoretically using the density functional theory model of ab initio molecular electronic structure cal

culations. 

2. Methods 

2.1. Crystal simulation ··· 

To simulate the (001) surfaces ofLiCl, NaCl and KCl crystals we follow a procedure previously report

ed for LiH [6], LiF and NaH [7] and MgO [8]. Three finite crystals, each consists of 288 point charges, 

were first constructed. The Coulomb potentials along the X- andY- axes of these crystals are zero by sym

metry as in the host crystals. The charges on the outer shells listed in Table 1, were fitted to make the 

Coulomb potentials at the four central sites closely approximate the Madelung potentials of the host crys

tals, and to make the Coulomb potentials at the eight points with coordinates (0, ±R, ±R) and (±R, 0, ±R) 

where R is half the lattice distance- which is 2.57 Ao for LiCl, 2.815 Ao for NaCl and 3.147 Ao for KCl

equal to zero as they should be in the host crystals. With these charges, 0.409283 and 0.800909, the 

Coulomb potentials in the regions occupied by the central ions are very close to those in the unit cells of 

the host crystals. All charged centers with cartesian coordinates (±X), (±Y) and (Z > 0) were then elimi-
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nated to generate the (001) surfaces ofLiCl, NaCl and KCl crystals, each with 176 charged centers occu

pying the three dimensional space (±X), (±Y) and (Z :::; 0) as shown in Fig.l. The defect free and defect 

containing clusters were then embedded within the central regions of the crystal surfaces. All the elec

trons of the embedded clusters were included in the Hamiltonian of the ab initio calculations. Other crys

tal sites entered the Hamiltonian either as full or partial point charges as demonstrated in Table 1. Both 

diagonal and non diagonal matrix elements of the Coulomb potentials of the full and partial charges were 

also included in the Fock matrix. 

Table 1: Specification of the finite lattice used for the crystal surface calculations. 

R is half the lattice distances, which is 2.57 A for LiCl, 2.815 A for NaCl 

and 3.145A for KCL r is the distance ofthe appropriate shell from the 

center of the lattice. 

r'!R' Coordinates/R Charge Number 

lxi,IYI,-z lql of centers 

2 1 1 0 1 4 

6 1 1 2 1 4 

10 3 1 0 1 8 

14 3 1 2 1 8 

18 1 1 4 1 4 

18 3 3 0 1 4 

22 3 3 2 1 4 

26 5 1 0 1 8 

26 3 1 4 1 8 

30 5 1 2 1 8 

34 3 3 4 1 4 

34 5 3 0 1 8 

38 5 3 2 1 8 

38 1 1 6 1 4 

42 5 1 4 1 8 

46 3 1 6 1 8 

50 5 5 0 1 4 

50 5 3 4 1 8 

50 7 1 0 1 8 

54 5 5 2 1 4 

54 3 3 6 1 4 

58 7 3 0 1 8 

66 5 5 4 1 4 

54 7 1 2 0.409283 8 

62 7 3 2 0.409283 8 --
66 1 1 8 0.800909 4 

82 9 1 0 0.800909 8 

86 9 1 2 0.800909 8 

D76 
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Figure 1: Representation of the z = 0 plane of the lattice used in the calculations. 
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2.2 Calculations 
To include the Z

1 
center in the calculations, the monovalent surface cation (Li+, Na+ or K+) in the central 

region of each crystal surface was first substituted by the divalent cation impurity ( Be2+, Mg2
+ or Ca2+). A 

second surface cation was then removed to neutralize the charge (V-), and a single electron was trapped in 

an adjacent anion vacancy (F center). There are, therefore, n electrons consisting of the excess (vacancy 

trapped) electron of the F center plus those associated with the neighboring ions. The molecular clusters 

representing the defect free and defect containing surfaces of LiCl, NaCl and KCl are shown in Fig.2. 

Linear orientation 

The defect free surface 
M9Cl11 

Bent orientation 

The defect containing surface 
IV-F- M7Cl10 

0: Cl- e: M = Lt, Na+,K+ @>:I= Be2+, Mg2+, Ca2+ 0: y- .: F 

• : 0,0,0 site I : ion under the surface plane 

Figure 2: The defect free and defect containing surfaces of LiCl, NaCl and KCl. 
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The density functional theory DFT calculations were performed using Becke three-parameter exchange 

functional B3 with LYP correlation functional [9]. The B3LYP hybrid functional includes a mixture of a 

Hartree-Fock exchange with DFT exchange correlation. Originally the exchange functional B includes the 

Slater exchange along with corrections involving the gradient of the density and the correlation function

al LYP is that of Lee, Yang and Parr, which includes both local and non-local terms. The B3LYP functional 

is an approximation to the true exchange functional, which has shown to give a good description of inter

actions involved in the adsorption processes [ 1 0]. 

The adsorption energy Eacts of an adatom on the surface was calculated from the relation 

E =E -E -E 
adsorption complex adsorbate substrate 

(1) 

The terms appearing on the right hand side are the total energies of the complex (adsorbate + substrate), 

the adsorbate and the substrate, obtained from three independent calculations using the same supercell. 

The negative adsorption energy Eadsorption indicates that the bound adsorbate is electronically stable. 

The Stevens, Basch and Krauss effective core potential triple zeta basis set CEP-121G was employed 

in the calculations. For a defect free cluster such as K
9
Cl

11 
with 88 interacting electrons, there are 204 basis 

functions and 320 primitive gaussians. The computations were carried out using Gaussian 98-system [11]. 

Table 2: The total electronic energies E,otai of the linear and non linear orientations 

of z, centers at the surfaces ofLiCl, NaCl and KCl. The total electronic 

energy differences L1E'"''1 (relative stabilities) are given in the last column. 

E,o"' are given in Hartrees and LiE'"''' in e V. 

Etotal 

Dopant linear bent ,AEtutal 

LiCl Be'" -177.0797617 -177.0767756 0.081 

Mg'- -176.9332526 -176.9343011 0.029 

Ca'" -176.7816356 -176.7890138 0.200 

NaCl Be'- -173.5043125 -173.5030715 0.034 

Mg'- -173.3610761 -173.362 7 482 0.046 

Ca'· -173.2641167 -173.2648744 0.021 

KCl Be'· -171.0951697 -171.0925097 0.072 

Mg'- -170.9094016 -170.9593499 1.359 
Ca'- -170.8649421 -170.8663421 0.038 
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3.1 z, center orientations 

3.1.1 Relative stabilities 
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We start discussing our results by considering the relative stabilities of Z 1 center orientations at the sur

faces of LiCl, NaCl and KCl crystals. The two possible orientations of z, center according to Bushnell, 

Stoenham and Luty [3] are shown in Fig.2.As shown in this Figure, the only difference between the two 

isomeric orientations is the site occupied by the divalent impurity I. The four basic constituents of Z 1 are 

therefore I, CI-, V and F center (V- is the cation vacancy and F center is a single electron trapped in a near

est neighbor anion vacancy). 

The calculated total electronic energies of the two orientations are given in Table 2. As one can see from 

this table, while the linear orientations of Be2
+ doped surfaces were more stable than the non linear orien

tations by ca. 0.034-0.081 e V, the non linear orientations of Mg2+ and Ca2+ doped surfaces were more sta

ble than the linear orientations by ca. 0.020-1.36 eV. The small energy differences between the linear and 

non linear orientations of z, center could be one reason why the nature of most z, centers is still uncer

atin. In the present cases, one might think of the center as an F center strongly perturbed by a neigboring 

positive ion vacancy and almost independent of the divalent positive ion position. Moreover, the relative 

stabilities of the linear and non linear orientations were neither dependent on the divalent cation impurity 

nor the monovalent host cation. 
Table 3: The energy changes L'lE attributed to the simultaneous out

ward displacements of the nearest neighbor ions to the defectsites at 

LiCl, NaCl and KCl surfaces by 5% of the lattice parameter. Energies 

are given in e V. 

Crystal Dopant L'lE 

LiCl Be- 1.76 

Mg'- 1.50 

Ca'~ 2.53 

NaCI Be'- 2.54 

Mg'~ 2.48 

Ca'- 1.80 

KCl Be'- 2.18 

Mg'- 2.23 

Ca'- 1.86 
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Figure 3: The electrostatic potential curves over the defeat free and defeat containing surfaces of LicL, 
NaCl and KCl. 
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3.1.2 Relaxation effects 

A complete treatment of lattice relaxation- in particular for z, center- is a lengthy problem. Firstly, the 

ionic displacements around the defect sites (the divalent impurity, the cation vacancy and the neighboring 

F center) are not confined to the nearest neighbors and secondly, they are not totally symmetric. Moreover, 

several calculations give small relaxations of the surface layers, in agreement with low energy electron dif

fraction (LEED) experiments [12]. 

However, z, center is likely to be associated with local distortions around the divalent impurity, the 

cation vacancy V and F center. We have therefore made an attempt to test how this will affect the total 

electronic energies of the relatively stable orientations. Firstly, we determined the optimal relaxation mode 

of the nearest neighbor ions to the defect sites. The optimal relaxation mode may be defined as the pattern 

of ionic displacements around the defect sites that lead to the largest total electronic energy lowering. This 

was found to be the outward displacements of all nearest neighbor ions to the defect sites. Secondly, the 

ions immediately surrounding the Zl center were simultaneously displaced outward by 5% of the lattice 

constant to estimate the contribution to the total electronic energy lowering. As shown in Table 3, the 5% 

displacements were found to lower the total electronic energies of B2+, Mg2+ and Ca2+ doped LiCl, 

NaCl and KCl surfaces by ca. 1.50-2.54 eV. 

3.2 Z
1 

center and interaction of atomic halogen 

3.2.1 The surface electrostatic potentials 

The electrostatic fields near the surface of an ionic crystal are so large and nonuniform [13]. We have 

therefore made an attempt to shed light on the expected electrostatic contributions to adsorbate-substrate 

inteactions under the effect of z, center imperfection. We calculated the electrostatic potential curves over 

the monovalent cation site of the defect free surface and the divalent impurity site (Be2+, Mg2+ and Ca2+) of 

the defect containing surface at the distances considered for adsorbate-substrate inetractions in Angstroms. 

The electrostatic potential curves are shown in Fig.3, from which we observe that the elctrostatic poten

tials over the monovalent cations of the defect free surfaces and the divalent impurity cations of the defect 

containing surfaces are quite different. This means that one may expect quite different electric fields and 

electric field derivatives under the effect of z, imperfection. Since the electrostatic interaction of the 

adatom with the surface will mainly consist of electric field-induced dipole and electric field derivatives 

induced quadruple moments, we also expect that classical contributions to the adatom-surface interactions 

are quite different under the effect of z, center imperfection. 

3.2.2 The adsorbate-substrate interactions 

We may now consider the adsorbate-substrate interaction by examining the adsorption characteristics of 

atomic halogens (F, Cl, Br, I and At) at the defect free and defect containing surfaces of LiCl, NaCl and 

KCl to gain an overall picture of the effects of z, center on the energetics of surface halogenation. We lim

ited our investigation of different adsorption sites to the four cases of on-top adsorption on monovalent 

cation of the defect free surface and the three divalent cation impurities of the defect containing surface. 

The divalent cation impurity site provides unique characterization of z, centers at the surface of the given 

crystal. The M
9
Cl

11 
and IVF-M

7
Cl

11 
clusters representing the defect free and the defect containing surfaces 

as well as the adsorption sites, namely, the monovalent cations ( Li+, Na+ and K+) of the defect free sur-
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X 

® 

The defect free surface 
MgCl11 

X 

® 

Linear orientation 
IYF- M7Cl10 

Q: Cl- • : M = Lt, Na+, K+ 
@:X= F, Cl, Br, I, At Jill: F 
1 : ion under the surface plane 

X 

® 

Non linear orientation 
IV-F- M7Cl10 

~ · I = B 2+ M 2+ C 2 + "'Y· e, g, a O:v-
• : 0,0,0 site 

The defect containing surface 

Figure 4: The adsorbtion of :f, Cl, Br, I and At over the defect- free and defect containing of LiCl, NaCl 

and KCl. 
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faces and the divalent cation impurities ( Be2
+ for the linear orientation, and Mg2+ and Ca2

, for the non lin

ear orientation) of the defect containing surfaces are shown in Fig.4, and the data for optimal adsorbate

substrate distances and optimal adsorption energies are given in Table 4. As shown in this Figure, the 

adsorption energy of the halogen atom over the defect free or defect containing surface is directly propor

tional to the electronegativity of the halogen. While the adsorption energy of the halogen atom was direct

ly proportinal to the charge density of the monovalent cation of the defect free surface, it was indepen

dent on the charge density of the divalent cation impurity of the defect containing surface. The charge 

density is expected to increase with decreasing the screening effect of the inner shell electrons. The Z1 

center enhances the interaction between the incoming halogens and the considered adsorption sites drasti

cally and changes the nature of surface adsorption from physical to chemical adsorption assuming a 

boundary value between physisorption and chemisorption of ca. 1.5 eV. Moreover, the calculated pat-. ' 

tern of adorption energies is in consistence with the earlier expectations of electrostatic potentials curves, 

i.e, the calculated adsorption energies are quite different under the effect of Z 1 center imperfeection. 

3.2.3 The relative roles of energy gaps and spin pairing 

To examine the relative roles of (i) the energy gap between the halogen atom and the substrate surface 

(ii) the spin pairing between the halogen atom single electron and the Z
1 

single electron, in the course of 

the adsorbate substrate interactions, the tops of the valence bands and the bottoms of the conduction bands 

of the defect free surfaces, the highest occupied atomic orbitals HOAOs of the free halogens and the high

est occupied molecular orbitals HOMOs of the defect containing surfaces have been calculated and repre-

LiCl 

NaCl 

r-------

KCl 

Table 4: Data for optimal adsorption energies Eads/eV and adsorbate-substrate distances 

Ref A ofF, Cl, Br, I and At over the defect free and defect-containing surfaces 

of LiCl, NaCl and KCL 

F Cl Br I 

Dopant R 
' E,d •. R, E,d,. R E,d,. R, E,ds. 

' 

1.93 -0.289 2.8 -0.086 3.1 -0.046 3.5 -0.0414 

Be'- 1.44 -6.20 2.0 -4.28 2.2 -3.67 2.47 -3.06 

Mg'- 1.86 -5.10 2.44 -4.01 2.62 -3.53 2.89 -3.17 

Ca'- 1.94 -5.07 2.74 -3.81 2.94 -3.36 3.23 -2.94 

2.35 -0.185 3.03 -0.079 3.35 -0.047 3.68 -0.037 

Be,_ 1.42 -6.15 1.93 -4.27 2.11 -3.66 2.35 -3.04 

Mg'- 1.84 -5.40 2.39 -4.29 2.54 -3.83 2.79 -3.37 

Ca'- 1.96 -5.10 2.73 -3.87 2.94 -3.43 3.21 -3.01 
I 

--

2.6 -0.130 3.5 -0.077 3.81 -0.040 4.30 -0.035 

Be'- 1.4 -5.82 1.87 -4.01 2.03 -3.42 2.27 -2.82 

Mg'- 1.82 -5. 07 2.35 -3.92 2.50 -3.46 2.74 -3.01 

ca> 1.95 -5.27 2.71 -4.0 I 2.91 -3.55 3.18 -3.14 

125 

At 

R Eads. ' 

4.2 -0.041 

2.57 -2.77 

2.98 -2.78 

3.33 -2.69 

3.94 -0.040 

2.45 -2.75 

2.9 -3.12 

3.3 -2.76 
---

4.33 -0.037 

2.36 -2.53 

2.83 -2.77 

3.27 -2.89 
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) 

sented graphically in Fig.5. As shown in this Figure, the energy gap between the HOAO of free halogen 

and the top of the valence band of the closed shell defect free surface is always narrower than that between 

the HOAO of the same free halogen and the HOMO of the open shell defect containing surface. However, 

the free halogen adsorbs more strongly over the defect containing surface. We have therefore to conclud

estate that the spin pairing between the single electron of the incoming halogen and the Z
1 

center single 

electron plays the dominant role-relative to the effect of the energy gap- in the course of the adsorbate

substrate interactions. This explanation might be applicable to all other open shell adsorbates over Z
1 
cen

ter surfaces. 

Table 5: The band gaps in eV of the defect free surfaces and the HOMO-LUMO 

of the defect containing surfaces of LiCI, NaCI and KCI. 

Crystal Dopant "E 

LiCI 5.43 

Be2+ 0.24 

Mg2+ 0.35 

Ca2+ 0.37 

NaCI 4.86 

Be2+ 0.38 

Mg2+ 0.18 

Ca2+ 0.25 

KCI 4.39 

Be2+ 1.55 

Mg2+ 0.50 

Ca2+ 0.22 

3.2.4 Band gaps and electrical conductivity 

To clarify the effect ofZ1 centers on the nature ofLiCl, NaCl and KCl insulating surfaces, we have cal

culated the band gaps of the defect free and defect containing surfaces. The band gap was calculated as the 

difference between the top of the valence band and the bottom of the conduction band of the defect free 

surface, and the difference between HOMO and LUMO of the defect containing surface. These band gaps 

are collected in Table 5. The band gaps were calculated to be ca. 4.39-5.43 eV for the defect free surfaces 

and ca. 0.22-0.37 eV for the defect containing surfaces. The band gaps were therefore significantly 

reduced as a consequence of the valence and conduction band shifting and the insulating surfaces of the 

present alkali chlorides can be made semiconducting by Z l center imperfection provided that the domain 

of band gaps of an insulating material to be 2':2 e V. Since the Z1 center might be thought of as an F center 

strongly perturbed by a neigboring positive ion vacancy, we may attribute the semiconducting behavior of 

the z, surface to the single electron ofthe F center. 
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Summary 

An attempt has been made to examine the relative stabilities of Z
1 
center orientations at the surfaces of 

Be2+, Mg2
+ and Ca2

+ doped LiCl, NaCl and KCl ionic crystals as well as the effects of Z
1 

center on the 

adsorption of atomic halogens (F, Cl, Br, I and At) using an embedded cluster model and density functional 

theory calculations. 

While the linear orientations of the Be2
+ doped surfaces were more stable than the non linear orienta

tions, the non linear orientations of Mg2
+ and Ca2

+ doped surfaces were more stable than the linear orien

tations. 

The relative stabilities were neither dependent on the type of the divalent cation impurity nor the type 

of the monovalent host cation. The Z
1 
center changes the nature of atomic halogen adsorption from phys

ical adsorption to chemical adsorption and the adsorption energies are directly proportional to the elec

tronegativity of the halogen and the charge density of the host cation. The spin pairing mechanism plays 

the dominant role in the course of adsorbate-substrate interactions in addition to the charge density, and 

the surfaces can be made semiconducting by Z
1 
center imperfection. 

The detailed roles of spin pairing and charge density on the adsorption of Z
1 

surfaces of other alkali 

halides is suggested for future examination. 
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