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ABSTRACT 

The calculation of the energy bands of CuCZ by the 

cluster method is presented. The calculated energy bands obtained for 

different cluster coincide with the known experimental information 

available for CuCt. The calculated bands present a sudden change at 

40 kbar, very suggestive of the insulator-metal transition that CuCZ 

undergoes at such pressures. 
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II. THEORY 

The method used in this work is the crystalline cluster 

method (13). It is a variation of the self-consistent multiple-

scattering (MS) method of Slater and Johnson (14), developed to 

describe the electronic structure of ionic crystals. In this version 

of the MS method, the Schroedinger equation is solved in the cluster, 

but the Poisson equation is solved in an infinite crystal whose 

densities of charge in the atomic spheres are equal to the 

corresponding densities in the cluster. Thus, the potential used in 

the solution of the Schroedinger equation is the crystalline potential 

surrounded by an infinite potential barrier at the outer sphere. 

Inside the atomic spheres, the o-exchange parameters were taken the 

same as those tabulated for atoms (15). In the interatomic region the 

Kohn -Sham exchange (16) was used. Further details about the method 

may be found in references (13) and (14). 

The crystalline density of change o(r) can be obtained 

in terms of the complete ser of Bloch functions (BF) b n 	by 

p(") = E E l  I bn  (t,;) 1 2  
n 

where the sums on band n and wavevector t include ali occupied states, 

or equivalently, in terms of the complete set of Wannier functions (WF) 

wn (t,;) by 



=EE 	Iwn  (I, -I")12 	 (2) 

n 

where t are the lattice sites and the sum on band n include ali filled 
bands. The relationship between the local ized WF's and the delocalized. 

BF's is given by 

1 	 it 
	 E e 	" bn  (K,r) 	 ( 3 ) 

N 

where N is the numbers of unit cells in the crystal. 

Now, Ferreira and Parada (17) have shown that the width 

of a WF is usually smaller than the dimension of the crystal unit cell. 

So, the WF's that mostly contribute to O(É) near the p-th atom are 

those localized in the same unit cell where the p-th atom is or those 

localized in the nearest neighbouring cells. The above metioned authors 

have also shown 
(17)

that the width of the WF for a given band is 

approximately inversely proportional to the existing energy gaps 

between that band and the others near to it. So, the bigger the gaps 

between the bands, the smaller the width of the WF's and the better 

are the cluster results. 

As Cuel is a higly ionic compound it can be assumed that 

the wavefunctions of the occupied (valence) states are localized in the 

atomic spheres. For example, the top of the valence band has a localized 

Cu3d orbital character. Consequentl Y,  even small clusters may 



characterize well such flat bands. Une may also expect that the average 

energy of each one of these bands depends very little on the cluster 

size. 

However, the same arguments cannot be simply applied to 

the empty (conduction) states, because their wavefunctions may spread 

out over many atoms in the crystal. For a compound like CuCl the 

wavefunction for a conduction band can be written as 

a
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where A and B are the two types of atoms, a is a coefficient, r B  the 

position of atom B in the unity cell where atam A is located at the 

origin and the sums are performed over ali unity cells of the crystal. 

The local ized functions a A and a B may be choosen in such a way that 

<aA (1'..)1 a 3 (7-1) = 60,1 dA,B 	 ( 5 ) 

caA ,(;)1 Hla 8 ,(;-.1) 	6 t Eo 	 ; A' = A ar B 	 (6) 

<aA (;)! H I a B 	= s 60 ,1 	 ( 7 ) 

Now, suppose that the crystal is represented by a cluster with a 

certain number of shells of atoms. The conduction band wave function 

of the cluster may be written in tens of the localized functions as 



tp
c 

(i- ). z 	 E a cit-it ) 	 (8) ps shells 	D 	s  

where N s is the number of atoms in the s-shell, r
ps 

is the position 

vector of the p-atom in the s-shell and as  is a coefficient to be 

determined that depends on the shell and on the cluster size. 

The plot of ! (E - E 0 )/zS I , where z is the number of 

nearest neighbours, as function of the number of shells, bothfor ZNS 

and NaC1 structures, is presented in figure 1. 

insert figure 1 

From this figure one can see that even in this simule approximation 

the forbiden gap has a very rapid convergence with the number of 

shells in both structures. 

The crystaline cluster model, as well as the conventional 

MS-X , method has as arbitrary parameters the radii of the atomic 

spheres. The usual choice of such radii consists on taking values 

proportional to tabulated ones in such a way that their sum gives the 

experimental value of the interatomic distance of the compound. 	In 

the case of Cuel there are two distinct sets of tabulated atomic radii. 

The first takes into account the ionic character of the crystal binding 

(18,19) and the second takes into account the tetrahedral coordination 

of the atoms (20,23). The first is called "ionic radii" and the second 

"tetrahedral radii". 
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III. RESULT5 FOR ZERO PRESSURE 

The lattice parameter used in the calculations was 
o 

5.406 A, according to reference 2. First of ali, two calculations 

using two-shells (five-atoms) clusters were performed. The two-

shells clusters, called CU] and CU2, are centred in a Copper atom 

but are differente in the sense that in CU1 the ionic radii (19) were 

utilized and in CU2 the tetrahedral radii (21) were used as it is 

shown in Table 1. 

insert table 1 

Figure 2 and Table 2 present the results obained for 

such two-shell cluster, wich are compared with the theoretical and 

experimental data available on CuCl band structure. One may easily see 

from Figure 2 that the crystaline cluster results are in good 

agreement with the CuCl band structure and are very little dependent 

on the atomic radii. This result is not surprising due to the higly 

ionic character of CuCl chemical binding. 

insert table 2 and figure 2 

In a further calculation a three-shells (seventeen-atoms) 

cluster with ionic radii (19) was utilized in order to study the cluster 

size dependence of the CCM results, which are shown in Figure 2-g 

and Table 2-g. he may easily see that the crystaline cluster results are 



not strongly dependent on the number of atomic shells. But the 

agreement between the cluster results and the available experimental 

data increases as the cluster does, as one may expect from the 

analysis of figure 1 

If one intends to compare a theoretical density of 

valence states (DVS) N(E) with the experimental results, one has to 

broaden it in such a way to reproduce the experimental results. The 

CCM DVS is given by a sum of 8-functions weighted by the energy leveis 

occupation. Hence,if one broadensthe cluster DVS by gaussian functions 

of proper width the following results is obtained (24) : 

- 1(c - c.) 2  

e 	2/Ta  
N(c) = 	E 	n i  

oco. V 2m-a st. 

( 9 ) 

where e. is the energy of the electronic levei and n 1 	its degene?acy. 

The arbitrary parameter a was kept fixed at 0.5 eV. The 

DVS's obtained by Eq. (10) are shown in Figure 3 and are comparad 

with the experimental DVS (1). One can see again that the cluster 

results are in good qualitative agreement with the experimental 

results and that the broadened DVS depends little on the cluster choise. 

Insert Figure 3 



IV. EFFECTS OF HIDROSTATIC PRESSURE 

Since the results obtained for zero pressure do not 

differ very much for the different clusters utilized and the 

calculations with cluster CU are about ten times longer than the 

calculations with any one of the five-atom cluster, then cluster 

CUl was used to study the pressure dependence of the band structure 

of CuCg. The main effect of pressure is to reduce the lattice 

parameter of the crystal. The variation of this parameter with 

pressure was taken from the experimental compressibility curve (12) 

which was extrapolated up to 50 kbar. The error in fite linear 

extrapolation does not affect our qualitative conclusions. 

It has been shown (10) that the insulator-metal 

transition of CuCg is an effect that seems to depend more on the 

crystal features than on impurity effects. For an intrinsic 

semiconductor, the resistivity p is related to the band gap CG  by 

(25) 

p 	exp 
2kT 

The calculated band gap variation with pressure is shown in Figure 4 

as well as the experimental pressure dependence of the resistivity. 

One sees that at about 40 kbar the cluster energy band gap has a 

sharp decrease and that both theoretical and experimental curves have 

the same shape. 



V. CONCLUSION 

The crystalline-cluster model seems to reproduce very 

well the band structures of CuCl,an ionic compound. The results do 

not depend strongly on parameters like the atomic radii and the 

number of atomic shells used in the cluster. 

The theoreticaly calculated band gap presents a sharp 

decrease with pressure at about 40 kbar, does indicating that the 

insulator-metal transition of CuCl is an intrisic effect. 

ACKNOWLEDGMENT 

We are indebted do Dr.Adalbert0Fazzio for bringing to 

our attention the interesting properties of CuCL. 



REFERENCES 

1. A.Goldmann, J.Tejeda, N.J. Shevichik and M. Cardona, Phys. Rev. B 

10, 4388 (1974). 

2. A.Goldmann, Phys. Stat. Sol. (b) 81, 9 (1977). 

3. S.Lewonczuk, J.G. Gross, M.A. Khan and J. Ringeissen, Phys. Stat. 

Sol. (b) 83, 161 	(1977). 

4. M.K. Song, J. Physique 28, 195 (1967) and M.A. Khan, Sol. St. 

Comm. 11, 587 (1972). 

5. E. Calabrese and W.B. Fowler, Phys. Stat. Sol. (b) 56, 621 (1973); 

Phys. Stat. Sol. (b) 57, 135 (1973). 

6. A.B. Kuntz and R.S. Weidman, J. Phys. C: Sol. State Phys. 12, 

L371 (1979). 

7. T.J.M. Smit , W.C.Nieuwpoort and C. Haas, J. Phys. Chem. Sol. 39, 

1095 (1978). 

8. C.W. Chu, S. Early, T.H. Geballe, A. Rusakov and R.E. Schwall, 

J. Phys. C: Sol. State Phys. 8, L241 (1975). 

9. N.R. Serebryanaya, S.V. Popova and A.P. Rusakov, Sov. Phys. Sol. 

St. 17, 1843 (1976). 

10. C.W. Chu, A.P. Rusakov, S.Huang, S. Early, T.H. Geballe and 

C.Y. Huang, Phys. Rev. B. 18, 2116 (1978). 

11. A.P.Rusakov, Phys. Sol. (b) 72, 503 (1975). 

12. A.P. Rusakov. S.G. Grigoryan, A.V. Ornei  chenko and A.E. 

Kadyshevich, Sov. Phys. JETP. 45, 380 (1977). 

13. L.M. Brescansin and L.G. Ferreira, Phys. Rev. B. 20, 3415 

(1979). 



11 - 

14. K.H. Johnson, Advances in Q. Chem. 7, 143 (1973). 

15. K. Schwartz, Phys. Rev. B 5, 2468 (1972). 

16. R. Gaspar, Acta Phys. Acad. Sci. Hung 3, 263 (1954), W. Kohn and 

L.J. Sham, Phys. Rev. 140, A1133 (1965). 

17. L.A. Ferreira and N.J. Parada, Phys. Rev. B 2, 1614 (1970): 

J. of Phys. C 4, 15 (1971). 

18. L. Pauling, "The Nature of the Chemical Band", Cornell Un. Press, 

New York (1960). 

19. P.S. Bakhshi, S.C. Goyal and J. Shanker, Indian J. of Pure and 

App. Phys. 14, 598 (1976). 

20. W.L. Bragg, Phil. Mag. 40, 169 (1920). 

21. J.C. Slater, J. Chem. Phys. 41, 3119 (1964). 

22. J.T. Waber and D.T. Cromer, J. Chem. Phys. 42, 4116 (1965). 

23. J.C. Philips, "Bonds and Bands in Semiconductors", Academic Press, 

New York (1973) 

24. R.P. Messmer, S.K. Knudson, K.H. Johnson, J.B. Diamond and 

C.Y. Yang. Phys. Rev. B 13, 1396 (1976). 

25. S.M. Sze, "physics of Semiconductor Devices", Jonh Wiley & Sons, 

New York (1969). 



- 12 - 

TABLE 1. Parameter used in our band calculation of CuCR at zero pressure. 

cluster CUl CU2 CL1 

number of atomic shells 2 2 3 

number of atoms 5 5 17 

inner atom Cu Cu Cl 

atomic radii ionic tetrahedal ionic 

R
Cu 

2.108 2.541 2.108 

R 
CR 

2.315 1.882 2.315 

Cu 0.707 0.707 0.707 

a exchange 	CR 

parameter 

interatomic 

0.723 

0.667 

0.723 

0.667 

0.723 

0.667 
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FIGURE CAPTIONS 

FIG. 1 - Variation of the cluster forbidden energy band with the number 

of atomic shells. 

FIG. 2 - Different band structure calculations of CuCt at zero Pressure. 

a - ref. 4; b - ref. 5; ref. 6; d - ref. 7; e - cluster CUl; 

f - cluster CU2; g - cluster CL1; h - exp., ref. 2. 

FIG. 3 - DVS of CuCt at zero pressure. a - cluster CU]; b - cluster 

CU2; c - cluster CL1; d - exp., ref. 1. 

FIG. 4 - a - experimental resistivity variation with pressure, according • 

to ref. 10. b - theoretical variation of energy gap with pressure, 

according to this work. 
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