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The Electronic Structure of Trigonal and Amorphous Se and Te* 

t s .. * . J. D. Joannopoulos, M. chluter and Marv1n L. Cohen 

Department of Physics, University of California and 

Inorganic Materials Research Division, 

Lawrence Berkeley Laboratory, Berkeley, California 94720 

Abstract 

The electronic structure of trigonal and 

amorphous Se and Te is investigated using the 

empirical pseudopotential method (EPM), charge 

density calculations and simple tight binding 

models. Band structures and electronic densities 

of states are obtained which are in excellent 

agreement with recent photoemission measurements. 

The tight binding models are used to obtain analytic 

expressions for the energy bands and 'to interpret 

the EPM band structures in terms of real space 

orbital-orbital interactions. Charge density 

calculations obtained as a function of energy and 

evaluated within specific energy intervals are used 

to interpret various structure in the density of 

states. Specifically certain easily.resolvable 
< 

peaks in the experimental photoemission s~ectra 

are associated with intra-chain and inter-chain 

localized states respectively. By taking only 

sl1ort wavelength components of the charge density, 
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a bonding charge can be defined which gives an 

estimate of the intra- vs inter-chain bonding 

strengths. The trigonal results along with model 

calculations to investigate the effects of bond 

angle variations on chains and the presence-of 

eight atid six-fold rings of bonds are used to 

interpret the chang~s observed in the experimental 

spectra of amorphous Se and Te. A new model of 

amorphous Se :is proposed. 

I. Introduction 

To gain a good understanding of the electronic 

structure of any system it is important to study the electronic 

density of states of this. system. The main reasons for 

this are that the density of states contains information 

which is easily accessible and (1) remains a well defined 

quantity regardless of structure, (2) is sensitive to effects 

of periodicity, (3) contains basic information about the 

bonding nature of the system, (4) is sensitive to the topology 

of the system, and (5) reflects the intrinsic atomic nature 

of the systems constituents. 

A thorough study of the electronic density of states 

should involve a realistic calculation to facilitate compari­

sons with experiment, a careful examination of the calculated 

spectra (e.g. in terms of charge distributions) and simple 

model calculations which can aid in interpreting main features 

in a simple physical way. Experimentally, information about 

J 
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the density of states can be obtained from ultraviolet (UPS) 
·, 

and X-ray (XPS) photoemission measurements as well as X-ray 

emission and absorption experiments. The trigonal and 

amorphous phases of Se and Te are excellent systems for the 

d d .b d . 1 1-3 stu y escr1 e above s1nce new UPS and XPS measurements 

have provided important information about all the valence 

bands and have revealed many inadequacies of current theore-

. . 4-7 4 
t1cal calculat1ons. In one of these calculations a 

complete merging of the s- and p-like bands was proposed; 

this disagrees qualitatively with the recent photoemission 

data. 
. 5-7 

Other calculat1ons show a separation of s- and 

p-like bands which is in qualitative agreement with photo-

emission experiments, however band widths and important 

structure are not correct. In addition, no calculations 

exist giving a detailed analysis of the electronic nature 

of structure in the density of states. The photoemission 

measurements also show some remarkable differences between 

the trigonal and amorphous phases. One of these differences 

corresponds to a seemingly sharper structure in the s-like 

region of the density of states of the amorphous phase. 

This is quite an unusual behavior for an amorphous spectrum. 

Other important differences between amorphous and crystalline 

data appear when comparing the intensities of the two peaks 

of the bonding p-like region of the density of states. To 

understand and interpret these differences it is first 

necessary to have a good understanding of the origin of the 

structure 1n the trigonal spectra. 
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We thus present in this paper new calculations of the 

band structure, den~ities of states and charge densities 

for trigonal Se and Te using the empirical pseudopotential 

method (EPM).
8 

We also 1ntroduce simple tight binding models 

described.by a set of parameters-which are related to impor-

tant physical intera~tions in the system. In addition we 

have calculated the densities of states for various model 

structures as an aid in interpreting the amorphous photo-

emission results. 

The format of the paper is as follows. In Section II 

we discuss the structural aspects of Se and Te. In Section 

III we discuss the method and parameters used 1n our EPM 

calculations and we introduce and discuss two tight binding 

models. In Section IV we present the results of our calcu-

lations for trigonal Se and Te using the EPM and tight 

binding models and give a new interpretation of the photo-

emission spectra. In Section V we present our model calcu-

lations and we discuss and interpret the amorphous spectra. 

Finally in Section VI we make some concluding remarks. 

II. Structural Considerations 

The crystal structure of trigonal Se and Te consists of 

helical chains which spiral around axes parallel to the 

crystalline c-axis. The helices are arranged in an hexagonal 

array. The crystal unit cell consists of three atoms of one 

helix and is shown in Fig. l(a). The space groups of trigonal 

4 6 . f . 
Se and Te are n

3 
or n

3 
depend1ng on the sense o rotat1on 
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of the helical chains. The existence of chains is manifested 

by the fact that each atom is tightly covalently bonded to 

two neighbors as one would expect for elements with six 

9 
valence electrons. The bonding between individual chains 

is much weaker and is often believed to be of van der Waals 

character. We shall however show in this paper that there 

is definitely some covalent-like bonding between neighboring 

chains. The anisotropy-ratio of intra-chain bonding strength 

versus inter-chain bonding strength decreases in going from 

Se to Te. This is reflected in their mechanical properties10 

and in the ratio of inter-chain versus intra-chain atomic 

distances d
2

1d
1 

= 1.49 for Se and 1.31 for Te. In fact the 

next heavier group VI element Po crystallizes in an isotropic 

simple cubic structure into which Te and Se transform under 

hydrostatic pressures of about 60 kbar and about 130 kbar 

respectively.
10 

The close relationship between the trigonal 

structure of Se and Te and the simple cubic structure can be 

recognized by comparing Fig.s l(a) and l(b). A rough picture 

of the electronic structure of Se and Te can be obtained by 

considering the strong intra-chain bonding only. Since the 

atomic s-states are well separated from the higher p-states 

(-10 eV for Se and -8 eV for Te) it is expected that s-p 

mixing will be small in the crystal. This does not at all 

contradict a bond angle of about 104° if one allows for slight 

mixing with d-states as well. In fact we obtained from our 

pseudopotential calculations by angular projection about 
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5-10% s- and 1-5% d-admixture to the bonding p-states. The 

deep-lying s-states overlap on neighboring atoms and combine 

into bonding- and anti-bonding like states. Since there is 

only one s-state per atom available, two complete covalent 

bonds per atom cannot be accomplished this way. As in a 

metal there will be no gap between these s-states and since 

all states are fully occupied the net contribution of the 

s-states to the cohesive energy will be small. The two 

bonds per atom are thus essentially formed by p-states with 

small admixtures of s- and d-character. This leaves one 

non-bonding p-state per atom. The six electrons per atom 

therefore occupy the s-states, the bonding p-like states and 

the non-bonding or lone-pair states. The Fermi level falls 

between the non-bonding and the anti-bonding p-like states. 

III. Calculational Methods 

A. EPM and Bonding Charge Model 

The EPM has been previously discussed ·extensively.
8 

Briefly the method involves solving a secular equation for 

the pseudopotential Hamiltonian which has the form: 

2 
H = - ~ V

2 
+ V(r) (1) 

·Using crystal symmetry the weak pseudopotential V(r) ~s 

expanded in the reciprocal lattice. 

V(r) = E V(G)ei§·: ( 2 ) 

G 
~ 

wltere G 1s a reciprocal lattice vector. ror the case of 
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one type of atom V(G) can be written 

( 3 ) 

where S(G) is the structure factor and Vf<l~l> is a form 

factor of the atomic pseudopotential. S(~) and Vf<l~l> are 
i 

given by 

S(G) 1 -iG·-r· = - L e ..., ....;~ 
n i 

(4) 

( 5) 

where n is the number of atoms per primitive cell, -r. is 
-1. 

the position of the i'th atom in the primitive cell, n, is 

the volume of the primitive cell and V <lrl> is the atomic 
a -

pseudopotential, assumed spherical. The values of Vf<l~l> 

used in our calculations were obtained by fitting peaks in 

the density of states to the structure in experimental photo­

emission spectra.
1

'
2 

To obtain good convergence we used 

about 60 plane waves as a basis set with an additional 300 

plane waves through a perturbation technique developed by 

LSwdin.
11 

We calculated E(k) in l/12 of the Brillouin zone -
at 300 grid points. The density of states was then obtained 

using 

N(E) = l E E o(E E (k)) 
NNa n k . - n -

(6) 

where N is the number of atoms in the primitive cell, N is 
a 
-

the number of primitive cells, and N(E) is normalized to the 
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number of states per atom. The method of Gilat and Raubenheimer
12 

is used to evaluate the integral in Eq. (6). The energy 

derivatives required by this method were obtained using k·p 

perturbation theory. 

Once we have the energies E (k) and the pseudo-wavefunctions 
n -

<P k(r) for each band n, we can define an average "energy" 
n' -

charge density pE(:) by 

( 7) 

This can then be used to define pE E (r) for an interval 
f' i -

PE E (r) = 
f' i -

(8) 

p is a very useful quantity for studying the distribution 
Ef,Ei 

and character of the electrons in various regions [Ei,Ef] of 

the density of states. Since pE E (r) is periodic, we can 
f, i -

expand it as 

( ) 
h ( ) iG·r 

PE E r = E PE E G e - -
f' i G f' i -

(9) 

We can now go a step further and isolate the short wavelength 

Fourier components from the long wavelength Fourier compo-

nents 

L S 
= PE E (r) + PE E (r) 

f' i - f' i -
(10) 

with 

s 
I) L' }' (I') -

Lf ' ~i -
1: 

G> 

h ( ') iL:"l' 
pE L' G e - ·-

2n f'Li -

~ 

( l L.i) 

--
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PE E (r) -

f' i .... 
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" ( ) iG·r PE E G e .... .... 
21T f' i .... 

G<-
>-a 

(llb) 

This introduces a new method of defining bonding charges 

and a way to separate out the effects of metallicity. The 

cutoff or boundary wavelength AO between short and long 

wavelength components was found to lie naturally at ). 0 = d 

where d is the nearest neighbor separation in Se or Te. 

B. Tight Binding Model with Only Intra-chain Interactions 

We now introduce a very simple tight binding model in 

which we include only intra~chain interactions. This model 

can be solved analytically and it contains the basic infor-

mation for understanding the EPM band structures and the 

importance of a single chain as a unit. This model is 

particularly applicable to Se which is more anisotropic 

than Te. In the next section we will also include inter-

chain interaction~ so that the ~xtended model will be appli-

cable to both Se and Te. 

We begin by assigning to each atom a basis set consisting 

of an s-like orbital Is>, two hybrid and mixed p-like 

orbitals lp>,and one lone-pair li> function. These orbitals 

are shown schematically in Fig. 2(a). The Is> orbitals 

constitute wavefunctions which are localized on the atoms and 

are essentially the atomic a-states of Se or Te. The IP> 

orbitals are primarily of atomic p nature, but also con~ain 

some s and d admixture. They are primarily concentrated 

along the bonds in the chain with small lobes at antibonding 
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sites. Finally the lone pair It> orbitals are taken to be 

pure atomic p-functions. We can now write down a Hamiltonian 

for the ·Chain which is essentially "one-dimensional" and 

has the form 

V~'i' ls.><s., I 
. . . ' . ' 

H = l: + l: v1,J ,1. ,] I I . p • • ><p • I • I 
1. 1. p 1.,] 1. ,J . . ' 1.,1. . . ' 1,1 

. . ' 
J 'J 

i i' . 
(12) + l: Vrx_' I.L><L,I 

. . ' 1 1. 
1.,] 

where i (or i') represents a particular atom and j(or j') = 

1,2 is a particular bond of this atom. The first, second and 

third terms contain interactions among the s-orbitals, 

p-hybrid and mixed orbitals and lone-pair orbitals respectively. 

We neglect any other types of interactions. This is not a 

bad approximation and leaves us with a Hamiltonian that is 

. . ' 
The interactions V

1
'

1 

s 
decoupled and easy to work with. 

i J. i' J., i i' 
V ' ' ' and V ' that we have chosen are shown 1.n 

p .R. 

Fig. 2(b) and have physical interpretations that are easily 

understood. 
. . ' 

F V1,l 
or 8 we take 

. . ' 
v

1
'

1 = v o .. , + v '<1-o .. ,) 
s s l,l s l,l 

(13) 

where V rep~esents the position of the center of mass of 
s 

the s-like band or essentially the atomic s-level. V 1 is 
s 

the interaction between first nearest neighbors and is related 

. . . ' . ' 
to the width of this band. Next for V

1 'J' 1 ,J we take 
p 

• • • I • I 

Vl,J,l ,] = v J:. • J:. • + v IJ: (1 J: ) u 1 u , u •• , -u •• , 
p p l,l J,J p l,l J,J 

+ v "6 .. ,(1-6 .. ,.) + v '"(1-6 .. ,)(1-6 .. ,) 
p J,J l,l p ],] 1.,1 

(14) 
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where V represents the center of mass energy of the p-like 
p 

states and lies near the atomic p-level. V ' represents the 
p 

interaction of different IP> orbitals on the same atom, V " 
p 

represents the interaction between hybrid orbitals on 

different atoms but along the same bond (j = j') and V '" 
p 

·represents the interaction between hybrid orbitals on 

different atoms but not along the same bond (j ;. j'). v II 

p 

is also responsible for the bonding•antibonding splitting 
. . . ' 

of the p-like states about V . Finally for V1
'

1 we take 
p 1 

= V 0 ~ •• , + I~'i'(l-~ .. ,) 
~ 1,1 ~ 1,1 

(15) 

where v
1 

is the center of mass position in energy of the 

lone-pair states and is taken to be different from Vp because 

of the hybridization of lp>. 
. . ' 

I~' 1 represents first nearest 

neighbor interactions v
1

• and second nearest neighbor inter­

actions v
1
". The reasons for including second nearest 

. . ' . . . ' . ' 
neighbors in both V1

'
1 and V1 'J' 1 ,J will be discussed later. 

1 p 

The trigonal structure contains only three atoms in a 

primitive cell so that the eigenvalues and density of states 

of this Hamiltonian can be obtained analytically quite easily. 

In particular the eigenvalues of the hybrid and mixed p-like 

part of the Hamiltonian can be related by an analytic trans­

formation to the eigenvalues of a much simpler Hamiltonian 

in which we place only one localized state on an atom and 

take only nearest neighbor interactions into account. To 

show this, consider the chain shown in Fig. 3(a). For any 
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given atom i, we label the coefficients of the jp> orbitals 

in the total wavefunction near this atom by a, b, c etc. 

For any a. and b. (where j = 1 or 2) Schroedinger's equation 
J J 

reduces to 

Ea. 
J 

(16) 

Eb. = (b. +c . ) V ' + a. V " + (a +d. ) V "' ( 17) 
J J J p J p k J p 

where j ~ k and we have assumed that V = V ' for conven1ence. 
p p 

If we now sum over k and j we get 

2Ea. = 4V 'a. + 2V "B. + 2V I II r a. (18) 
l p l p l p J 

J 

2EB. = 2V I r a. + 2V "a. + 2V I II L: B. (19) 
l p 

j J p 1 p J 
J 

where a. is the sum of the coefficients of jp> associated with 
l 

atom i and Bi is the sum of the coefficients of lp> associated 

with the first nearest neighbor atoms of atom 1 which lie 

along the bond pointing towards atom i. Thus in Fig. 3(a), 

ai = a
1

+a
2 

and Bi = b
1

+b
2

. Equations (18) and (19) can 

of course be written in terms of a matrix equation of the form 

/ 

'E-2V I -V II\ 

-~.) Cp ... 0 \ ra.\ 
! p p / 1 

j J \ I (20 = 
)\ 

' 
\ I I I 

\ -V II E ' \ B") v I v I II r s. i / 
\ p \ 1 \ p p . J ' 

'- \ \ J I 

Equation (20) can now be reduced to an equat·ion of the form 

/ 

o\ ;:.,.. (v o\ /ra. ' /£ 1 a. 
! 1 \ J 

\o \ 8. 
I .· J = ; r (21) 

\ 0 
A 

£ v ; ' 

rs. I 

. 1 
\ . J 

J 
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" where &. and s. are related by a unitary transformation to 
~ ~ 

a. and S. and 
~ ~ 

E = V + V '" £/V ± lcv ') 2
+(V ")

2
+V 'V ";;;; (22) 

p p p p p p 

where we have taken into account again the difference between 

V and V ' 
p p 

Thus the problem of solving the hybrid and mixed 

p-like part of H in equation (12) is reduced to solving the 

simple system described by 

v ra. 
j J 

(23) 

whose eigenvalues are easily obtained and related to E by 

equation (22). This is similar to the one band-two band 

f . d b Th d W ' 13 ' h f trans ormat~on use y orpe an ea~re ~n t e case o 

tetrahedrally coordinated solids. Using (12), (13), (23) 

and (22) we obtain for the trigonal case from 0 < k < nlc or 

r to A 

E s = vs + 2V ' cos(~c) 1 s 

E s 
vs + 2V ' 

(kc-2n) = cos 3 2 s 

E s v + 2Vs ' 
(kc+2n) (24) = cos 3 3 s 

V +2V "'cos(kc+ 2n)-((V '> 2+CV ") 2+2V 
p p 3 p p p 

'Vp"cos(kc;2n)Jl/2 

Epb = V +2V "'cos(kc)-[(V ') 2+CV ") 2+2V 'V "cos(kc)J 112 
3 p p 3 p p p p 3 

(25) 
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E R. = VR.+2Vt'cos(~c)+2Vt"cos( 2 ~~) 
1 

E2 
R. v + 2v , (kc-27T)+ 2V 11 (2kc+27T) = R. R. cos 3 R. cos 3 

E R. = v +2v , (kc+27T)+ 2V 11 (2kc-27T) ( 2 6) 
3 R. R. cos 3 t cos 3 

Epa = 1 
V + 2 V ' "cos ( kc ) + [ ( V ' ) 2 + ( V " ) 2 + 2 V ' V "cos ( kc ) ] 1 1 2 

p p 3 p p . p p 3 

Epa = 
2 

V +2V "'cos(kc- 27T)+[(V ') 2+(V 11 )
2+2V 'V "cos(kc- 27T>J112 

p ·p 3 p p p p. 3 

Epa = 3 

(27) 

where Es, Epb, Et and Epa represent the s-like, p-bonding-like, 

lone pair and p-antibonding-like bands respectively. The 

densities of states for these bands are given by 

where 

+ 

D (E) 
s 

= l . 
c 

b. = 

4(V '") 2 
p 

1 
(28) 

( 3 0) 

(31) 

I 
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4-V II 
R, 

(32) 

C. Tight Binding Model Including Inter-chain Interactions 

A three dimensional view of the trigonal structure is 

shown in Fig. l(a). As we have already mentioned the trigonal 

structure can be changed to a simple cubic structure (Fig. 

l(b)) with just a small trigonal distortion. This is very 

convenient since it provides a very simple way of choosing 

the most important tight-binding parameters to use in a 

"three-dimensional" model. The method we will use in 

selecting a set of tight binding parameters is the following. 

We consider the simple cubic structure and obtain all the 

interactions between nearest neighbor atoms. We explicitly 

retain the identity of the individual chains and hence the 

character of the tight binding orbitals Is>; lp> and IR,> as 

in Section IIIB. In this way each interaction can be 

classified as an inter-chain or intra-chain interaction. 

For example for the Is> orbitals we have six nearest neighbor 

interactions, two of which are intra-chain (Vs') and four 

which are inter-chain (Us). For the IP> and jR,> orbitals 

(i~e. p-like states) the interactions are a bit more compli-

cated. If we had pure p states in a simple cubic lattice 

we would only have 4- nearest neighbor interactions as shown 

in Fig. 3(b). Two of these (types Band D) would have to 

be zero in this case because of symmetry. For our problem, 

however, we would need to include all of them. In Fig. 4 
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we show how the jp> and I~> orbitals would look in a simple 

cubic structure. Some fragments of the infinite chains are 

identified by the heavy solid lines. The breakdown of the 

parameters A, B, C and D to intra-chain and inter-chain 

parameters for the various couplings between IP> and li> 

orbitals is given in Table I. The usefulness of the simple 

cubic structure is that we can easily identify all the 

nearest neighbor interactions and hence the interactions that 

remain important under a trigonal distortion. The V and U 

parameters listed in Table I carry through identically in 

the trigonal structure and are the p-state parameters we 

use in our "three-dimensional" tight binding model. The 

fitting of these parameters is ~ completely arbitrary and 

can be performed in a very physical way as we shall show in 

detail later when we present the results of our tight binding 

models. 

IV. Results for Trigonal Phases 

A. EPM Results 

The simpie picture of s-like states, bonding and ariti-

bonding p-like states and lone-pair states, already confirmed 

f . .. d . 1 1 1 t. S- 7 ,l4 . 11 rom prev~ous pseu opotent~a ca cu a ~ons ~s we 

reproduced by our new pseudopotential calculations as shown 

in Fig. S(a) for Se and S(b) for Te. In this figure we 

display the energy band structure of Se and Te along some 

high symmetry lines in the hexagonal Brillouin zone. together' 

with the corresponding densities of states. A detaileJ 
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discussion of the band structures will be given later together 

with the tight binding results. The density of states spectra 

were also convoluted with an energy dependent broadening 

function (1.2 eV for the s-like states and 0.7 eV for the 

remaining states) in order to facilitate comparison with 

experiment. This is shown in Fig. 6(a) and 6(b) together 

with the experimental UPS and XPS measurements of Shevchik 

et al. 1 for Se and the XPS measurements of,Schluter et a1. 2 

for Te. All observed structures in the experimental spectra 

are reproduced within 0.3 eV which is a remarkable improve­

ment over all previous calculations. A very interesting 

difference between Se and Te appears in the s-like region at 

energies between -16 eV and -8 eV. Whereas the density of 

states for Se s-states closely resembles that of a one­

dimensional chain (with two singularities at the band-edges), 

the density of states for the Te s-states looks like a 

combination of densities of states for a one-dimensional 

chain and a three-dimensional simple cubic lattice. We see 

here that the s-states reflect in a very sensitive way the 

different degrees of anisotropy found in the two crystals. 

This sensitivity of the s-states to topology also proves to 

be a very useful tool in interpreting the amorphous spectra 

of Se and Te, as we shall see in a later section. It is 

instructive to display the bonding or anti-bonding character 

of the s-states close to the two band edges. We therefore 

show in Fig. 7(a) and (b) charge densities for Se obtained 
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from states at the two band edges. The charge distributions 

are plotted in a plane containing the shaded area of Fig. l(a). 

The bonding and antibonding characteristics are clearly 

displayed. In the bonding states the charge is almost 

uniformly concentrated along the chains with small excess 

charges on each atom, whereas in the anti-bonding states the 

charge is very strongly concentrated around each individual 

atom, the wavefunction having a node between neighboring 

atoms. One notes that the centers of charge do not exactly 

coincide with the atomic positions; in fact they are displaced 

towards the central axis of the helices for the bonding 

states and pushed slightly outside the helices for the anti­

bonding_ states. This asymmetry is compatible with the crystal 

symmetry, which does not contain spatial inversion. Similar 

behavior is found for the total charge distribution including 

all six electrons per atom; here the center of negative charge 

is displaced towards the center of the helices, thus creating 

_o 

a local static electrical dipole of (0.095 e A) for Se and 

-" . (0.125 e A) for Te on each atom. These approximate values 

were obtained by integrating over the charge inside touching 

spheres centered on each atom. The total dipole moment of 

course vanishes by summing over the unit cell. 

The bonding p-like states whose energies vary between 

-6 eV and -2.2 eV reveal a very characteristic two-peak 

structure (see Fig. 6(a) and 6(b)), which is intimately 

related to two distinct types of bonding states. To understand 
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the origin of the characteristic two-peak structure we have 

calculated the electronic charge distributions of states in 

each peak. This entails summing in equation (7) over states 

whose energies (in eV) fall within [-6.0, -3.6] and [-3.6, 

-2.25] for Se and [-6.0, -3.5] and [-3.5, -2.2] forTe. The 

resulting charge density contour plots are shown in Figs. 

8(a) ~o (d). We find the result, that the lower energy peak 

in the p-like bonding states corresponds to states which are 

almost exclu~ively involved in intra-chain bonding. The 

charge is well localized in the bonds between neighboring 

atoms belonging to the same chain. There is no important 

charge accumulation found between the chains. The upper or 

higher energy peak contains states which in part arise from 

a mixing of px and Py functions due to a bond angle ~90°. 

However, the charge concentrations in the right hand parts 

of Figs. 8(b) and (d) are as we shall see direct consequences 

of inter-chain bonding and might thus be viewed as bonding 

charges. The pure intra-chain bonding states lie lower in 

energy than the states contributing to inter-chain bonding 

-
since the potential is strongest between neighboring atoms 

within a chain. A direct proof of the importance of covalent 

inter-chain bonding in Se and to a lesser extent in Te was 

obtained in the following way: we repeated the complete 

calculations for Se with identical potential parameters and 

identical intra-chain spacings but with an inter-chain distance 

increased by about 20%. This increase of inter-chain distance 
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should considerably!decrease all inter~chain bonding charges 

and thus exhibit their importance in the normal trigonal 

phase. We first discuss some changes in the density of 

states calculated for this new structure which we shall call 

Se2. In the s-like region only very small changes towards 

a more one-dimensional behavior can be recognized. The 

width of the characteristic two-peak splitting of the bonding 

p-like states remained unaltered. As we shall see ln the 

discussion of possible amorphous phases this width is sensitive 

to the bond-angles within the chains. The relative weight 

of the two peaks in Se2 changed somewhat with respect to Se. 

The lower energy peak increased, whereas the upper or higher 

energy peak decreased, thus already indicating a decrease ln 

the inter-chain bonding strength. An equivalent behavior 

was of course observed for the unoccupied antibonding p-like 

states. The lone-pair peak remained essentially unaltered 

with respect to its shape and its position. A very clear 

picture of the importance of inter-chain bonding in Se can 

be obtained by comparing the corresponding charge distributions 

of Se and Se2. In an attempt to focus intention on bonding 

charges we extracted the short wave length Fourier components 

of the charge density functions and thus separated out the 

slowly varying background charge as discussed in Section IIIA. 

This separation was simply achieved by considering the charge 

density Fourier series starting at a cutoff wavelength ~ 0 . 

For the extraction of. bond charges this cutoff was found to 
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lie natu!ally at AO = d where d is the nearest neighbor 

distance within the chains of Se. No spurious oscillations 

in the density distribution occur, if only the positive 

contributions of the restricted Fourier series to the total 

charge are considered. The results obtained for Se and Se2 

by retaining only Fourier components with A .::_ AO are shown 

in Figs. 9(a) to (d). By comparing Figs. 9(a) and (c) with 

the corresponding total charge densities of Se (see Figs. 8(a) 

and (b)) one can verify the effect of extracting the short 

wavelength Fourier components in the charge distribution. 

The most interesting differences between the charge densities 

of Se and Se2 are found in the higher energy region of the. 

p-like bonding states. The charge pile up in Se in the 

right hand part of Fig. 9(c) disappears almost completely 

in Se2 (Fig. 9(d)). This confirms our previous interpreta­

tion of this charge contributing to the inter-chain bonding. 

The decrease of inter-chain bonding in Se2 is coupled to an 

increase of intra-chain bonding as seen from the rearrangement 

of charge in Se2 and from the changes in the density of 

states. We are now in a position to define some measure of 

intra-chain vs. inter-chain bonding strength in Se and Te 

by calculating the magnitude of the respective bonding charg~s. 

By integrating the charge in Figs. 9(a) and (c) we find for 

Se 0.07 e for the intra-chain bond and 0.04 e for the 

inter-chain bond. It is instructive to compare these values 

with 0.05 e- and 0.04 e for the intra- and inter-chain 
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bonding charges of Te respectively. The ratio ~ of intra-

chain to inter-chain bonding charge decreases from 1.75 for 

Se to 1.25 for Te and thus reflects the more three-dimensional 

or more isotropic character of Te. The smaller amount of 

total bonding charge in Te is indicative ·of its more metallic 

or less covalent character. The absolute values of the 

charges of course depend strongly on the definition of 

bonding charges. The indicated values should therefore be 

considered as a relative measure rather than individually. 

B. Tight Binding Results 

The tight binding models we have introduced in Section III 

provide a means of understanding, in a very simple way, the 

band structures obtained using the more realistic EPM. 

Certain general features in these band structures (Fig. 5) 

can be interpreted physically in terms of the type, sign 

and magnitude of the real space interactions involved. 

We begin withthe simple tight binding model with only 

intra-chain parameters. The energy bands (24) to (27) and 

the associated densities of states (28) to (30) are plotted 

in Fig. 10. Here we have taken V = -13.0, V 1 = -1.3, 
s s 

V p : -, 2' V pI : 0' V p II : 3 o 8' V pI II : 0 o 55' VR_. : -1, 3' 

VR- 1 = 0.4, and VR- 11 = 0.26. These parameters are given in 

units of eV and are shown schematically in Fig. 2. They 

were fitted to the band structure of Se plotted in Fig. 5. 

V , V and Vn represent the center of mass positions of Lhe 
S P N 

s-like, p-like-bonding and antibonding, and lone pair states 
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respectively and were chosen so that the top of the valence 

band lies at 0 eV. We notice that the overall agreement with 

the Se band structure and density of states is quite 

satisfying considering the approximations we are making here. 

In particular the band structure and densityof states of 

the s-like states of the tight binding model compare 

surprisingly well with that of Se ·in Fig. 5. The one-

dimensional nature of this region is unmistakable. The 

one dimensional secant behavior of the density of states is 

even more prominent in the EPM results of Se2 where the 

chains are further apart and the inter-chain interaction is 

greatly reduced. The s-like states of Se using the EPM also 

show a small asymmetry in the band structure which is perhaps 

caused by a small s-p interaction that we have ignored in 

the tight b~riding case. 

The promirient features of the p-like states for Se in 

Fig. 5 are also reproduced to some extent in Fig. 10. The 

parameter V " represents interactions between orbitals along 
p 

the same bond and is responsible for the formation of bonding 

and antibonding bands. To broaden the bands we could intro-

duce an interaction v I between different orbitals on the 
p 

same atom. However this would put A3 and r2 lower in energy 

than Al and r3 respectively in the antibonding bands. To 

obtain the correct ordering, we must include an interaction. 

V ''' between orbitals on nearest neighbor atoms which arE 
p 

not along the same bond. In addition V 1 must be small. 
p 
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This ~s consistent with the fact that the jp> orbitals are 

very p-like.in nature with a rather small hybridization of 

s and d. For simplicity we take V ' equal to zero. 
p 

The shape of the lone pair bands of Se in the EPM 

calculation is also reproduced rather well in Fig. 10. To 

get the correct band ordering at r and A it is necessary to 

include, both first nearest neighbor Vt' and second nearest 

neighbor Vt"' interactions between It> orbitals. In 

particular Vt' and Vt" need to be positive with Vt' > V9.,"· 

To improve the tight binding Se results and to interpret 

the EPM Te results it is necessary to introduce inter-chain 

parameters. This is quite clear from the s-like region of 

the density of states of Te (Fig. 5) where a "three-dimensional" 

simple cubic-like density of states structure appears in 

the middle of the band. The band structures and densities 

of states of Se and Te using the tight binding model including 

inter-chain interactions (discussed in Section IIIC) are 

shown in Fig. 11. The symmetries of the energy levels are 

assumed to be the same as those for the EPM calculations. 

We notice that the general agreement between the densities 

of states and band structures in Fig. 5 and Fig. 11 is rather 

good. The parameters used in these tight binding calculations 

are listed ~n Table II. These parameters are not meant to 

represent the best fits using this model but rather to give 

d f l.d VOl' of the type of interactionr; involved in reprocluc· ·in~'. 

the general features of the more realistic t:PM band structures. 
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Although the jp> and It> interactions seem to be many, they 

are not physically completely independent and were not 

adjusted arbitrarily. The method we used to investigate the 

parameters is ·rather simple, instructive and conceptually 

appealing. As we have already mentioned the trigonal 

structure of Se and particularly Te is rather close to that 

of a simple.cubic structure (Fig. 1). We .start therefore 

with an EPM calculation of simple cubic Te. In the tight 

binding model we now only have interactions A, B, C and D 

(Fig. 3(b)) for the p-like functions and Vs' =Us (Section 

IIIC) for the s-like functions. Interactions B and D 

however are now zero because of symmetry. Let us investigate 

the p-like states first. If we plot the ~PM simple cubic 

band structure along the same symmetry points and lines as 

in Figs. 5 and 11 we would find at r and K a six-fold 

degenerate and a three-fold degenerate p-like energy level. 

These levels of course represent the "bonding and lo.ne-pair" 

states and the "antibonding" states respectively in the 

trigonal structure. The correct ordering of these levels, 

in the tight binding model demands that A be positive. From 

Table I this is equivalent to V " = U being positive for 
p tp 

the simple cubic structure. Furthermore the energy difference 

between these levels at r is smaller than at K. This is 

intimately related to the smaller energy differences between 

bonding and lone-pair states and antibonding states at r than 

at K as observed in Fig. 5. To obtain these energy differences 
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in the simple cubic tight binding model it is necessary to 

take C = U ' = V " = U11 p" negative. By fitting these 
p tp "' 

parameters to the EPM simple cubic band structure we get 

values around V " = U - +2 eV and U ' = V " = U " - -0.5 eV. 
p tp p tp tp 

Let us now break the simple cubic symmetry by introducing 

a trigonal distortion or equivalently (in the tight binding 

model) by taking the difference between intra-chain (V) and 

inter-chain (U) interactions explicitly into account. 

Physically we would expect the V parameters in general to 

be larger in magnitude than the U parameters. We first take 

v " 
p > utp· This has the immediate effect of breaking up 

the "melange" of p-like bands in the simple cubic case into 

separate p-like bonding, lone-pair, and antibonding bands. 

These bands form degenerate_triplets at r, K, H, A and along 

K to Hand A to r. In addition these bands form doublets 

and singlets along r to K, H to A and r to M to L to A. 

The general features of these bands are actually already 

rather similar to those of Se and Te (Fig. 5). In fact the 

criss-cross character of the lone-pair bands of Te from M 

to L is also present. If we now take I V " I > I U ' I t. I U " I 1p p 1p 

nothing very different or new happens. However the relative 

size of the bonding-antibonding gaps at r and K and at H 

and A are very strongly dependent on the value of U ' 
p 

the cubic symmetry is broken interactions B and D are no 

Since 

longer zero. This has some very important consequences for 

the band structure. We first consider interactions B 
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(Table I) and take Vp'" > Up ¢ 0. V '" ¢ 0 creates a 
p 

broadening or a splitting of the bonding arid antibonding 

triply degenerate levels from K to Hand A to r. To obtain 

the correct ordering of the doublet and singlet levels at 

K, H, A and r as shown in Figs. 5 and 11 it is necessary 

(as in the one-dimensional model) to take V '" positive. 
p 

The doublet levels along r to K and H to A are now no longer 

degenerate. This degeneracy is also broken with U ¢ 0. 
p 

In addition U has a very strong influence on the relative 
p 

size of the r 2-r3 CA
3

-A
2

) and K2-K3 CH
3

-H2) gaps of the anti• 

bonding (bonding) p-like states. Up must be taken positive 

to make r 2-r3 and A
3

-A2 bigger than K
2

-K
3 

and H3-H2 respectively 

as shown in Figs. 5 and 11. The interactions V ' and U ' ip ip 

are also taken to be non-zero, however, they are responsible 

for only minor changes once Uip ~ 0. 

Let us now examine interactions of typeD (Table I). 

The inclusion of V 11
" and U '" causes minor and relatively p ip 

unimportant changes in the band structures. However U "~ 0 
p 

is responsible for a very interesting effect. It is the 

only parameter that can change the relative size of the 

r
1
-r

3 
and K

1
-K

3 
gaps of the bonding states and the H3-H1 

and A
3

-A
1 

gaps of the antibonding states. To make r 1-r3 and 

A
2

-A
1 

smaller than K
1

-K
3 

and H
3

-H
1 

respectively it is necessary 

to take Up" negative. Finally Vi' and Vi" produce the same 

effects as in the one-dimensional calculation. Vi' broadens 

out the lone-pair bands between A and r, and between r and K. 
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Positive values of V
1

' and V
1

" are necessary to g1ve the 

correct bond ordering and to make A
3

-A
2 

smaller than r
2
-r

3 

respectively~ u
1 

has been neglected in gen~ral but causes 

the same effects as v
1
'. The only major difference between 

them is that they have opposite effects on the relative s1ze 

of the K
2

-K
3 

and H
3

-H
2 

gaps of the lone-pair banos. 

For the s-like states everything is much simpler. 

Fitting V 1 and U to the simple cubic band structure we get 
s s 

V ' = U - ~o.s. By taking IV 'I > IU I we get all the 
s s s s 

correct dispersions and band orderings. As we have already 

mentioned the small asymmetry observed in the s-like region 

of the Te and Se band structures using the EPM is possibly 

caused by a small s-p interaction which has been ignored in 

the tight binding models. We should emphasize again that the 

s-like states are a very useful and convenient system to 

study because of their sensitivity to topology and their 

simplicity. The differences in anisotropy of Se and Te are 

clearly and unambiguously demonstrated by just comparing the 

values Vs' and Us for Se with those of Vs' and Us forTe. 

As seen from Table II Se is definitely more anisotropic. 

This is also revealed in general by comparing the appropriate 

V and U parameters of Se with those of Te for the p-like 

functions as shown in Table II. 

V. Results for Amorphous Phases 

The electronic properties of the amorphous phases of 

7 
We and Te have been studied in several paper's. The results 
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of theoretical models have usually been compared to experi­

mental optical measurements. Such comparisons are relatively 

difficult and no conclusive results in particular concerning 

the structural nature of the amorphous phases could be 

obtained. With the advent of new XPS and UPS measurements1 ' 2 

important direct information about all the valence bands 

became available. Moreover, since these measurements were 

carried out on both crystalline and amorphous phases, a 

comparative study becomes possible. To explain the differences 

between the crystalline and amorphous spectra we first tried 

in the preceding paragraph to understand the origins of the 

various structures in the crystalline sp~ctrum. We repeat 

here the main results of this study: 1) The s-like states, 

which energetically are well separated from the higher p-like 

states, display in a very sensitive way the more one­

dimensional character of Se as compared to Te. 2) The 

characteristic two-peak structure of the p-like bonding 

states of both Se and Te is intimately related to two distinct 

types of bonding states. The splitting is related to the 

amount of mixing and the relative strength of the two peaks 

reflects the relative amount of intra- and inter-chain 

bonding. Specifically, the lower energy peak contains almost 

exclusively intra-chain bonding states while the upper or 

higher energy peak contains states forming the inter-chain 

bonding. 

Let us now carefully examine the characteristic changes 

occurring in the amorphous phase. We thus show in Fig. 12 (top) 
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the photoemission results of Shevchik et a1.
1 

for trigonal 
' 

and amorphous Se. The samples were prepared by de sputtering 

in an argon atmosphere. The trigonal crystalline phase was 

obtained by subsequent annealing. The overall structure of 

the trigonal and amorphous spectra remains essentially 

unaltered .. In particular !!_£broadening with respect to the 

crystalline phase can be observed in the amorphous phase. 

This experimental fact is in disagreement with the theoretical 

model developed by Kramer and co-workers
7 

which is based on 

short-range order and a specific form of long-range disorder 

and which gives rise to broadening effects. 

In the lone-pair region (between -2 eV and 0 eV) the 

amorphous spectrum has lost some fine-structure and perhaps 

is shifted slightly to higher energies. We may conclude from 

this that the non-bonding p-states remain essentially unaltered 

in the amorphous phase and do not hybridize noticeably. 

However, in the bonding p-like region (between -6 eV and 

-2 eV) very interesting changes have occurred. The lower· 

energy peak has become weaker whereas the higher energy peak 

increased in the amorphous phase. On the basis of our 

analysis of the crystalline case we suggest that this reversal 

corresponds to a decrease of the number of pure intra-chain 

·bonding states. As a consequence there are now more electrons 

occupying states which are partially localized outside the 

chains. By performing several model calculations of trigonal 

phdses of Se with various bond angles (the nearest intra-
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and inter-chain distances were kept constant) we found that 

the splitting in the bonding p-like states is very sensitive 

to bond angle variations and hence to the mixing. In 

particular we found that for chains with 90° bond angles the 

splitting disappeared because of the equivalence of the two 

different p-states. For bond angles ~ 120° the splitting 

also decreased due to an increase in interaction with the 

lone-pair states. In the amorphous phase, however, this 

splitting remains essentially unchanged thus suggesting that 

bond angle variations are relatively small. 

A very unusual effect appears in the s-like region 

(between -18 eV and -7 eV) of Se. The dip in the photo-

emission curve seems to be deeper in the amorphous phase 

than in the crystalline phase. Since we know that the density 

of s-like states is very sensitive to topology, this effect 

indicates some very interesting structural properties. For 

example it could not be caused by just a breaking of the 

infinite chains, since this would rather tend to fill up the 

dip in the density of states, unless the broken chains were 

of order two which seems rather unlikely because of the 

preference of Se for two fold coordination. A reasonable 

explanation of the increase of the dip, however is the 

formation of some type of rings. In particular the dip would 

increase if the rings were of order three, five, six or seven. 

Rings of order four, eight, or five and seven together, would 

certainly tend to fill up the dip in the density of states.
1

S 
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Furthermore, since-the bond angles in the trigonal phase are 

about 104° and since bond-angle variations seem to be small, 

the most likely ring structures would be of type five-fold 

and six-fold, or six•fold and seven-fold. To demonstrate 

the effect of the existence of rings on the de~sity of states, 

we have carried out two different model calculations on Se 

containing only six-fold and only eight-fold rings respectively. 

The rings were arranged in layer-like configurations to that 

bond-angles, nearest neighbor distances and second nearest 

.neighbor distances were identical to those in t~e trigonal 

form. The resulting densities of states are shown in Fig. 13. 

We notice that the structure in the s-like region behaves 

essentially as expected for isolated rings. The six-fold 

ring configuration gives rise to a pronounced dip in the 

density of states around -13 eV while the eight-fold ring 

structure gives a peak. In the p-like bonding region we 

essentially obtain the same results as in the experimental 

amorphous spectrum, i.e. a shift of strength.to higher energies. 

It is not clear, however, whether this shift is a consequence 

of ring resonances or of the different inter-ring environment. 

On the basis of this analysis we propose that the amor­

phous Se sample used in the photoemission measurements of 

Shevchik et al. 1 contains a substantial number of atoms in 

ring-like configurations of order six, five and maybe seven. 

This suggestion seems to be consistent with Rechtin and 

Avenbachs16 interpretation of their radial distribution 
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function data. The existence of a substantial number of 

. . 1· 
elght-fold rlngs, as often proposed for amorphous Se, seems 

to be a rather questionable possible structural feature 

for this sample. 

The photoemission results for crystalline and amorphous 

Te obtained by Shevchik et a1. 1 using the same sputtering 

technique as for their Te sample give similar results. 

However, these results differ considerably from photoemission 

data on amorphous Te prepared by argon bombardment.
2 

The 

latter results are shown in Fig. 12 (bottom) together with 

the crystalline spectrum obtained on the same sample before 

argon bombardment. As in Se the ·lone-pair regions remain 

relatively unaltered. In the bonding p-like region (between 

-6 eV and -2 eV) we find in contrast to Se a shift of strength 

to lower energies. This suggests an increase in the number 

of pure intra~chain bonding states, which is consistent with 

an increase of covalency of Te in the amorphous phase. The 

structural information derived from the density of states in 

the s-like region is somewhat more difficult to discern since 

there now seems to be a filling up of the dip in the amorphous 

case. As mentioned, a filling up can be obtained ln various 

ways, such as regions of simple cubic short range order, four-

fold, eight-fold_, five- and seven-fold ring configurations 

and broken chains. In spite of the fact that the structure 

of trigonal Te is close to the simple cubic structure, regions 

of simple cubic structure can be dismissed, since these would 
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give rise to a merging of the p-like bonding states with the 

lone-pair states. What remains therefore, is to discern 

between structures which contain mostly broken chains or 

broken chains with a substantial amount of rings. It lS 

however rather difficult to make a conclusive statement about 

the structure of this sample of amorphous Te without better 

experimental resolution. For instance it is not really clear 

that the two peaks in the p-like bonding states have not 

merged in the amorphous phase. One could speculate, however, 

that argon bombardment tends to leave the system with atoms 

existing mostly in broken chain configurations. On the other 

hand sputtering and the deposition of thin films may-favor 

the formation of rings. 

VI. Summary and Conclusions 

We have pr~sented a detailed study of the density of 

states of trigonal Se and Te. This was accomplished by first 

performing new EPM calculations which give an excellent fit 

h 
. . t 1-3 to recent p otoemlss~on measuremen s. This enabled us to 

perform charge density calculations which were obtained as 

a function of energy and evaluated within specific energy 

intervals associated with corresponding specific peaks in 

the density of states. In particular the characteristic 

two-peak structure in the bondi~g p-like states is inter­

preted as involving intra-chain bonding (lower energy peak) 

and inter-chain bonding (higher energy peak) states. This 

interpretation is confirmed by pulling the chains apart and 
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finding that the localized charge between the chains is 

greatly reduced while the lone-pairs, etc. remain relatively 

unchanged. Thus this type of "bonding" must be added to the 

usual van der Waals interaction to obtain the total interaction 

between the chains. In addition we have calculated the amount 

of s and d character· in the p-like region. We find in general 

a presence of around 5-10% s and 1-5% d character in the wave-

functions. This p-d admixture should be enough to change the 

bond angle from 90° to 104° without involving a strong s-p 

admixture. A strong s-p admixture as suggested by Chen
4 

to 

account for the 104° bond angle is not necessary and not 

d b. h h . . 1 1-3 supporte y t e recent p otoem1ss1on resu ts. 

We have also introduced a "one-dimensional" and "three-

dimensional" tight binding model which includes only intra-

chain and intra- and inter-chain interactions respectively. 

The simplicity of the "one-dimensional" model is exploited 

by obtaining analytic expressions for the energy bands and 

associat~d densities of states. The results show the closely 

"one-dimensional" or strongly anisotropic nature of Se and 

the sensitivity of the s-like states to topology. The 

"three-dimensional" tight binding model is introduced to 

get a better description of Se and to treat the relatively 

more isotropic Te. By fitting the band structures of this 

model to those of Se and Te using the EPM it is easy to 

identify the most important real space orbital-orbital inter­

actions and therefore obtain a physical understanding of the 
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origins of var1ous features in the band structures. 

With a good understanding of the trigonal forms of Se 

and Te at hand, we have analyzed the changes observed in 

the photoemission spectra of amorphous Se and Te. In 

particular there are changes between the trigonal spectra 

and the amorphous spectra, and differences between the amorphous 

spectra depending on sample preparation. Specifically argon 

bombardment and sputtering seem to create two different types 

' 
of amorphous phases. This is reflected clearly in the s-like 

region of the spectra. For example in Fig. 12 the s-like 

reg1on shows a bigger dip in the amorphous phase (sputtering) 

than in the trigonal phas~ of Se
1 

whereas for Te
2 

(argon 

bombardment) the exact opposite is obtained. This increased 

dip for amorphous Se (also for Te
1 

if obtained by sputtering) 

can be associated with the presence of five or six fold rings 

of bonds and tends to reject the presence of ei~ht-fold 

rings of bonds as often suggested. This was shown in Fig. 13 

where we plotted the density of states of two model calcu­

lations of Se c6ntairiing only six- and eight-fold rings 

respectively. The rings were arranged in layer~like configu-

rations with bond-angles, nearest neighbor distances and 

second nearest-neighbor distances identical to those in the 

trigonal form. The s-like region of the amorphous Te sample 

obtained by argon bombardment
2 

is a bit more difficult to 

interpret. A filling up of the dip could now be caused either 

by rings (e.g. eight fold) and/or broken chains. It is our 
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feeling however that argon bombardment may favor the formation 

of broken chains since here one is essentially perturbing 

the surface structure of a "perfect'' trigonal crystal. 

Finally the changes observed in the p-like bonding region of 

Se (sputtered) suggest that there is a decrease in the number 

of pure intra-chain bonding states for the amorphous phase. 

As a consequence there are now more electrons occupying states 

which are partially localized outside the chains. In the 

case of amorphous Te (argon bombardment) the opposite is true. 

This would suggest an increase in covalency for this sample 

of amorphous Te. 
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Table Captions 

Table I. Interactions between p-like states on different 

atoms. The first column gives the 'type of interactions 

as shown in Fig. 3(b), the second column designates the 

type of orbitals involved, and the third columri gives 

the total number of interactions per atom. The third 

and fourth columns give the number of interactions, an 

example of the specific orbitals involved (see Fig. 4), 

and the parameter used to designate the interactions 

for intra-chain and interchain coupling respectively. 

All intra-chain and inter-chain parameters are labelled 

V and U respectively. 

Table II. Interactions and parameters used in the tight 

binding model including intra-chain (V) and inter-chain 

(U) interactions for Se and Te. The parameters are 

defined in the text and are given in units of eV. 
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Table I 

TYPE INTERACTIONS TOTAL INTRA CHAIN INTER CHAIN 

<pi Hlp> 2 2 (112) v " 
A p 

<iiHlp> 4 4 Cl!B> utp 
----- - -

<pi Hlp> 12 4 (113) v I II 8 ( ll 5) u 
p p 

B <tiHip> 8 4 019) VI 

tp 
4 (4,8) Ul 

tp 

<t!Hit> 4 4 ola > Ut 
... 9~--- ""·-··-· ~-··-----------

<pi Hlp> 4 4 ( 41 5) u I 

c p 

<tjHjp> 8 4 (4,9) V" 
R.p 4 ( 71 6) U" R.p 

<pi Hlp> 6 2 (4!3) v "" 4 ( 41 6) u " 
I 

p p 

D <ijHip> 4 4 ols > u I II 

R.p 

<tiH!p> 2 2 ( 71 9) vt 
I 

·-·-- ________ __; 
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Table II 

r--

TYPE Se Te 

v -13.1 -10.6 
s 

v ' -1.1 -0.7 
s 

u -0.1 ..;.0.25 
s ---1 ~--·-

v -0.2 -1.0 ' p 
i 

v ' 0 0 i 
p i 

v " 3.4 2.2 t 
I p I 

UR.p 0.7 1.0 
l 

~-· 

v ' " 0.4 0.2 
p 

uP 0.2 0.15 

VR.p ' 0.2 0.2 

UR.p ' 0.1 -0.1 

-
uP ' -0.05 -0.2 

VR.p " -0.7 -0.7 

UR.p " -0.3 -0.4 
-- .. ·~--

v '"' 0 -0.1 
p 

u " -0.3 -0.25 
I p 

! UR.p ' " -0.1 0.1 

l VR. -1.0 -1.2 
' 

VR. ' 0.2 0.2 
i 
I 

VR. " 0.1 0.1 I 

• I 
• 
I 

I UR. 0 0 

.... 
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Figure Captions 

Fig. l.(a) Unit cell of trigonal Se and Te. The plane in 

which charge densities are represented is indicated as a 

shaded area. 

(b) The corresponding simple cubic unit structure from 

which the structure of Se and Te can be derived by 

trigonal distortions. 

Fig. 2.(a) A schematic representation of the s-like <Is>), 

lone-pair <It>), and mixed and hybridized p-like functions 

<lp>) used in the tight binding models. 

(b) A sketch of the respective orbitals along a chain from 

Fig. l(a) and the interactions used for the tight binding 

model including only intra-chain interactions. 

Fig. 3.(a) A sketch of IP> orbitals along a chain with a 

reference atom i. The letters a
1

, a
2

, b
1

, b
2 

etc. repre­

sent the coefficients of each lp> orbital in the expansion 

of the total wave function of the system. 

(b) The possible nearest neighbor interactions of p­

functions in a simple cubic lattice. 

Fig. 4. The arrangement of IP> and It> orbitals in a simple 

cubic lattice. The heavy solid lines identify the chains 

as they would exist in the trigonal structure. A few of 

the orbitals are labelled to identify the <piHip>, 

<t!Hip> and <tiHit> interactions as used in the tight 

binding model including intra- and inter-chain couplings. 

These interaction parameters are listed in Table I. 
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Fig. 5. EPM band structur~ of trigonal Se (a) and Te (b) 

along some h~gh symmetry lines in the hexagonal Brillouin 

zone. The corresponding densities of states are also 

g1ven. 

Fig. 6. Calculated densities of states (solid lines) for 

trigonal Se (a) and Te (b), which for comparison have 

been broadened by 1.2 eV for the s-like states and by 

0.7 eV for the remaining state$. Superimposed are the 

experimental photoemission spectra (dashed lines) for 

Se and Te as obtained from refs. 1 and 2 respectively. 

The scales for the XPS and UPS curves are arbitrary. 

Fig. 7. Calculated charge density for states (a) at the 

bottom of the s-like band and (b) at the top of the s-like 

band of trigonal Se. The units are arbitrary and are 

only to be used for comparison. 

Fig. 8. Calculated charge densities for Se (a) and (b) and 

Te (c) and (d) for the lower (a) and (c) and upper (b) 

and (d) p-like bonding states. The energy intervals are 

indicated. The values are in units of e/Q. 

Fig. 9. Bonding charges of trigonal Se (a) and (c) and of 

a model structure of Se (b) and (d) in which the inter­

chain distance has been increased by 20%. The charges 

have been calculated for the lower (a) and (b) and upper 

(c) and (d) p-like bonding states, retaining only short 

wavelength components as described in the text. Only 

positive contours are shown, with values in units of e/~L 
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Fig. 10. 
a) . · b) 

Density of states-1 and band structure!\ obtained 

using the tight binding model incl~ding only intra-chain 

interactions. The parameters of this "one-dimensional" 

tight bindin~ model are discussed in the text. 

Fig. 11. Densities of states and corresponding band structures 

for Se (a) and Te (b) as obtained from the tight binding 

model including intra- and inter-chain parameters. The 

parameters of this "three-dimensional" model are discussed 

in the.text with their values listed in Table II. 

Fig. 12. X-ray and ultraviolet photoemission results (top) 

on trigonal (solid line) and amorphous (dashed line) Se 

as obtained from ref. 1. X-ray photoemission results 

(bottom) on trigonal (solid line) and amorphous (dashed 

line) Te as obtained from ref. 2. 

Fig. 13. Density of states of Se in model structures containing 

only six-fold (solid line) and only eight-fold (dashed 

line) rings of atoms as obtained from EPM calculations. 

The curves are broadened as in Fig. 6. 
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