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(C~i 0) O Fe-Ni (CNi) k
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(if less than 2ON)

(else)
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whe e OF -Ni(cNi) is the average magnetization of
the binary Fe-Ni alloy of composition c„,, and
from the average magnetization measuremen. s
Zi Ci +ONi = 11Oa ~

The curve of Fig. 1 calculated on the basis of
Eq. (2) gives a good fit to the experimental data of
Bardos et aL We cannot determine from the av-
erage magnetization measurements alone the
change of the Ni moment in each coordination
sphere, nor the extent of the perturbed range, but
if we assume, for example, that the latter is lim-
ited to the first and second neighbors of Al, then
the Ni moments in both coordination shell(s) must
disappear entirely.

d O/dc„, (c„,-0) varies nearly linearly with Ni
concentration up to 16 at.% Ni, after which it ex-
hibits a saturation effect, corresponding to the ac-
ceptance of the two whole excess Al electrons by

the Ni atoms. This agrees well with the 18-at.%-Ni
concentration necessary for the formation of a
Ni band in Fe. This condition is the forma-
tion of an infinite chain of Ni atoms —a typical per-
cloration problem, ' where cN, gives the step prob-
ability.

The above simple model seems to explain the
different experimental data well, although the de-
tailed theoretical treatment is greatly complicated
by the broadening of energy levels in the metal.
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Order-Disorder Transformation in Tellurium-Selenium Alloys by Mossbauer Effect
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A study of the quadrupole splitting at Te 25 sites in the T~ Pe„system with Se concentration
z shows that these alloys are disordered copolymers except at concentrations of x =0, 0. 5, 1.0,
where ordering occurs.

The material characterization of disordered
and amorphous semiconductors in terms of compo-
sition and structure is fundamental to a study of
the properties of these materials. In this paper
we demonstrate the use of the Mossbauer-effect
technique to study compositional order-disorder

in the tellurium-se1. enium system. We show the
existence of the Te-Se bond in the solid state and

suggest (a) that alloys of tellurium and selenium
form disordered copolymers and (b) that the eilui-
molecular alloy Tea &Sea ~ is an ordered copolymer
involving alternating tellurium and selenium atoms



58 P. BOOLCHAND AND P. SURANYI

in a helical chain.
Crystal structures of the covalent semicon-

ductors tellurium and selenium (hexagonal) are
known to be isomorphous and belong to the trigonal
space group D, or D3. This structure' is rather
unique and consists of atoms arranged in infinitely
long spiral chains. Solid solutions of these semi-
conductors are known to exist in all atomic pro-
portions, and measurements of the lattice param-
eters with concentration show a slight departure
from Vegard's law. ' lt has been suggested that
the structure of the Te& „Se„system is either a
mixture of tellurium and selenium polymers or a
copolymer involving a covalent Te-Se bond. In
the present work, we have used the Mossbauer
effect in Te' ' and have observed an increase of
24% in the quadrupole splitting (QS) at Te in the
Tea ~Seo ~ alloy over that of p.ure tellurium. This
large increase in the QS can be understood, as we
show, as being due to a Te site covalently bonded to
two Se neighbors. We propose a model to explain
the observed increase in the QS with selenium con-
centration. We point out that this model also ex-
plains the deviation from Vegard's law that was
observed in the x-ray measurements of Ref. 2.
Both the Mossbauer and x-ray measurements
support the existence of a covalent Te-Se bond.

The electric field gradient (EFG) in pure tel-
lurium has been studied extensively in single
crystals. 3 The Te atom possesses a partially
filled P shell. The principal contribution to the
EFG comes from the unbalanced P electron den-
sity which implies an overwhelming importance
for the covalent bonds with the two nearest neigh-
bors. The sizable increase in the QS at Te in the
Te, „Se„system that is reported here then clear-
ly demonstrates the copolymer nature of the sys-
tem. We suggest the existence of three types of
inequivalent Te sites: site n covalently bonded to
two Te near neighbors; site P covalently bonded
to one Te and one Se near neighbor; and site y
covalently bonded to two Se near neighbors. The
increase in the QS at the P and y sites over that
at the n site can be understood as due to the pres-
ence of a smaller atom closer to the Te site in
question.

Solid solutions of Te, „Se„(x=0.0, O. l, 0. 2,
0. 5, 0. '7, 0. 8) were prepared by heating 99.9999%
pure elemental' tellurium and selenium in vacuum
followed by subsequent annealing at a temperature
of about 175 C. The clem nts in a powder form
were thoroughly mixed and then sealed in a quartz
ampoule in a vacuum of 5&&10 ~ Torr and fired to
1000 'C for 3 h. The furnace temperature was
then slowly lowered to about 175 C to anneal the
alloys for a period of 36 h. The alloys were then
crushed to a powder and annealed again in vacuum
for about 24 h to ensure homogeneity and avoid
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minor structural damage that was noticed in x-ray-
diffraction patterns of the crushed alloy. The re-
annealed alloys were used for preparing absorbers
containing approximately 55 mg/cm of Te of
natural enrichment.

The Mossbauer experiments were carried out
using I' ' in Cu as a source of 35. 5-keV y rays, and
the resonant absorption was observed by detecting
the 6-keV escape peak in a Xe proportional count-
er. To enhance the effects, both the source and
the absorber were cooled to 4. 2 K in an exchange-
gas cryostat. In all cases the spectra consisted
of a pair of doublets and are summarized in Fig.
1.

The analysis of the data was carried out by
least-squares-fitting the spectra to a pair of
Lorentzians of equal linewidth with no restrictions
on line positions, intensities, and geometrical pa-
rameters. The result of this analysis is plotted
in Fig. 2 and it shows that the separation between
the peaks increases almost linearly with x in the
range 0 & x & 0. 5 and is independent of x in the
range 0. 5 & x & 1.0. In order to understand this be-
havior, we calculated the relative populations of
the a, P, and y Te sites for a given Se concentra-
tion x. These calculations were made in the ap-
proximation that the Te, „Se„system is a copoly-
mer where the van der Waals forces between
separate spiral chains and the interactions be-
tween non-nearest neighbors can be neglected in
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where x= n, /n is the fraction of Se atoms in the
chain and

Z = exp [()'2T) ' (2E —E —E ) ] .
The parameter p changes smoothly from 0 to 1
with x and has been plotted in Fig. 2 for a few val-
ues of Z. In the Mossbauer experiments, one ob-
serves an average QS of the three Te sites
weighted by their respective populations and iso-
mer shifts. To a first approx .nation one may not
expect to see significant changes in the isomer
shifts at the three inequivalent Te sites. One may
then expect the average QS to be given by

x (Fraction of Se in alloy)

FIG. 2. Expected dependence of p on g at different
values of Z and observed (~,), as a funotion of x.

&0 ++g+&y=&(

Neglecting the effects following from the finite
length of the chain, we obtain the statistical
weight e, where S is the entropy:

1 1

2&g 2 +g k &+p++yj

The total energy of a helix is made up of the sum
of the binding energies of neighbors:

1 1E= (n, —n„- 2ns)ETT+ (n2 —n„- 2ns) Ess

+ (2n„+ns) Esr

1ETT+ 2 ESS + ( + 2 2) (2EST ESS ETT)

where E», E», and E» are the binding energies
of Te-Te, Se-Se, and Te-Se covalent bonds.
Optimizing the free energy in the number of P and

y sites, we obtain the expectation value of nz and
n„Te sites in the limit of infinitely long chains,

n„/n, = p', n, /n, = 2p(1 —p), (3)

where

p= [2(1—x)(1 —Z)] '(1 —[1—4x(l —x)(1 —Z)]'~ ],
(4)

comparison to the covalent binding between near-
est neighbors in the same chain. In this approx-
imation the problem reduces to a one-dimensional
Ising model' with the only difference being that one
asks questions which are slightly different from the
usual ones; viz. , what is the relative population
of the three inequivalent Te sites for a given value
of x. If the total number of atoms in a helix is
n = n, + n» where n& is the number of Te atoms and

n& the number of Se atoms, then the total number
of n, P, and y Te sites is equal to the number of
Te atoms in the chain, i.e. ,

(AE ) = nt (n~ bE~+ ns DES+ ny hEy)

where AE„, DES, and AE„repr eestnthe QS of the
first excited state of Te"' at n, P, and y sites.
It is reasonable to expect the increase in the QS
at the y site to be twice the increase of the QS at
the P site, i.e. ,

~E„-~E.=2(~E, —r E.)=2~ .
This assumption simplifies Eq. (6) to read

(hE» ) = EE„+2 ph

and one observes that the average QS (dE, ) as a
function of Se concentration x has a behavior
(Fig. 2) determined by p alone. The theoretical
curve for Z=0 fits the data rather well. The
small value of Z& 0. 02 inferred from our data
clearly suggests that the binding of a Se-Te bond
is stronger than the average of the Se-Se and Te-
Te bond. One must therefore conclude that for a
given Se concentration the tendency of the
Te, „Se„system is to form as many y Te sites as
possible. In particular, for the equimolecular
alloy, it is then clear that one has an almost com-
pletely ordered system with Te and Se atoms al-
ternating in a chain. Using the annealing tempera-
«re of 175 C we calculate ~EsT —2(E~yETT)~
to be larger than+0. 07 eV. The final value of 4
was obtained after fitting the data for x =0. 1, 0. 2
to three pairs of doublets with suitable constraints
on line positions and intensities determined by
Eqs. (3) and (7). This procedure yielded a value
of

6 = 0. 923 + 0.044 mm/sec .
The proposed model also permits one to derive the
dependence of the average lattice parameters c
and a for these disordered alloys. One can write
an expression similar to Eq. (2) for the average
lattice parameter c as follows (the data for the
parameter a are somewhat unreliable owing to their
probable dependence on the thermal treatment of
the alloy2):
c = (1 —x) CTT+x(Css)+ p(1 —x)(2CsT —Css —CTT) .

(9)
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FIG. 3. Observed (Ref. 2) and predicted [Eq. (10)]
deviation of c from the value given by Vegard's law as
a function of x.

Using Eq. (4) for Z=O, we obtain

c = Cvv+ (C» —Cvv) 2x if 0&x&0. 5

=2C» —C»+2x(C» —C») if 0. 5&x&1.0, (10)

where we have denoted the c lattice parameters
corresponding to pure Se, pure Te, and the

Tea.&Seo., lattice by Css C», and CsT The lat-
tice parameters as a function of x taken from Ref.
2 are reproduced in Fig. 3 and fit well Eq.
(10). The lattice parameter Cav (the only fitted
parameter) is slightly smaller than —,(Cvv+ C88)
and we obtain

[C» —2(C88+ Cvv)]/C» = 0.007.

This deviation from Vegard's law is consistent
with the slightly negative value of E» ——,'(E»
+Evv). Both results support the view that the
Se- Te bond in the solid state is stronger than the
average of the Se-Se and Te-Te bond. This is a
familiar result in covalent-bond theory' and is
generally ascribed to a certain amount of ionic
character in the Se-Te bond. The result of a
24% larger QS at the Te site in going from pure
Te to Teo, Sea 5 is in fact quite similar to the re-
ported increase of 84% in the QS at I" between

hosts of solid I, and IBr. ' This analogy is par-
ticularly significant when one realizes that IBr
and I, are structurally isomorphous, much like
Teo 5Seo 5 and pure tellurium. In both cases, the
nuclear resonant atom on forming a shorter co-
valent bond length with a smaller-size near neigh-
bor clearly experiences a larger QS.

One may attribute the increase in the QS for
both Te and I to an increase in V„, resulting
from a larger time average of the unbalanced 5P
valence-electron density. For the present experi-
ments on Te, the QS= —', e QV„(1+3v))' . It is un-

likely that g, the asymmetry parameter of the
EFG, would change significantly at the different
inequivalent Te sites. Single- crystal experi-
ments on Te metal (o.-Te sites only) have shown
that g = 3 cos 8, where 8 = 103,2' is the Te- Te- Te
bond angle in polymeric chains, For the P and y
Te sites one may expect the corresponding Se- Te-
Te and Se-Te-Se bond angles in copolymeric
chains to be the same within a couple of degrees.
In fact, recent x-ray measurements have revealed
that the Te-Te-Te bond angle in Te metal and the
Se-Se-Se bond angle in hexagonal Se are the same
within 0.2'.

Finally, a small amount of ionic contribution to
EFG is also present. One estimates this contri-
bution from the known electronegativity differences
between Te- Se and I-Br; in both cases it is about
8%. Isomer-shift measurements are insensitive
to changes in QS at the different Te sites in
Te, „Se„alloys. This is a consequence of the
8. 9-times-larger natural linewidth and the 6-times-
smaller 5 (v' ) value'0 of the Te'3' resonance in
comparison to I'~9. The present experiments sug-
gest that it should be possible to grow single crys-
tals of the ordered alloy Tea 5Seo 5. It is likely
that further investigations using x-ray, Raman,
and infrared spectroscopy on such a system will
enhance our understanding of the Te-Se bond.

We are grateful to Dr. Frank L. Koucky for
performing x-ray measurements on our samples
and to Professor Jha for stimulating discussions.
Jim Oberschmidt made the alloys and M. Blizzard
did the computer analysis.
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