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GENERAL INTRODUCTION

Transition metal sulfides exhibit a wide variety of
structural and physical properties which have been exten-
sively studied. This class of compounds has been recently
reviewed by Jellinek (1) and by Rao and Pisharody (2). As
a group, the compounds are refractory, having high melting
points and low vapor pressures at high temperatures; most
are eilther semiconductors or metallic conductors, some are
superconductors; the magnetic properties range from
exhibiting weak diamagnetism to temperature-dependent Pauli
paramagnetism; wide homogeneity ranges are observed for some
of the sulfides, where ordering of the resultant vacancies
may give rise to new phases. The sulfides would be suitable
for technological applications as high temperature containers
(in nonoxidizing atmospheres), as semiconductors, or as
catalysts. The technological prospects of some closely

related carbides and nitrides have been discussed by Bennett,

et al. (3).
In addition to exploiting the diverse properties of the
transition metal compounds, chemists and physicists wish to
understand the role of the d electrons, and the nature of the
Interactlions involved in bonding in these compounds.

Covalent, ionic, and metallic bonding are all thought to be

important.



The inter-relationship between structure and bonding
of metal-rich compounds, including the sulfides, has been
discussed by Franzen (4). It is found that, whereas most
of the one-to-one oxides and nitrides crystallize in the
NaCl-type structure, relatively few of the one-to-one
sulfides choose the NaCl structure type, preferring instead
the NiAs, WC, or MnP type structures. It has been proposed
that the increased metal-metal bonding allowed by a NiAs-
structure type stabilizes that structure type with respect
to the NaCl-structure type, the structure type favored by
increased ionicity (4).

The scandium~sulfur system 1s a representative example
of the transition metal sulfides as a group. Several
different crystal phases are known (orthorhombic, rhombo-
hedral, fcc) (5); a wide homogeneity range is observed
(800.815 to Scl.OOS) (6); a phase transition resulting from
vacancy ordering occurs in 500.815 (6); 80283 is a semi-
conductor, whereas compositions with Sc/S > 0.666 are
metallic conductors (7); ScS is also superconducting (8,9);
the monosulfides have melting points well above 2000°C (6).
Also, ScS is one of the few transition metal monosulfides
which crystallizes in the NaCl-type structure. The
structures and properties of the phases of the scandium-

sulfur system are summarized in Table 1,



Table 1. Structure and properties of phases in the scandium-sulfur system
a
Sc,84 S¢q,3755 Scg 818 > 8¢y go°
Molar ratio Sc/S 0.666 0.685 0.806 1.000
Color Yellow Black Purple Gold
Structure Orthorhombic Rhombohedral NaCl structure type
(superstructure (superstructure (partial ordering (no vacancies)

Space group

Unit cell
dimensions

Electrical
properties

Melting point

References

of NaCl-type
structure;
metal vacancies
are ordered)

Fddd

10.41 &
7.38 R
22.05 &

emiconductor

a
b
c
Sem
2.78 eV band gap

1775°C

5,6

of NaCl-type
structure;
metal vacancies
are partially

ordered)
R3m
a=6,331 R
=33° 34
pb = 3x10—u Q—-cm
5

Torder

of vacancies
= 700°C)

R3m at T < 700°C
Fm3m at T > 700°C

a=5.165 &

>2000°C

congruently
vaporizing phase

6,10

Fm3m

— > a=5.190 R

pb==2xlo_5 Q-cm

low temperature

superconductor

T, = 5.37K
>2000°¢C
5,6,8,9,10

8The arrow denotes a homogeneity range.

bResistivity at 300K.



In addition to the interesting properties observed for
the scandium sulfides, the position of Sc itself on the
periodic table makes scandium compounds prime candidates
for study.

Scandium ((Ar) 3dlusg) is a member of the first
transition series ((Ar)3dnhs2). Compounds formed by members
of this series would show trends resulting from increased
contributions of d electrons to the valence-conduction band
region. Scandium also has the same électronic configuration
as the lanthanides ((Xe)an5d16sg) neglecting the Uf states.
In some lanthanide compounds, the 4f electrons occupy
states below the valence band and hence would be expected
to have properties similar to those of the related scandium
compounds. Scandium sulfide also serves to bridge the gap
between the ionic alkali metal sulfides, which have no d
electrons participating in bonding, and the more covalent
transition metal sulfides, whose properties depend largely
upon the contributions of the d electrons in metal-metal or

metal-nonmetal interactions.
Explanation of the Dissertation Format

The scandium-sulfur system was investigated from the
viewpoints of crystal structure, thermodynamics, and
electronic structure in an attempt to create a more complete

picture of bonding in the material.



Section I of the dissertation describes an attempt to
apply a purely ionic model to rationalize the vacancy
ordering in 800.815' Section II describes a thermodynamic
study of ScP which, when compared to a similar study of
ScS, allows one to make predictions as to the stabilizing
or destabilizing effects of metal-metal bonding in ScS.
Section III describes electronic band structure calculations
of ScS, which provide details of the bonding interactions
taking place in the valence-conduction band region. Section
IV describes an X-ray photoelectron spectroscopy study of
the various scandium sulfide phases in which measurements
were made of the relative shielding or deshielding
experienced by electrons throughout the series of compounds.
Finally, the results are summarized in an attempt to describe
more completely the bonding interactions in scandium
sulfide and to extend the description to include other

isostructural transition metal materials.



SECTION I. VACANCY ORDERING IN DEFECT SCANDIUM MONOSULFIDE



INTRODUCTION

A number of early transition metal chalcides with an
ideal stoichiometry ratio M/X = 1.0 crystallize in the‘NaCl
structure type and have been observed to have wide
homogeneity ranges ascribed to vacancies in either the
anion or cation sublattice or both. In some cases, vacancy
ordering occurs to produce sublattices or superstructures
of the original structure. Some examples are TiO (1),

NbO (2), SeS (3), and ZrS (4) and LuS (5).

The driving force for the ordering process is not
known; however, since the NaCl structure is considered a
prototype ionic structure, it has been rationalized by
application of the Born-Haber cycle (6,7) and coulombic
models to calculate crystal lattice (Madelung) energies.

It is the purpose of this work to test the hypothesis that
vacancy ordering occurs as a result of coulombic inter-
actions.

The approach developed for this test was to generate
a group of ordered vacancy sublattices on the NaCl lattice
and to calculate the Madelung energy and configurational
entropy contributions for each.

The compound SCO.SS was chosen from the examples above
to test the coulombic model, first, because the ordered
superstructure is small (2 times the primitive NaCl cell)

and secondly, because Sc is the first of the transition



metals (Ms23dl configuration), and therefore presumably has
a relatively small d-orbital contribution to its bonding.

To a first approximation, Sc xS is assumed to behave in a

1-
similar fashion to CaS, an ionic sulfide. The super-
structure cell of SCO.SS has been described (3) as a rock
salt structure in which the vacancies occur in alternate
metal planes along the body diagonal of a fcec cell

(Fig. I.1). Random occupancy within a given plane results

in the space group R3m.



Fig. 1.1.

The relationship between the NaCl-type disordered
and the R3m ordered structures of SCO.BS‘ Black
circles represent Sc sites; hatched circles,
partially occupied Sc sites; and open circles,

S sites. The R3m lattice vectors are indicated.
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THEORY AND METHOD
Crystal Lattice Energy

The crystal lattice energy U is typically defined for
ionic solids (8,9) as the coulombic energy of interaction
between ions on a lattice, where the ions are described as
point charges or nonoverlapping, spherically symmetric
charge distributions fixed at positions on a regular lattice.

The simplest expression for U is

q.:4.
ity § AT

th

where > qj are the charges associated with the 1 and

jth ions, respectively, Fij is the distance between ions,
and the factor of 1/2 corrects for overcounting interactions
in the double summation. In some cases, it is convenilent

to define the total lattice energy in terms of the site

potential ¢i’ the potential felt by a unit charge located

at a lattice site.

(1.2)

and Eqn. 1.1 becomes

U = g q;0,/2 (1.3)
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In 1918, Madelung (10) recognized that the sum over
the lattice points could be expressed as a unitless
constant, the Madelung constant M, dependent only upon the
crystal lattice geometry. The site potential in a crystal

of univalent ions in terms of the Madelung constant is

b, = - Me2/ro (1.4)

1

where e is the electronic charge and ry is the shortest
anion-cation distance. It should be noted that the
definition of the Madelung constant for other than univalent
ions is often ambiguous (11).

The expression for the Madelung constant is an infinite
alternating series -- a sum of attractive and repulsive
terms. An infinite series, which is shown to converge to
a 1limit o, may be equated with o in a mathematical
expression, where o is known as the sum of the series, It
is the case for a convergent series that a sum of a finite
number of terms closely approximates a for that series.

The lattice sum described above, however, is conditionally
convergent, 1l.e., the limit depends upon the order of
summation (12).

Conditionally convergent sums may be evaluated either
by breaking the cell into electronically neutral subcells
and evaluating the sum directly, a method credited to

Evjen (13), or by the method proposed by Ewald (14), who
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expanded the polnt charge lattice into a periodic Gaussian
charge distribution and obtained rapid convergence by
proper choice of the Gaussian half-width. The method of
Ewald has the advantage that it is more generally applicable
to all crystal systems than is the method of Evjen and was
the method selected for this study. The application of
Ewald's method to the evaluation of lattice sums has been
described by Kittel (15) and Tosi (9).

The lattice site potential ¢i is defined as the
electrostatic potentlal between a unit point charge located
at the ith lon site and the point charges at all other ion

th site removed. Applying

sites, with the ion at the 1
Ewald's method to the evaluation of ¢i, the lattice 1is
assumed to be constructed in two parts, where the total site

potential is the sum of the site potentials of each part

9, = 0, (1) + o5(1). (1.5)

The first component is the potential of a lattice of

normalized Gaussian charge distributions centered at each

ion site and is expressed as

1/2

0y 1) = 1L B exp(-6Pim) -2 0p (T @)

S(B) = Zp a, exp(-i@~?p) .

The second component ¢B is the potential of a lattice

of point charges with a superimposed lattice of normalized
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Gaussian distributions carrying the opposite charge and is

given by
' q S
0p(1) = I, 1) =2 r(nP | EE ] (1.7)
r
P 2
F(x) = on~1/2 @j et dt; x = nl/zlﬁ—?pl .

The symbols have the following meaning:

th

qé: the charge of the 1 ion with position

=1
vector rp = 03

- N =y
= lla + 12b + 130, a lattice translation vector

in real space with integers 11,12,13 and

i£2%

[, S,

-
fundamental vectors a,b,c;

-~ - P, N
D = xla + x2b + X3C, a position vector of ions in

a nonprimitive unit cell with fractional

Sl

coordinates Xl’XZ’X3’ and qp, the associated

charge;

217

2
vector with integers hl’h2’h3’ and

= 2 (hlg* + h, D% + h3€*), a reciprocal lattice

— 5.8 Y
fundamental vectors a¥, b¥, c¥,
‘ -
Xh’ the summation over all h,, h,, h3 except
hl=h2=h3=0;
Xp, the summation over all positions p
(including p');

1
ng the summation over all 1., 1., 1, except

1, = 12 = 13 = 0 when p = p';
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A, the unit cell volume;
n, the Gaussian half-width, an adjustable
parameter,

The total potential (¢, = ¢, + ¢.), which is the
i B

A
potential of a lattice of point charges, will converge with
proper choice of n (16) but will be independent of n since
the Gaussian terms will cancel in the sum.

The expression for the Madelung energy, in appropriate

units, is

U (kcal/mole) = 332 ) q; ¢ /2 K (1.8)
i

where ¢i is in units of 3_1, Qg is the charge in coulombs

th site, K is the total number of formula

at the 1
units per unit cell, and the summation is over all sites
in the unit cell.
A FORTRAN program PALS (Potential At a Lattice Site)
was written to calculate site potentials and Madelung
energies for any crystal system and is given in the Appendix.
Madelung energies for stoichiometric ionic solids are
calculated in a straightforward manner. In a non-
stoichiometric crystal, an average Madelung energy is
calculated, where the vacancies are restricted to, but
randomly distributed over, sites on a particular sublattice.

In a mean fleld approximation, this situation is equated

with distributing fractional ion charges equally over all
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sublattice sites. This is formally represented as a
ractional site occupanéy f = m/N (m and N are the number
of filled and the total number of sublattice sites,
respectively). The charge Qs in the Ewald expression
becomes [ "2 for the fractionally occupied ion sites,
where Zi is the ionic charge of ion 1. The anion and
cation in SCO.BS were assigned the charges -2 and +2.48

(for neutral MO 8X), respectively.
Configurational Entropy

Consider a lattice of N lattice sites which are
occupied by n atoms and N-n vacancies. The number of ways

to distribute the atoms and vacancies over N sites is
Q = N!/(N-n)!n! . (1.9)

The entropy associated with @ configurations of

atoms is

Seop = - k In 2, (1.10)

where k 1s the Boltzmann constant. Applying the Stirling
approximation (In n! = n 1n n~n) and defining Xo and Xv
as the fraction of occupied and vacant sites, respectively,

the entropy expression becomes

Scon = -k N (xO 1n X + Xy 1n xv) . (1.11)
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The process of vacancy ordering inveolves distributing
a fixed number of vacancies (determined by the crystal
stoichiometry) over lattice sites on a given sublattice.
One of the restrictions of the proposed model for SCO.SS
is that for a superstructure unit cell containing L metal
sites and L nonmetal sites, the vacanciles are concentrated
on 1/L of the metal sites., The metal~to-nonmetal ratio p
is

o = [(L-1) + x /L (1.12)

Solving for XO and XV (= l-XO) and substituting into

Egn. 1.11, the entropy expression per mole Sc0 88 is

Seon = - % {[L(p-1) + 11 In[L(p~1) + 1]

+ L(p=1) 1n L(p~1)} (1.13)
Short-Range Order

The mean fieid approximation, as described above,
treated the occupancy of the metal sublattice as a
probability distribution where each site had an equal
probability of being occupiled, and the probability was
determined by the stoichiometry. The first-order correction
to this approximation would be to consider the occupancy of
one site correlated to the status of other sites. For the
case of random particle distribution, the particle distri-

bution function fél) is egual to the probability that a
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particular site is occupiled without regard to any other
sites; f§§) is the probability that two particular sites

i and J will be occupiled without regard to other sites,

(3)
fi3k°

The short-range correction to the crystal energy

similarly for etec.

considering pairwise correlation only is

_1 (2) (1)42; 3195
Usp = 5 L L 1f357 - 05,7717 = . (1.14)
i#j ) rijl

In accord with the theory of the grand canonical
ensemble (17), one considers an ensemble of lattices each
having a variable number of occupied sites. The
probability that a randomly selected ensemble will contain

particles with one particle at site x a second at x

1’ 2°
ete., at time t, is denoted F(n). The confilgurational
entropy for a finite lattice of N total sites, in terms of

the distribution function F(n), may be expressed as

N a
Seon = K ngo ﬁ% <F(n) 1n F<n)>;? . (1.15)

The distribution function f(n) described previously, the
probability that n specified sites are filled without
regard to the condition of the rest of the lattice, can

be expressed in terms of F(n) as (18)
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n+2
n+l

! Ell!_<F(n+m)>n+l (1.16)
=0

p(n) o pn) <F(n+1)>: <F(n+2)>

where, by definition

<F>;IIT= ) ) ... ) F

n+1 *n+2 En+m

for m > 1, and <F>§+1 = F. The symbol } denotes a sum
Xn+i

over all lattice sites of the particle n+i. The first
term in Egn. 1.15 represents the probability of observing
n particles at specified sites with no other particles on
the lattice; the second term represents the probability
of observing n particles with one other particle on the
lattice, etc. The factor 1/m! occurs in the mth term
since each of the m sums 1s carried out over the entire
lattice, resulting in one configuration occurring m!
times. An inverse relationship (18) also exists

m n+m
I SR Gt N (L.17)

m=o0

This can be verified by the substitution of Egn. 1.17 into
Egqn. 1.16.
Making the approximation that out of n+m total particles

only n are correlated and the remaining m particles are
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distributed according to the single particle distribution

function

plntm) _ o (n)pp(1)qm (1.18)

Egqn. 1.17 then becomes
p(n) o p(n)py _ p(n)qN-n (1.19)

where N is the total number of sites avallable on the
lattice. Substitution of Egn. 1.19 into Egn. 1.15, and
extracting only the contribution of pairwise correlation,

the total configurational entropy is (19)

SCon = - kN[xo 1n X + Xy 1ln XV]
-2 7 v 1n —H— (1.20)
2343 5 M r{1)q2

The first term in Egqn. 1.20 is the configurational entropy
of a lattice of uncorrelated particles (see Egn. 1.11);
therefore, the correction for pairwise correlation is the

second term.
Application of the Model

A group of superstructures of the NaCl structure type
which could result from vacancy ordering was generated in
the following way. The group was limited to primitive
superstructure cells containing five SCO.BS units or less.

Ordered triples of noncoplanar vectors were systematically
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chosen from among the translational symmetry operation of
an fec array, - the sublattice of metal atoms in a NaCl
structure, This triplet of vectors defined the sublattice
of fractional occupancy by metal atoms and a new super-
structure cell.

An arbitrary cell so constructed is not necessarily a
unique description of the lattice, however. Niggli (20)
has defined the reduced cell as a primitive cell constructed
of the three shortest noncoplanar lattice translations,
and has shown a method for identification of the crystal
system and Bravais lattice type from a scalar representation

—> N —

of the reduced cell (i.e., 3-5, beb, a+b, 3-3, etc., where
g, ﬁ, g are the shortest translation vectors). The reduced
cell vectors may be obtalined from any arbitrary set of
primitive vectors by a procedure described by Buerger (21)
and extended by Santoro and Mighell (22).

A FORTRAN program GEMS (GEnerate Metal Sublattices)
was written to generate sublattices of reduced
occupancy, compute reduced cell vectors and their scalar
representation, and delete symmetrically equivalent
orderings. The conventional cell was deduced using Niggli's
criteria (20).

A third program CELL was written to transform the atom

coordlnates inrthe NaCl lattilce into atom coordinates in

terms of the superstructure cell. In this way, each new
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superstructure could be described as the superposition of
three sublattices: a sublattice of nonmetal atoms, a
sublattice totally occupled by metal atoms, and a third
sublattice fractionally occupied by metal atoms. The unit
cells and space groups are listed in columns 2 and 3 of

Table 1.2 (page 26).
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EXPERIMENTAL
Sample Preparation and Characterization

Scandium monosulfide was prepared by direct combination
of stoilchiometric amounts of scandium, rolled to 0.2 mm
thickness and electropolished (Ames Laboratory) and sulfur
(Ventron, 99.999% purity); also, a small amount of 12 was
added as a transport agent. The elements reacted at
700-800°C for several weeks in evacuated and sealed fused
silica tubes. The resulting inhomogeneous material was
annealed in an inductively heated W Knudsen cell at 1600°C
in high vacuum (a residual pressure less than 10—6 torr).
Nonstoichiometric sulfides with compositions between SCl.OOS
and 800.818 (the congruent composition) were prepared by
increasing the temperature at which and the length of time
for which the monosulfide was inductively heated.

The prepared material was composition analyzed by
combustion of a weighed portion of Scl_XS, contained in a
Pt crucible, to 80203 at 900°C in a muffle furnace. A mole
ratio Sc/S could be obtained to an accuracy of +0.005 with
a sample size between 50-75 mg.

X-ray powder diffraction patterns, utilizing a
Guinier-Higg forward focussing camera (Cu Ka , radiation,

1
1.5406 R wavelength; Si internal standard, a = 5,43088 R)
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were used to analyze for the crystal phases present and

to monitor changes in the lattice constants.
High Temperature X-ray Diffraction

A Guinier-Simon X-ray powder diffraction camera
(Cu Kal, radiation), with temperature controlling and
programming capabilities, was used to examine the vacancy
ordering 1in SCO.Sls over the temperature range 100 - 750°C.
The finely powdered sample was contained in an evacuated
and sealed 0.3 mm quartz capillary.

Weak superstructure lines corresponding to the R3m
ordering were observed at temperatures below, but not
above 700 + 20°C, indicating that the order-disorder
transition occurs at approximately 700°C. There was no
indication of a two~phase region separating the phases,
suggestive of a second-order transition (23). 1In
addition, the transition from Fm3m to R3m, with a
doubling of the periodicity along the body diagonal,
meets all four conditions required of a second-order
phase change by the Landau Theory (24). The approximate
d~-spacings and corresponding h, k, 1 values for the

observed diffraction lines are given in Table 1.1,
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Table 1.1. Approximate d-spacings and corresponding h, k, 1
values for observed diffraction lines

a

Temperature d-Spacing h k 1 h k 1
Range (°C) R3m Fm3m

T >700 5.97 003 not allowed
T >700 3.12 101 not allowed
100-700 2.58 104 2 00
100-700 1.826 018; 110 220
100-700 1.491 02 4; 00, 12 2 22
100-700 1.290 2 08 b 0 0

aHexagonal indices.,



RESULTS AND DISCUSSION

The Madelung energy, configurational entropy, and
change in the free energy (AA = AU - TAS) at the ordering
temperature T = T700°C, calculated for each generated super-
structure, are reported in columns 5, 6 and 7 of Table 1.2.
These results include only long-range ordering effects.

The short-range contribution to the free energy may
be constructed from USR (Eqn. 1.14) and SSR (Egqn. 1.20),
assuming the pair correlation probabilities fég) to be
functions only of the distance separating the ions.
Minimization of the free energy with respect to the set of
fig) and subject to the constraint that the average
fractional occupancy of the cation sites was that of the
experimental sample (0.8), led to the prediction that the
probability of occupancy of nearest neighbor cation sites
was zero.

This result 1s inconsistent with the observed long-
range ordering symmetry and reflects the consequences of an
energy term that overwhelmed the short-range entropy term.

It has been shown that the coulombic model fails
seriously 1n predicting cation vacancy ordering in defect
scandium monosulfide in the following ways: 1) the model
results in an ordering temperature for the observed

transition which is grossly incorrect (T = AU/AS= 42,000 K!);



Table 1.2. Space groups, lattice parameters, lattice energy, configurational
entropy and change in the free energy for the ordered superstructures

Volumea Space Lattice -U S AA97 K
Group Parameters -1 -1 -1 3 -1

(R, deg) (kcal mole ~) (cal mole ~deg ~) (kcal mole )

1 Fm3m a=5.17 899.0 0.976 0

2 P4 /mmm a=3.65 915.8 0.663 -16.5
c=5.17

2 R3m a=3.65 912.1 0.663 -12.8
c=17.89

3 Tmmm a=10.96 931.2 0.451 ~31.8
b=5.17
c=3.65

3 I4/mmm a=3.65 G17.9 0.451 -18.4
c=15.50

3 P3m 1 a=3.65 904.,3 0.451 - 4.8
¢=28.95

4 c2/m a=12.11 gh41.2 0,266 -41.5
b=3.65
c=6.33
g=100.0

4Yolume of generated primitive cell/volume of rock salt primitive cell.

92



Table 1.2. (Continued)

a

Volume Space Lattice -U S AA
Grou P 973K
p arameters 1 -1 -1 -1

(3, deg) (kcal mole ~) (cal mole ~deg ~) (kcal mole )

Y Pmmm a=5.17 937.7 0.266 -38.1
b=7.30
¢c=3.65

4 Cmmm a= 7.30 941.6 0.266 -42.0
b=10.33
c= 3.65

4 P4 /mmm a= 3.65 904.3 0.266 - 4.6
¢ =10.33

L I4/mmm a= 5.17 949.9 0.266 -50.3
¢ =10.33

4 R3m a= 3.65 875.9 . 0.266 23.7
c=35.78

4 Pm3m a=5.17 949.0 0.266 -49.4

5 C2/m a= 12.11 946,2 0.057 ~46.4
b= 3.65
c= 8,95
B=119.5

5 Immm a= 5.17 936.3 0.057 -36.5
b=18.26

Q

L2



Table 1.2. (Continued)
Volume? Space Lattice -U S AA973 K
' Group Parameters -1 1. -1 -1
(R, deg) (kcal mole =) (cal mole ~deg ~) (kcal mole ™)
5 I4/m a=8.17 962.6 0.057 -62.8
¢c=5.17
5 I4/mmm a= 3.65 875.4 0.057 24 .4
b=25.83
5 R3m a= 3.65 827.5 0.057 -72.3
b=U4y,73

8¢
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2) the model predicts that a number of long range ordered
structures would be more stable than the observed ordered
structure and by as much as 60 kcal, not just a few kcal;
3) the model predicts an overwhelming short-range ordering
that is not observed. In addition, it has been observed
that the partial molar enthalpy of Sc in the defect solid
is overestimated by 115 kcal using the ionic model (25).
These conclusions are based upon the most simplistic
coulombic model, i.e., neglecting repulsive and polarization
corrections and a variety of possible short-range effects.
However, the comparison of the stabilities of the various
possible long-range ordered structures would continue to
predict that defect orderings other than the observed R3m
ordering for SCO.BS would be stable, even if these
correction terms and short-range effects were included.
Thus, it can be safely concluded that the observed long-

range ordering does not result from coulombic interactions.
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SECTION II. THERMODYNAMICS OF ScP
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INTRODUCTION

Dismukes and White (1) have proposed a formula for
defect scandium monosulfide Sc3+(e_)82—, in which (e™)
represents a delocalized electron participating in metal-
metal bonding. A similar formula for scandium mono-
phosphide, which is isostructural with the monosulfide and
which has one less electron, would be Sc3+P3_; where there
i1s no longer a metal-metal bonding (delocalized electron)
contribution. A comparison of properties (structural,
electronic, and thermodynamic) between the sulfide and
phosphide would aid in the understanding of these metal-
metal bonding interactions.

ScP crystallizes in the NaCl-type crystal structure
(a =5.312 & (2); 5.302+0.05 kx (3); 5.3088 +0.0005 & (4)),
has a melting point greater than 2000°C (3), and is a semi-
conductor with a 1.1 eV band gap (4). By a comparison of
the properties, ScP and Sc3S are found to be very similar
materials. (See Table 1 for properties of ScS).
Thermodynamic data for ScS have been reported (5); however,
no complementary data are known for ScP, nor for transition
metal phosphides in general (6).

It was the purpose of this study to carry out a high

temperature vaporization study of the scandium phosphide

system, utilizing mass spectrometry and the target



34

collection Knudsen effusion technique, and by comparison
to a similar study on ScS gain insight into the stabilizing

or destabllizing effects of metal-metal bonding.
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THEOCRY AND METHOD
Mass Spectrometric Measurement

Mass spectrometry has been used extensively in the
investigation of the vapor-condensed phase equilibrium of
various systems. These studies have led to the identifi-
cation of the gaseous species, and to the determination of
thermodynamic properties for the gaseous species and the
condensed phases from which they originate (7,8). A
quadrupole mass spectrometer, as used in this investigation,
consists of a vapor source, which provides a molecular beam
arising from the vaporization of the condensed material;
an ion source which ionizes the neutral molecular or atomic
species and directs the ion beam onto the analyzer; a
guadrupole analyzer consisting of four rods on which rf and
dec potentials in varying ratios are superimposed, therefore
allowing for mass separation; and an ion current detector.
In this study, the mass spectrometer was employed to
identify the vapor species in equilibrium with solid ScP
at high temperatures, and to measure appearance potentials
of each vapor species to enable identification of the parent

ions.
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Knudsen Effusion Vapor Pressure Measurements

The Gibbs phase rule
F=C-P+2 (2.1)

defines the conditions by which the measurement of partial
pressures will lead to meaningful equilibrium data.
Consider a binary system in which the solid and vapor are
in equilibrium. The number of components C is 2, the
number of phases in equilibrium P is 2, therefore, the
number of independent intensive variables F is also 2.
If congruent vaporization occurs such that the vapor and
solid hayg the same composition, the system is univarient,
i.e., at a fixed temperature the pressure will also be
fixed. Various methods for vapor pressure measurement
are described in a review by Cater (9). The target
collection Knudsen effusion technique was employed in this
study.

Knudsen (10) derived the relationship for the rate at
which molecules of the ith gaseous species effuse through
a small, knife-edged orifice of area A, as a function of

partial pressure Pi’ mass m,, and temperature T

a
dat

. x)1/2, (2.2)

(Ni/A) = Pi/(2ﬂ my

where Ni is the number of effusing molecules and k is

Boltzmann's constant. Clausing (11) proposed a correction
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factor KC for nonideal orifices which accounts for molecules
which strike the orifice walls and re-enter the cell,

rather than effusing through the orifice. In the case of

a target collection experiment, the fraction of the

effusate striking a circular target of radius R, placed a
distance L coaxially with the orifice, is F = Rg/(R2 + L2).
The Knudsen equation for the target collection set up
corrected for a nonideal orifice, and in terms of the
weight loss Wy (grams), the orifice area A (cm2), the time
t(sec), the partial pressure Pi (atm) of the ith species,
the temperature T(K), and Mi the molecular weight becomes

1/2

P, (atm) = 0.02256 WiTl/g/A K, Ft M, (2.3)

Calculation of Thermodynamic Quantities

For systems in which the vapor pressure is less than
one atmosphere, the vapor species may be treated as a
mixture of ideal gases and an equilibrium constant K may
be calculated for a particular reaction, from the partial
pressures Pi' The standard free energy change at

temperature T is

AGL = =-RT 1n K. (2.4)

o]
T
Combining Egn. 2.4 with the basic equation

- o o
AGT = AHT ~ T AST (2.5)
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the fecllowing equation results:

2.303 R log K = —AH%/T + AS (2.6)

o
e
Assuming the heat capacities of the reactants and products
are constant in the temperature interval of experimental
measurement, a plot of 2.303 R log K versus 1/T is linear
with slope -AH% and intercept AS%. The data points are
fitted to the best stralight line by a least squares
technique and the resulting enthalpy and entropy are

assigned to a median temperature T oeq = 2/(1/T

e lower

+ 1/Tupper>' This treatment is referred to as the second-

law method. The second-law enthalpy and entropy at Tmed

may be reduced to the enthalpy and entropy at a reference

temperature by the appropriate heat capacity function

T

HT - H298 = Cp(T) dT (2.7)
298
T

ST - 8298 Cp(T)/T aT, (2.8)
298

The heat capacities of inorganic compounds may be estimated
empirically (12).

An alternate treatment, the third-law method, is to
calculate AHS98 from each experimental point by computing
the change in the free energy function (fef) for a reaction
according to

_ o
Afefy = (AGT - H298)/T. (2.9)
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Combining Eqn. 2.9 with Egn. 2.4, the following equation

is obtained:

o =
AH298 = -T(R 1n K, + AfefT). (2.10)

T
The third-law enthalpy change is the average AH898
calculated from each data point. The estimation of Cp
and 8898 is necessary for species where fef has not been

measured.
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EXPERIMENTAL
Sample Preparation and Characterization

Scandium monophosphide was prepared in the same manner
as previously described for scandium monosulfide in
Section I. The resulting annealed material had a gray
metallic luster and was easily powdered. X-ray powder
diffraction patterns of the homogeneous material showed the
rock salt structure of ScP, with a lattice parameter of
5.302 £ 0.001 R.

A preliminary vaporization of ScP was conducted by
repeatedly heating a previously annealed sample of ScP in
high vacuum to temperature in the range 1950 to 2373 K for
several hours and following the X-ray diffraction patterns
of the residue after each heating. 1In all cases, the
powder patterns showed that only the fecc ScP phase was
present and that the lattice constant rgmained identical
to that of the starting material throughout the heating
procedure. It was also observed that the sample did not

melt at temperatures as high as 2373 K.
Mass Spectrometric Experiment

An EAI quadrupole mass spectrometer (Model 2508 - axial
beam with paraxial electron multiplier) was used to study

the vapor species effusing from a tungsten Knudsen cell
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containing ScP. The equipment and operating procedures have
been previously described (13).

A Leeds and Northrup disappearing filament optical
pyrometer which was sighted into a black-body hole in the
base of the Knudsen cell was used for temperature measure-
ments. Ion intensities were taken as the difference between
peak heights obtained by scanning the mass range of interest
with the shutter open and the backgrounds in the same region
with the shutter closed. Measurements were made in the
medium mass range of the spectrometer (10 - 150 amu) using
an electron energy of 45 eV at 2 mA emission current. A
well-annealed and homogenized sample of ScP was used. Peak
intensities at 31, 45 and 62 amu were measured simultaneously
over the temperature range 1767 to 2105 K.

Data for shutter profiles of the effusing vapor species
appearing at 31, 45, and 62 amu, and an appearance potential
curve for the U5 amu species were obtained with the sample
at 1990 K. The linearly extrapolated appearance potential
for the U5 amu species was 6.5 * 0.4 eV (1st Ionization
Potential, Sc 6.54 eV (14)), using CO2 (1st Ionization
Potential, 13.8 +0.3 eV (15)) as a calibrant to the energy

scale.
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Knudsen Effusion Study

A target collection procedure (13) was used to measure
absolute rates of effusion of the vapor in equilibrium with
ScP over the temperature range 1950-2209 K (IPTS-68 (16)).

A schematic of the vacuum line apparatus used in shown in
Fig. 2.1. A well-anealed and homogenized sample of ScP

(150 mg) was placed in a high density tungsten crucible
insert, which in turn was contained in a symmetric tungsten
effusion cell. A cell with orifice diameter 1.773 £0.020 mm
(at 2049 X) was used over the temperature range 1950-2148 K
for two experiments (8 points and 18 points, respectively),
and a cell with orifice diameter 0.922 +0.010 mm (at 2164 K)
was used over the temperature range 2121-2209 K (8 points).

Vapor deposits were collected on liquid nitrogen-
cooled, high purity aluminum targets. Exposure times,
defined by the opening or closing of a shutter located
between the effusion cell and target, were monitored with
a precision laboratory timer. Targets were collected both
on raising and lowering the temperature to assure thermo-

dynamic equilibrium in the system.

X-ray Fluorescence Analysis of the Targets

The effusates that collected on the targets were

analyzed for scandium by the X-ray fluorescence technique.



43

N

LIQUID N2 DEWAR

55/50 ¥ JOINT
~——PYREX TO KOVAR JOINT

COPPER TARGET MAGAZINE
L

—SS TARGET SUPPORT
34/45 § JOINT

EJECTOR ROD

L
14/35 § JOINT

MANUAL
SHUTTER

- TARGET RECEIVER
:o)——\WATER
S OUTLET
0 INDUCTION COIL
O~ TUNGSTEN CRUCIBLE

Q
Lg-—-ALUMINI\ TABLE

+
A

000000000}(0

fwcon SUPPORT
COOLING WATER INLET

55/50 § JOINT

TO

24/40 § JOINT. ——~—= DIFFUSION
‘h PUMP

OPTICAL WINDOW [7PRISM )omzmow GAUGE

Filg. 2.1. Schematic diagram of vacuum line apparatus used
for target collection experiments on scandium
phosphide



Ly

The procedure used to calibrate for microgram quantities of
scandium was as follows: Ten calibration targets were
prepared by pipetting 50 ul of ten individual Sc stock
solutions containing 1-10 ul Sc, respectively. These
solutions were delivered dropwise onto a 2 cm2 area of the
target and evaporated under an infra-red lamp. The cali-
bration targets were counted by X-ray fluorescence in a
Tracer Northern Energy Dispersive spectrometer by F. Laabs
of the Ames Laboratory, Spectrochemical Services Group.
The exciting radiation used was Mo (15 kV, 0.11 mA); the
Sc Ko peak (4.120 kV) was counted for 1500 seconds. A
blank target was also counted to allow for background
subtraction, A calibration curve relating net counts to
micrograms (ug) Sc was obtained by a linear least squares
treatment. The overall standard deviation in the measure-
ment of ug Sc was *0.28. Targets containing 4.9 and

5.9 ug Sc, respectively, were selected as standards and
were counted with each set of experimental targets. This
allowed normalization of the net counts from each experi-
mental set to the net counts obtained during calibration.

Normalization factors ranged from 0.99 to 1.01.
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RESULTS

From the high temperature annealing and vaporization
of ScP, followed by X-ray powder diffraction analysis of the
residues, the congruent vaporization of the compound was
established. There was no indication of any stoichiometry
changes in scandium monophosphide.

The shutterable ion intensities, observed at 31, 45 and
62 amu during the mass spectrometric experiment, were
identified as resulting from the ionized species P+, Sc+
and P;,
ing to ScO+ or ScP+ were observed over the experimental

respectively. No gaseous molecular ions correspond-

temperature range. The shutter profiles were indicative of
the Sc species effusing strictly from the orifice and the
phosphorus species effusing principally from the orifice but
with observable effects arising from species vaporizing from
the region within the radiation shields. The appearance
potential measurement indicated Sc as a primary gaseous
speciles and not a dissociative product from the molecular
ScP. Thus, the following net reactions for the vaporization

of ScP may be written

ScP(s) Sc(g) + 1/2 Pg(g) (2.11)

ScP(s) Sc(g) + P(g). (2.12)

Scandium partial pressures were calculated according

to the Knudsen effusion equation (Egn. 2.2) for each of the



b6

36 data points from three independent target collection
experiments. The Clausing correction factor KC was taken

as unity for the near-ideal orifices (17). The experimental
data and calculated pressures are given in Table 2.1. An

unweighted linear least squares treatment of log P versus

Sc
1/T resulted in the equation
log Psc(atm) = -(28159 + 321)/T
+ (8.10%0.15). (2.13)

Conditions of material balance and congruent vapori-
zation, combined with the Knudsen effusion, lead to the
relation (Egn. 2.14) between individual phosphorus partial
pressures (PP’ PP ) and the measured scandium partial

2
pressure (PSC)

P 1/2 =

Se

1/2 + 2P 172 . (2.14)
P2/MP

2

Se/M PP/MP

The equilibrium constant KP(=PP2/PP ) for the
2

dissociation reaction may be calculated from the Gibbs free

energy function for P(g) (18), and P,(g) (18), and AH398 of

1

dissociation (116.90 +0.10 kcal mole — (19)). A linear fit

(log Ky = =-26036/T + 6.246) was used to calculate K and

P,

P2 and PP at
each experimental temperature. PP and PP were of the same
2
order of magnitude with PP being slightly greater. Linear
2
least squares treatment of individual partial pressures gave

P
in turn, the equilibrium partial pressures P
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Table 2.1. Target collection Knudsen effusion data

622D c
Temperature Time Sc PSC}(IO AH§98
. Collected -1
(K) (min) (ug) (atm) (kcal mole )
1. 1972 145 bh.75 0.63 252.9
2. 2055 46 5.56 2.35 252.7
3. 2056 45 5.68 2.47 252.5
4, 2034 60 5.92 1.91 252.,0
5. 2005 90 5.17 1.11 , 252.6
6. 2078 35 6.69 3.76 251.8
7. 2104 25 6.15 4,83 252.7
8. 2104 25 6.78 5,37 252.0
9. 1950 240 5.97 0.47 252. 4
10. 1986 122 5.60 0.88 252.1
11. 1986 120 4,90 0.78 252.9
12. 1970 151 4,87 0.62 252.8
13. 2021 71 5.12 1.40 252.7
14. 2020 70 5.23 1.44 252.4
15. 2004 92 5.69 1.19 252.1
16. 2049 49 5.98 2.38 252.0
17. 2065 35 5.60 3.10 251.9
18. 2086 27 5.80 b, 22 251.8
19. 2086 26 5.36 4,13 252.0

80rifice Area: (#1-26) 2.469 +10"° cm® at 2049 K

(#27-34) 6.669 » 1073 cm® at 2164 X
YCollection Factors: (#1-8)  0.00527
(#9-26) 0.00528
(#27-34) 0.00525

CAH598 from Reaction 2,12: ScP(s) = Sc(g) + P(g).



Table 2.1. (Continued)

Temperature Time Sc Se }(106a,b AHggsc

) Collected -1

(K) (min) (ug) (atm) (kcal mole )
20. 2064 37 5.49 2.90 252.2
21. 2098 26 6.62 5.01 251.8
22. 2121 17 6.06 7.06 251.7
23. 2148 13 6.32 9.61 252.1
24. 2147 13 6.65 10.42 251.5
25. 2127 15 5.67 7.49 251.9
26. 2106 23 6.21 5.26 252.3
27. 2121 51 4,30 6.24 252.5
28. 2150 35 .40 9.50 252.4
29. 2168 28 .58 12.42 252.2
30. 2186 22 .75 16.21 252,0
31. 2209 12 3.71 23.97 251.4
32. 2209 12 3.54 22.80 251.8
33. 2196 15 3.61 18.34 252.1
34, 2169 18 3.28 13.64 251.7

Average 252.2 + 0.4
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log Pp_(atm) = -(28533 +393)/T

+ (7.898 +0,189) (2.15)
log Pp(atm) = -(27235 % 321)/T
+ (7.050 +0,154), (2.16)

where the uncertainties are standard deviations. The
experimental points for PSC and the calculated least squares

lines for PP and PP as a function of temperature are shown
2

in Fig. 2.2.
Equilibrium constants for the congruent vaporizations

of Reactions 2.11 and 2.12 may be represented by

-(42426 £376)/T + (12.05 £ 0.18) (2.17)

log Kl

—-(55394 £ 454) /T + (15.15 £ 0,22). (2.18)

log K2

The entropy and enthalpy changes for vaporization at the

o}
median temperature (2071 K) are: Reaction 2.11, AH298 =

194.1+1.7 keal mole *; 083401 = 55.15 £ 0.83 eu; Reaction
o = ‘l. o] =

2.12, MH345.p = 253.5%2.1 keal mole 73 ASS,.. 69,33 #

1.00 eu.

To reduce the median temperature data to 298 K, the
heat capacity of ScP(s) was estimated both at 298 K and at
the melting point (2400 K). Addition of heat capacities
of the component elements gave C;’298[SCP(S)] = 11.17 eu,
and Kubaschewski's approximation (12) yielded

C [ScP(s)] = 14.50 eu. The heat capacity function

)
P,2400
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for ScP(s) over the temperature range 298 - 2400 K, with
the assumption of a linear variation, may then be

represented by

0 [ScP(s)] = 1.58 x 107" T + 10.70 (2.19)

The enthalpy and entropy functions used to reduce AHT and
AST to 298 K are given in Table 2.2. The errors associated
with the enthalpy and entropy functions as a result of the
estimates involved in obtaining Egn. 2.19 were assumed to
be + 1 keal mole t and + 1 eu, respectively.

Results of the second law data treatment including
uncertainties associated with data reduction are: Reaction

o} = ‘1. o = .
2.11, AH298 199.7 + 2.0 kcal mole AS298 60.6 £ 1.3 eu;

. 0 - _1' [o) -
Reaction 2.12, AH298 258.0 * 2.3 kecal mole AS298

73.4 = 1.4 eu.
Combining these data with entropies and enthalpies of
formation for Sc(g) (19) and P(g) (18) (Table 2.2), the

enthalpy of formation and the standard entropy of ScP were

calculated as: AH§ 298[SCP(S)] = -87.9 + 2.5 kecal mole_lg

SSQBESCP(S)] = 7.3 + 1.4 eu. The results of the second law
treatment are summarized in Table 2.3.
The third law enthalpies for Reaction 2.12 were

calculated from the experimentally measured P the derived

Se?

P and the Gibbs free energy functions for Sc(g) (19),

P’
P(g) (18), and ScP(s) (estimated from the heat capacity



Table 2.2. Thermal functions

Sc(g)? 1/2 P,y(e)’ P(g)P SeP(s)®
H3g7y - H3gg (keal mole” %)  8.929 7.746 8.839 22.29£1.0
3071 = S3gg (ew) 9.807 8.290 9.6l 23.54 +1.0
5398 (eu) 41,748 26.055 +0.05  38.98 10.1 #1.0
MRS o0 (kcal mole™l) 90.32+1.0 21.34 £0.25 79.8%0.05
2Ref. 19.
bRef. 18.

cEstimated.

2s



Table 2.3. Thermodynamic results of ScP(s) vaporization

[o] [e] o] [o]
AH2071 ASZO?l AH298 A8298
(kecal mole_l) (eu) (kcal mole_i) (eu)

1. ScP(s) = Sc(g) + 1/2 P,y(g) 194.1:1.7 55.2:0.8 199.7 +2.0%  60.6%1.3
193.7 i2.8b

2. ScP(s) = Sc(g) + P(g) 253.5+2.1 69.3+1.0 258.0+2.3% 73.h+1.l
252.2+ 2.8

3. Sc(s) + P(V,red) = ScP(s) -87.9%2.5 -3.65+0.56°
-82.1 = 3.0b

a2nd law treatment.
b3rd law treatment, preferred.

Estimated by averaging AS% ,gg Of LaP and SmP (Ref. 20,21).
;)

€S
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function). The standard entropy 8598[SCP(S)] was estimated
to be 10.1 £ 1.0 eu by assuming the AS% 298 of ScP(s) to
3
be the average of AS% 298 of LaP(s) (20) and SmP(s) (21).
L]

The calculated third law enthalpy change for Reaction 2.12

. I = -1
is AH298 252.2 + 2.8 kcal mole

includes the standard deviation of the experimental data

, where the uncertainty

and an uncertainty of AFEF of * 1.4 eu. Table 1.1 includes
the individual third law enthalpies as calculated at each

experimental temperature.
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DISCUSSION

Scandium monophosphide has been found to vaporize
congruently in the temperature range 1760-2209 K to produce
the vapor species Sc(g), Pz(g), and P(g), as identified by
mass spectrometry.

The exact composition of the congruently vaporizing
monophosphide has not been established because of the
difficulties of quantitatively analyzing for scandium in
the presence of phosphorus. In phase studies of other
monophosphide systems (CeP (22), PrP (23), GAP (24)

ThP (25)), a composition change of 15%, because of
phosphorus vacancies, resulted in a 0.5% decrease in the
lattice parameter; whereas no variation of the lattice
parameter was observed for composition changes of 4% or
less. Since no measurable change in the lattice parameter
of the vaporization residues from the initial scandium
monophosphide composition was observed during the course of
this investigation, it was concluded that the congruently
vaporizing scandium phosphide phase contains no more than
4% phosphorus vacancies. Also, phosphorus-rich phases in
these systems have been shown to be unstable at high
temperatures (6). It was therefore concluded that the

congruently vaporizing monophosphide is very nearly

1.00°
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The standard enthalpies of atomization calculated by

the second and third law methods agree to within

-1 . . o = "1.
6 kcal mole (2nd Law: AHatm,298 258.0 = 2.3 kcal mole —;
.

3rd Law: AH 252.2 * 2.8 kcal mole ~). Experi-

o 3
atom,298
mental heat capacities for ScP(s) have not been reported in

the literature, thus 1t was necessary to estimate both the
heat capacities and 3598 for ScP(s) to calculate the second
and third law thermodynamic data. An uncertainty in the

average heat capacity of 1 eu would decrease the second law

1 and would increase the

enthalpy value by ~2 kcal mole
third law value by ~2 kcal mole-l, thus bringing the two
values well within the experimental uncertainties.
Additional uncertainty in the third law atomization enthalpy
arises from the estimate in 8598' The standard deviation of
the individual third law enthalpies corresponding to all
experimental temperatures is *0.4 kecal mole—l. The small
magnitudes of the deviations indicate that there are no
temperature dependent errors in the experiment, and that the
significant discrepancy between the second and third law
enthalpies may be completely accounted for by uncertainties
in the heat capacity function and 8398 for ScP(s).

Comparing the atomization enthalpies of ScP(s)

(AH = 252.2 + 2.8 keal mole t) and SeS(s) (5)

(o]
atom,298

-1 . .

o -

atom,298 240.3 + 3.0 kecal mole ~), it is found that
1

ScP(s) is more stable than ScS(s) by ~12 kcal mole -,

(AH
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It is concluded that, to a first approximation, the
delocalized electrons of the metal-metal bonding inter-
actions in ScS lead to destabilization compared to the
ScP system, which contains only metal-nonmetal bonding
interactions. ‘''he destabilization effect will be discussed
in more detail in connection with the band structure

calculations of SeS.
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SECTION III. BAND STRUCTURE OF SecS



61

INTRODUCTION

The motivation for the previously described thermo-
dynamic study of ScP was to obtain a first approximation to
the effects of metal-metal bonding in Sc¢S. A more rigorous
approach to the extent or importance of metal-metal bonding,
however, is possible through quantum mechanical band
structure calculations.

Recent collaborative efforts between Bruce Harmon of
the Physics Department and Thuy-Hoa Nguyen (1) have made
avallable the computer programs necessary to carry out band
structure calculations for binary systems with cubic or
hexagonal crystal structures by the LAPW (Linearized
Augmented Plane Wave) method. Collaboration with these
workers made possible the band structure calculations for

ScS (NaCl-structure type) discussed below,
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THEORY AND METHOD
LAPW Band Structure Calculations

The nonrelativistic, nonself-consistent LAPW method (2)
was selected as the method used to calculate the band struc-
ture of ScS. The LAPW method is a modified form.of the APW
(Augmented Plane Wave) method which has been explained in
detail in a text by Loucks (3).

The LAPW method 1is based upon a muffin-tin approximation
to the crystal potential, i.e., wlthin spheres centered at
the atomic sites the potential is spherically symmetric, and
outside the spheres the potential is constant. The crystal
potential V is constructed such that it maintains the

periodicity of the lattice
V(T + 1) = V(r) (3.1)

?: a general real space vector

i: a real space lattice translation vector

and therefore, the solutions to the Schrddinger equation
for the periodic potential must satisfy the Bloch condition,
The Bloch theorem states that the eigenfunctions Wﬁ for a
periodic potential are of the form of a product of a plane

[ N -
wave exp(iker) and a function u(r) which has the lattice

periodicity

() = exp(ReD) up@) (3.2)
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where, ? is a wavevector which labels the eigenstate and
—

u;(? + 1) = uﬁ(?) is a periodic function. It follows that

@+ D = exp(ik-T) vp(™) . (3.3)

D
A general wavevector k may be expressed as

Y 5N .Y
k =k + K (3.4)
n
-
where, kn is a reduced wavevector (within the first
Brillouin zone) and f is reciprocal lattice vector.
Substituting Eqn. 3.4 into Egqn. 3.3 and noting that
exp(i?-f) = 1 results in the expression
-~ .Y .Y Y -
vp(r + 1) = exp(ik 1) yp(r) . (3.5)

That is, the state wﬁ satisfies the Bloch condition as if
it had the wavevector ﬁh. Therefore, to describe the total
electronic structure of a crystal, only the reduced
wavevectors ﬁh need to be considered,

The Schrddinger equation 1s solved by the variation
method, A trial wavefunction w(f) is expressed as a linear
combination of normalized basis functions ¢(ﬁh) which
satisfy the crystal boundary conditions and the Bloch

conditions

) ¢, ¢(kn) . (3.6)

p(k) =

B~

S
The explicit expression for a particular ¢(kn) is given

by Koelling and Arbman (2). Substitution of Egn. 3.6 into
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the Schrddinger equation (Egqn. 3.7)
Hy(k) = E $(k) (3.7)
yields

2% el (005 [HI () = B B Lo (i) o, 2 (3.8)

Minimization of E with respect to the set of coefficients

01,02, eee Cp results in the expression
g Cn(an - SnkE) =0, k=1, 2, ... n (3.9)
. 3 . N
where, H_ . = {¢(k ) |H|o(k, )

and S_, = {o(k) [0 (kD

The coefficients 2 and thus the wavefunctions, eigenvalues,
and elgenvectors, are determined by solving the n
simultaneous equations, i.e., the standard eigenvalue
problem (4).

Fof discussions of bonding interactions in the solid,

the charge density
.Y
p(r) = Y*y (3.10)

is of interest, The density of states, which is the number

of electron states in an energy interval, 1s given by

20 z 32 N
N(E) = d°k68[E_(k) - E] (3.11)
(27]_)3 n J n
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where, § is the unit cell volume and n is the band index.
The integral 1is evaluated by the method of Gilat and
Raubenheimer (5) and applied by Jepsen and Anderson (6).

The knowledge of the components of the eigenvectors
permits the decomposition of the total charge density into
percentage character from various 2~components within the
muffin-tin sphere and in turn, partial 2-~densities of
states throughout the Wigner-Seitz cell (1). Similarly,
and

the partial g (d 2 and dx2_y2) and t, (dxy, d

g yz?

dZX) densities of states of the metal 2=2 charge density
component may be obtained. Summation of the partial

densities of states ylelds the total density of states.
Computational Details for ScS

Hartree~Fock-Slater charge densities for the
constituent atoms in their groundstates were calculated
utilizing a Herman-Skillman (7) program. The crystal
potential of the muffin-tin shape was approximated by the
superposition of spherically symmetric atomic potentials,
calculated from the atomic charge densities by the method
described by Mattheiss (8). The atoms were located at
theilr respective positions in the NaCl lattice according
to the convention: the metal atoms occupied the sub-

lattice containing the origin and the nonmetal atoms
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occupied the sublattice displaced from the origin by
(%,%,%).

Wavefunctions and eigenvalues were calculated for
89 k-points in 1/48th of the Brillouin zone of the fce Sc8
cell using a basis set of 100 functions. The k-points
chosen were those used for a similar calculation for fcec Cu
(9). The resulting energy bands (ten in the energy range
-1.0 to 1.0 Ry) were fitted by a least squares method to a
Fourier series which was truncated to 40 symmetrized plane
waves, From the fitted function, the eigenvalue at any
k-point within the Brillouin zone could be estimated. The
input parameters necessary for the LAPW calculation of ScS8

are given in Table 3.1.
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Table 3.1. Input parameters for the LAPW band structure
calculation for Scs@

Lattice parameter 9.81146 a,u. (5.192 K)b
Se muffin~tin sphere radius 2.47649 a,u.

S muffin-tin sphere radius 2.40030 a.u.

% coverage by muffin-tin spheres 51

Energy parametersC

Sc (positive eigenvalues) 0.50
S (positive eigenvalues) 0.23
Sc, S (negative eigenvalues -0.62

8Units used in the calculation: 1 Rydberg (Ry) =
13.605 eV, 1 a.u. = 0.529171 R.

bThis work.

CThe energy parameter used in constructing the radial
part of the basis functions (2).
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RESULTS
The Band Structure

The energy eigenvalues obtained at k-points of high
symmetry within the Brillouin zone for each of the ten
bands, are plotted versus the reduced wavevector to obtain
the band séructure shown in Fig. 3.1 for ScS, The constant
potential in the region between muffin-tin spheres defines
the zero of energy. Three energy regions may be identified,
namely: the single low-lying band (-0.,671 to -0.596 Ry)
which is composed predominantly of sulfur s-atomic states
(Fig. 3.2a) and is referred to as the s-band; the three
bands in the energy region ~-0,019 to 0.255 Ry are
essentially sulfur 2p-atomic states (Figs. 3.2b-3.2d) and
are referred to as the p~bands or the valence band; the
five bands in the energy region 0.382 to 0.776 Ry, which
are dominated by metal 3d-states (Figs. 3.3a-3.3e) are
referred to as the d-bands or the conduction band. The nine
valence electrons per formula unit of ScS £ill the lowest
four bands, leaving one electron per formula unit to occupy
the fifth band. The Fermi level (EF’ the energy of the
highest occupied state) falls within the conduction band
at 0.5245 Ry.

The remaining band (Fig. 3.2e), which is unoccupied,

is an admixture of various atomic states including a
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significant percentage of metal Us-states. The band model
usually given for pure transition metals includes signifi-
cant overlap of metal U4s and 3d-states in the valence band.
However, the interaction between the nonmetal 2s and metal
ls-states in a compound such as S¢S, tends to shift the
metal U4s~-states to higher energy relative to the pure
metal. In a molecular orbital interpretation, the nonmetal‘
2s and metal 4s-states become bonding and anti-bonding
bands, respectively. The interaction of metal and non-
metal s-states has also been observed in other MX compounds
of the NaCl-structure type by Neckel, et al. (10).

The calculated band structure correctly predicts
metallic conductivity for SecS (11) as a result of the
occuplied states within the conduction band, The occupied
states are at the bottom of the conduction band, however,
and according to the rigid band approximation, the result
of introducing Sc¢ vacancies into the solid is to lower EF,
possibly below the conduction band. In this way.
metallic conductivity would be predicted for phases. in

which Se/S > 0.666 and the phase Sc (Se/S = 0.666) would

253
be predicted to be a semiconducting phase. This trend has

been observed experimentally (11,12),
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The Density of States and Charge Density

The total density of states (including bands 1~9 only)
of ScS and the partial R-densities of states (Sc and S,
£ =0, 1, 2) are shown in Fig, 3.4, The S s-states,
S p-states, and Sc d-states are shown to be the major
contributors in the s~band, valence band, and conduction
band, respectively.

The Sc d density of states may be further decomposed
into the contributions from eg—like (dZE, dx2_y2) and

t2g—llke (dxy’ d dzx) states (Fig. 3,5). The character

yz’?
of the d-states in the valence band is primarily eg—like,
whereas both eg and tZg states occupy the conduction band.
The occupied region of the conduction band consists only of

€ states, however.

2g
Analogies may be drawn between the above treatment of

a metal in a NaCl-type crystal structure and a molecular

orbital treatment of a metal ion octahedrally coordinated

to ligands. (See for example, Cotton and Wilkinson (13)).

For a free metal ion, the molecular orbitals which are

mainly of metal character, form a bonding and antibonding

set of eg levels and a bonding th level which 1s stabilized

in energy relative to the eg antibonding level by an amount

A. Simllarly, eg bonding and antibonding and t2g bonding

states are formed in the fcc crystal. However, the levels

are no longer discrete but rather form broad bands, in
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which case the t2g bonding and eg antibonding states
overlap rather than have an energy separation A,

The average value of the square of the crystal wave-
functions (y¥*y) within the muffin-tin sphere, i.e., the
charge density of electronic distribution, is useful in
determining the directional nature of the bonding. The
charge densities which result from the Sc (Fig. 3.6) and
S (Fig. 3.7) states within the energy ranges of the s, p,
and occupied d-bands, respectively, were evaluated 1n the
100 plane which passes through the center of the respective
muffin~tin sphere. The arrow in each figure points in
the specified direction and corresponds to the direction
denoted on the projection of the 100 face of a S¢S unit
cell (shown in the upper right of each figure). The number,
located near the point of maximum charge density in each

figure, is the value of the charge density (electrons/a.u.z)
at the intersection of the direction vector and the muffin-
tin sphere boundary.

The maxima in the charge densities of the s- and p-
bands of Sc (Fig. 3.6a and 3.6b) occur in the Sc~S direction
(100). These results suggest that the orbitals centered at
Sc sites participate in o~bonding with orbitals centered at
S sites. The charge densities within the S muffin-tin

sphere from states in the s~ (not shown) and p-bands

(Fig. 3.7a) are essentially symmetric, i.e., they indicate
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no preferred bonding direction. The states contributing
to the s- and p-bands are primarily S s- and p-states
and Sc p- and d-(eg) states (Fig. 3.4) and further
demonstrate the role of metal-nonmetal o-bonding in these
bands.

The maxima of the charge densities within the muffin-
tin spheres of Sc (Fig. 3.6c¢) and S (Fig. 3,7b), as a
result of occupied d-states, occur in the 110 direction,
suggestive of Sc~Sc o~bonding or Sc-~S m~bonding. Moreover,

2g)
(Fig. 3.5) and nonmetal p-states (Fig. 3.4), a result which

it is shown that the d-band is composed of metal d (¢t

would also predict metal-metal o~bonding and metal-nonmetal
p m-bonding.

Summarizing, the bonding interactions in ScS are
described as metal-nonmetal s o-bonding in the s band,
metal-nonmetal p o-bonding in the valence band (p band),
and metal~-metal o-bonding and metal~nonmetal p w-bonding
in the conduction band (d band), The magnitudes of the
charge densities of Sc and S states in the various bands
are given in Table 3.,2. The largest proportion of charge
density results from states in the valence band, thus the
major bonding interaction in ScS is the metal~nonmetal p
g-bonding of the valence band region. The metal-nonmetal p
o~-interaction is interpreted as covalent bonding. The

charge densities along the 100 direction of Sc and S are
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Table 3.2. Magnitudes of the maximum charge densities
(electrons/a.u.2) at the muffin-tin sphere radii

Sc S
s-Band 0.005 0,003
Valence band 0.026 0.030
Conduction band 0.004 0.002

plotted (Fig. 3.8) to demonstrate the sharing of electronic
charge, a feature of covalent bonding.
A rigid band interpretation applied to ScP would

predict that E, would fall at the top of the valence bandg,

F

i.e., no occupied conduction band states. The ca. 12 kcal
enhancement in stability of ScP over ScS (See Section II),
in accord with the interpretation, would suggest that the
tzg—like states of the conduction band are slightly anti-
bonding in ScS. This agrees with the interpretation of
Neckel et al. that the p-~ and d-bands formed in other NaCl-

type compounds could be thought of as bonding-antibonding

p-d bands (10).
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DISCUSSION

Neckel et al. (10,14) have calculated APW band
structures and partial densities of states for a series of
MX compounds crystallizing in the NaCl-type structure

(M = Se¢, Ti, V; X = C, N, 0) and have noted trends upon
changing the metal or the nonmetal atoms. As has been
described for ScS, the bonding in these compounds also
includes metal-nonmetal p o-interactions in the valence

band and metal-metal o~ and metal-nonmetal p mw-interactions
in the conduction band,.

One criterion for classifying these materials might be
in terms of the amount of metal-metal bonding, It appears,
however, that for NaCl-~type compounds, metal-metal bonding
will occur as long as there are occupied states in the
conduction band. In the series above, including ScS3, ScN
would be the only material which would not exhibit metal-
metal bonding since EF in that compound falls at the top of
the valence band, i.e., there are no occupied states in the
conduction band.

From the results of Neckel et al., (10,14), it is
observed that the effects of increasing the valence-
conduction band gap are as follows: the proportion of metal
d-states in the valence band decreases and the character of

the d-states changes from a mixture of eg and t2g states to



83

predominantly eg states; the proportion of nonmetal p-states
in the conduction band decreases as well; also, the anti-
bonding metal eg—states in the conduction band are shifted
to higher energy. The following interpretation may be
applied to these observations. The overlap of the valence
and conduction bands allows for increased mixing of the
metal d- and nonmetal p-states, thus leading to an enhance-
ment of both metal-nonmetal p 6- and m-bonding. On the
other hand, a separation of the valence and conduction
bands leads to the localization of the nonmetal p and the
metal eg states in the valence band and the metal t2g states
in the conduction band. The localization of states, in
effect, seriously reduces the metal-nonmetal p m-bonding.
However, the effect of the valence-conduction band gap
may be somewhat counterbalanced by the number of valence
electrons available to occupy various states. For example,
the valence and conduction bands overlap slightly in ScN,
but EF is so low that the metal t2g states are not populated.
The reverse case is also possible; for example, the valence-

conduction band gap in VO is 0,12 Ry (14), however, E, falls

F
at a sufficiently high energy that antibonding nonmetal

p-states are occupled, thus allowing for metal-nonmetal p
T-type interactions.
The trends associated with changing metal or nonmetal

atoms in an MX compound of the NaCl-type structure are
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summarized in Fig. 3.9, where the s, valence and conduction
bands are represented by blocks of the appropriate widths.
Substitution of a more electronegative nonmetal (N with O
or S with 0) has the effect of narrowing the valence band
and increasing the gap between the valence and conduction
bands. The effect of substituting a different metal atom
is less profound. As a result of substitutions across the
series, Sc to V (10,14), and down the period Sc to Y

(Fig. 3.9), the valence band is raised to slightly higher
energy and the valence-conduction band gap i1s decreased
proportionately. More importantly, EF is raised in energy
as the atomic number of the metal atom 1s increased.

In summary, an important feature which differentiates
between bilnary compounds crystallizing ié the NaCl-structure
seems to be the p-d mn-interactions which are enhanced by
overlapping valence and conduction bands and EF of
sufficient energy to populate the metal t2g and nonmetal
p-states in the conduction band. One would predilct that
p-d m-interactions would be least important in a compound
formed by a very electronegative nonmetal and a metal with
a small number of valence electrons.

It has been suggested (15) that the metal-d nonmetal-p
interactions near the Fermi level (mainly p~d m-type) are
of importance for superconductivity. This idea is supported

in the scandium-sulfur system. Superconductivity is
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observed in Scl—xs’ X < 0,10 (16,17). In a rigid band
model, the effect of the scandium deficiency would be to de-
populate the p-d n-type states, As shown in Fig. 3,4, the
density of nonmetal p-states in the conduction band is

lowest at the bottom of the band.
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ScN  ScO S¢S YS

A block representation of the s, p (valence) and
d (conduction) bands of a series of NaCl-type
compounds, The Fermi level (EF) 1s adjusted to
zero for convenience,

(ScN, Sc0: Ref. 14; YS: Ref. 18; ScS: this work)
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SECTION IV. XPS AND UPS MEASUREMENTS OF DEFECT

SCANDIUM MONOSULFIDE
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INTRODUCTION

The core-electron and valence-conduction band spectra
of cubilc Scl_XS over the concentration range 0.0 < x < 0.2
were obtained by X-ray (XPS) and ultraviolet (UPS) photo-
electron spectroscopy. The valence-conduction band spectra
are compared to the theoretical valence density of states
(DOS) for SecS which was discussed in Section III.

A comparison is alsoc made between the Sc and S core-
electron binding energies (XPS) in Scl_xS and in other
sulfides and scandium compounds to deduce the character of
the Sc-S bond in Scl—xs' XPS measurements of 80283, 50203
and Sc metal were completed and included in this comparison.

The Sc 2p core levels in the cubic defect monosulfides
were found to exhibit an unusual satellite structure. This
prompted a complete analysis of the positions and relative
intensities of the satellite to fundamental peaks in the
Sc 2p energy region as a function of x by a least squares
curve fitting procedure. The results are discussed in

relation to a model proposed for similar satellite structure

noted in the W 4f region of cubic NaXWO3.
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THEORY AND METHOD
The Measurement and Spectrometer

Einstein was the first to recognize the photoelectric
effect whereby a material exposed to a quantum of radiation
will emit photoelectrons (1). It was not until the 1950s,
however, that the analysis of the photoelectron energies was
found useful in qualitative identification of the elements
(2) and that the measured core electron binding energies were
found to be dependent upon the chemical environment (3).
Siegbahn, et al. (3) are credited with introducing the
technique of XPS, also known as ESCA (Electron Spectroscopy
for Chemical Analysis) as a viable chemical tool. Various
sources have been used for the exciting radiation, typically,
Al (1486.6 eV), or Mg (1253.6 eV) Ka, in which the spectra
are referred to as XPS, or Hel (21.2 eV), and HeII (40.8 eV)
radiation, for which the spectra are referred to as UPS,.

A more complete description of XPS and UPS may be found in
Carlson (4) and Fadley (5) and will be summarized below.

In the photoelectron spectroscopy experiment, a sample
material is exposed to a flux of nearly monoenergetic
radiation with an average energy hv and the kinetic energy
of the resulting photoelectrons is observed. The energy
conservation equation for the most simple photoemission

process 1is

hy = Eg(k) + E (4.1)

kin T ¢(samp1e)
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th

where Eg(k) is the binding energy of the k electron state

referred to the Fermi level EF’ i.e., the energy required
to excite an electron from the kth energy level to EF;

is

E, . 1is the kinetic energy of the electron; and ¢sample

kin
- the sample work function, i.e., the energy required to
remove an electron from EF to the vacuum level, For a real
measurement, thermodynamic equilibrium of a spectrometer in
electrical contact with a metallic sample requires that the
Fermi levels of the sample and spectrometer be equal. The
emitted photoelectron then adjusts to the spectrometer

work function ¢ a constant for a given spectrometer,

spec?’

and has a kinetic energy EE??S, where the relationship
meas
between Ekin (Egn. 4.1) and Ekin
_ pmeas
Byin ¥ ¢sample T “kin ¢spec‘ (4.2)
Substitution of Egn. 4.2 into Egn., 4,1 gives the result
EL (k) = hv-E . - ¢ (4.3)
b kin spec’ )
The spectrometer work function ¢ may be determined

spec
by measuring the binding energy using a standard material,

e.g., Au 4f7/2 level, and defining ¢ as the energy

spec
difference between the measured and accepted values. In

this way, the information required for determination of the

th electron level of a conducting

binding energy of the k
material may be obtained. Other methods must be used for

nonconducting samples (see Refs, 4,5),
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A schematic of the photoelectron spectrometer used in
this study is shown in Fig. 4.1. A narrow energy band of
photoelectrons is focused onto a collector slit by a double
focusing hemispherical electrostatic analyzer and detected
by an electron multiplier of the channeltron type. As the
voltage applied to the analyzer and lens system is swept,
an energy spectrum of the emitted photoelectrons 1is
obtained. The signal, i.e., the intensity of photo-
electrons having a particular kinetic energy value, may
be amplified by a rate meter, as shown in the figure, or
averaged by repeatedly scanning the appropriate energy
range, collecting the data in a computer, as used in this
study, and subsequently recording the spectrum on an x-y
recorder.

The escape depth for photoelectrons with kinetic
energies in the range of several keV is 20-30 R which
implies that photoelectron spectrosceopy is a surface
technique. A rule of thumb is that at a residual pressure
of 10—6 torr, oxygen (assuming a sticking coefficient of
unity) will deposit on a sample surface at the rate of one
monolayer per second. Therefore, spectrometer pressures
in the range of 10—9 torr are necessary before meaningful

information about the bulk material may be inferred,
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Collector
slit

Electron multiplier

—Lens system

Photoelectrons

I <HF )

Amplifier and X-ray generator
ratemeler

X-y
recorcer

Fig. 4.1. Schematic of the AEI ES200 photoelectron
spectrometer (Ref. 6)
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Interpretation of Photoelectron Spectra

The aim of an XPS (or UPS) measurement 1s to determine
the positions, intensities, and shapes of peaks in the
energy spectrum. There is a one-to-one correspondence
between the observed photoelectron peaks and the molecular
orbitals in any material being measured. Since core-
electron states are atomic-~like, core binding energy
determination provides a means for elemental analysis. The
binding energy of the kth peak is the energy difference
between an initial neutral state and a final state with one
electron removed, and is a function of the relative
shielding of electrons in the kth electron level from the
nuclear charge, 1l.e., the chemical environment.

The peak intensity is proportional to the quantity of
element present; however, it is also a function of the
photoelectric cross-section, defined as the transitilon
probability for exciting an electron system from an initial
state wi to a final state wf with a known incident photon
flux (dependent upon the radiation source).

Factors which affect the peak width include: broadening
as a result of the inherent energy width of the exciting
radiation (nonmonochromatized Al Ko ~1 eVy; He I ~ 0.2-0.3 eV)
and the resolving capability of the spectrometer, or
broadening as a result of sample charging, sample inhomo-

geneitles, or the superposition of chemically shifted peaks.
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The peak shape and width are also dependent upon final
state effects resulting from an electron core hole (see
Ref. 7). A few examples of final state effects are:
(1) Spin-orbit splitting: an initially filled core state
with one electron removed has two possible final states
corresponding to a spin-orbit coupling parameter J=L+S,
L-S. The intensity of each component is proportional to
2Jd+1. (2) Inelastic scattering: photoelectrons which
undergo inelastic collisions in the sample before being
analyzed. This will appear as a high background at the
high binding energy side of a primary peak. (3) Multiplet
splitting: coupling of a hole in a metal core level with
an unfilled 4 valence level. (4) Shake-up: an electron in
a valence state which is promoted to an exclited state as a
result of energy transfer from the photoelectrons.
(5) Plasmons: the collective oscillation, with frequency
wp’ of conduction electrons in a metallic phase as a result
of energy transfer. The final state effects (3)~-(5) all
result in satelllite structure at the high binding energy
side of the primary peak.

In other words, the XPS spectrum yields relative final
state energles directly, but it is the task of the

spectroscopist to interpret its meaning.
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Valence Band Spectra

Either an X-ray or UV photon source may be used to
excite valence electrons to obtain a valence-conduction
band spectrum. The experimentally determined spectrum is
related to the valence density of states (DOS) which can
be calculated from the band structure (Section III). It
can be shown that the XPS valence band spectrum, corrected
for inelastic scattering, is more reliable than the UPS
valence band spectrum in reproducing the shape of the DOS,
with appropriate photoelectron cross-sections considered
(8). The resolution of the He I UPS line is significantly
narrower than the XPS line (~1 eV); however, the UPS
valence band is more sensitive to surface and final state

effects (4,8).
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EXPERIMENTAL
Sample Preparation

Various compositions of scandium sulfide were prepared
by direct combination of the elements as described in
Section I. The initially reacted 80283 and a metal-rich
two phase mixture were contained in W crucibles and were
homogenized at 1200 and 1300°C, respectively, in high

vacuum. The compositions Sc,__S (0.0 < x < 0,2) were

1~
obtained by heating the metal-rich material intermittently
and removing a small portion of the residue from each
heating for XPS measurement. The residue was characterized
by following the weight loss after each heating (assumed to
be primarily Sc) and the lattice parameter, which was
determined from X-ray powder diffraction measurements. The
high purity Sc metal used in this study was in the form of
an electropolished sheet obtained from Ames Laboratory.

All materials were handled in a N2 recirculating dry box

during preparation and between heatings to reduce the

exposure to oxygen.
XPS and UPS Measurement

The XPS and UPS measurements were made in an AEI ES200B
spectrometer equipped with a standard Al Ko X-ray source

(1486.6 eV) and He I UV lamp (21.2 eV) and coupled to a
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Nicolet 1180 computer for data collection and signal
averaging. The powdered sulfide samples were pressed into
In sheets which, in turn, were mounted onto a Ag metal
strip inside a recirculating He dry box (H2O, O2 < 0.5 ppm)
attached to the spectrometer. The internal calibrants to
the energy scale were Ag 3d5/2 at 368.0 £+ 0,2 eV and

Au 4r at 84,0 ¢+ 0.2 eV (9) (FWHM = 0,8 eV with Al Ka).

7/2
Spectra were recorded in an ultrahigh vacuum chamber with

a residual pressure of 2'10"9 torr or less for all levels
accessible with the radiation used, including Sc, S, C, and

0 levels, The two latter specles were the result of

surfaée contamination. Spectra were recorded both before

and after surface cleaning by argon ion etching. Etching
reduced the C 1s and O 1s signals but did not significantly
change either the positions or shapes of the S¢ or S peaks in
80283 and in the defect scandium monosulfides; however,
etching narrowed the Sc metal peaks consilderably, Sample
charging did not occur for these samples.

XPS measurements were also obtained from high purity
80203 and Sc202S (prepared by reaction of stoichiometric
amounts of 80283 and 80203 at 600°C), These insulating
materials were powdered and mounted on scotch tape covered

Ag strips. Binding energies were referenced to either C 1ls

(tape) or to ScO gS which was homogeneously mixed with the
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powdered material before measurement, since the oxide peaks
shifted as a result of sample charging.

Typically., a region of 12.5 or 25 eV was scanned
30-40 times at a scan speed of 2.0 eV/sec. and the results
were stored in the computer at 0.05 eV/channel.

Spectra of the valence-conduction band regions of the
sulfides and the Sc metal were obtained utilizing both
Al Ko and He I _radiation. It was necessary to average
several hundred scans of the 0~-25 eV region when Al Ko
radiation was used, and 10~-20 scans when He I radiation was

the exclting source.
Curve Pitting Procedure

The multiple peaks of the Sc 2p core level spectra in

Sc S (0.0 < x < 0.2) were approximately fitted to two sets

1-x
of spin-orbit split peaks, where the spin-orbit splitting
(4.7 eV) and the intensity ratio of 2p3/2 to 2p1/2
(2.69/1.00) were obtained from a similar fitting technique
applied separately to the 2p3/2 and 2p1/2 peaks in the

50283 spectra. The fitting procedure was accomplished by
the use of the computer program APES (Analyzed Photoelectron
Spectrum) (10) which first smoothes the experimental data,

corrects for a nonzero baseline and inelastic scattering,

then fits the corrected spectra with a linear combination



101

of Gaussian and Cauchy functions By a nonlinear least
squares technique. The program allows for the variation of
the peak heights, positions, and full widths at half-
maximum (FWHM) for up to four spin-orbit doublets With
fixed spin-orbit splitting and intensity ratio.

This fitting procedure is not unique nor is i1t capable
of reproducing the spectra exactly; however, the parameters
used seemed to give a reasonable and consistent set of peak
positions and widths for the satellite and primary peaks

in the Sc 2p spectra throughout the composition range.
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RESULTS AND DISCUSSION
The Valence-Conduction Band

The valence band XPS (Al Ka) and UPS (He I) spectra of
301.015 and the theoretical valence density of states
(Section III) in ScS, which is convoluted with a 1.1 eV
half-width Gaussian function but not adjusted for photo-
electron cross-section effects, are shown in Fig. 4,2.

The energy Scale 1s relative to E;=0.0 eV. The peaks at
5.0 eV and 14.0 eV in the XPS valence band spectrum may be
principally ascribed to the S 3s and 3p levels in the
solid, respectively, by comparison to the theoretical DOS
curve.

The Sc d-band appears as a small shoulder on the low
energy side of the S 3p level in the XPS spectrum. The
S 3p and Sc 3d levels are more clearly resolved in the UPS
spectrum relative to the XPS valence band. The fact that
the S 3s level does not appear in the UPS valence band is
presumably a result of the low photoelectric cross~section
of s=-levels with He I radiation (11). The theoretical DOS,
'however, does not correctly predict the position of the
S 3p level relative to the Fermi level. A self~consistent
band calculation should give closer agreement.

The valence-conduction region was followed as a function

of x in cubic Sc S, The effect of shifting the Fermi level

1-%x
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half-width Gaussian function. The energy scale is
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with an increased number of conduction electrons

(SCO.BS —_> SCl.OlS> was not measurable.
S 2p Core Levels

The S 2p binding energies in cubic Sc XS (0.0 < x <

1—
0.2) and 80283 are reported in the last column of Table 4.1.
(The S 2p3/2 and 2pl/2 levels are not resolvable with non-
monochromatic X-rays). The S 2p binding energy of 162.7 eV
in Scq 1S and the slightly lower binding energy of 162.3 1in

S S compare well with the previously reported values (12),

€0.81
with elemental sulfur (13) and with sulfur in other metallic
sulfides (12). The S 2p binding energy of 161.7 eV measured
in 80283 is intermediate between the value reported for

ionic (CaS at 161.0, Ref. 12) and more metallic (TiS at
162.3, Ref. 12) sulfides. These results suggest that
covalent bonding is significant in the defect monosulfides
Scq_ S (0.0 < x £ 0.2), i.e., there is very little charge
transfer from metal to sulfur. With increasing concentration
of Sc¢ vacanciles, however, an ionic bonding component becomes
more important, i.e., charge transfer increases, as observed
in the decreasing S 2p binding energy from Scl OlS to

Sc S to Se,.S.,.

0.81 273
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Table 4.1. Binding energies of the Sc and S 2p core levels
in various compositions of the scandium-sulfur
system and in related compounds (eV % 0,2 eV,
referenced to Au Mf7/2 = 84,0 + 0.2 eV)

a
Sc/S Lattice Sc 2p S 2p
3/2 3/2,1/2
Parameter Peak 1 Peak 2
1.09° 5.179 & 401.8 398.5 162.4
1.05° 5.192 & 401.8 398.6 162.6
1.030° 5.194 % 402.0 398.8 —
1.01P 5.191 & 401.9 398.9 162.7
0.94 5.186 & 401.9 398.8 162.5
0.90 5.180 R 401.8 398.9 162.3
0.81 5.165 & 401.6 399.0 162.3
Sc 5S4 401.5 161.7
Se metal 398,6
[¢]
Sc2O3 4o3.2

8The spin orbit splitting is assumed to be 4.7 eV.

bSc/S > 1,00 denotes a metal-rich two phase mixture,

(Scl.OOS + Sc metal).

®Measured relative to Sc.S .

273
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Sc 2p Core Levels

The XPS spectra of the Sc 2p core levels in Sc metal
and in representative scandium sulfides of varying compo-
sitions are shown in Fig. 4.3. Twé peaks (the spin-orbit
doublet 2p3/2, 2pl/2) in an approximate ratio of 2:1 are
observed in the Sc¢ 2p energy region in Sc metal and SCZSB'
The Sc 2p3/2, 2pl/2 doublet appears at 398.6, 403.2 eV in
the pure metal, in agreement with (14), and at U401.5,

406.2 eV in Sc283.

A much more puzzling spectrum is obtained for the Sc 2p
region in each of the nonstoichiometric monosulfides.
Instead of a spectrum consisting of a single spin-orbit
doublet, the Sc 2p region is composed of a superposition of
at least two sets of spin-orbit doublets separated from
each other by 2-3 eV (Fig. 4.3). The Sc 2p region from
four two-phase mixtures (Scl.OOS and excess Sc metal) and
three defect monosulfides were approximately fitted to two
sets of spin-orbit doublets as described previously. The
corrected and fitted curves for 80253 and SCO.SIS are shown
in Figs. 4.4 and 4.5, respectively. The sample compositian,
lattice parameters, and resulting binding energies for the
2p3/2.high (Peak 1) and low (Peak 2) binding energy peaks
are reported in columns 1-4 of Table 4.1.

The binding energy of Peak 1 is 401.9 in Sc S and

1.01
decreases to U401.6 eV in Se 813’ a value very close to the
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Se 2p3/2 binding energy in Sc283. The binding energy of
Peak 2 in the two phase metal-rich mixtures (Sc1 098 to

Se S), not unexpectedly, is 398.5 eV, the same value

1.01
as the Sc 2p3/2 binding energy in the pure metal. Contrary
to the binding energy of Peak 1 which decreases with
decreasing scandium concentration, the binding energy of
Peak 2 in the monosulfide homogeneity range increases with
decreasing scandium concentration, such that the Peak 2
binding energy is 399.0 eV in 800.818' The binding energies
of Sec 2p3/2 (Peaks 1 and 2) and S 2p as a function of
scandium to sulfur mole ratio Sc/S are plotted in Fig. 4.6Db,
Peak 1 is broadened considerably with respect to Peak 2,

as seen in Fig. 4.5 and by comparing the average FWHM
obtalned from the curve fitting procedure (Peak 1,

FWHM=2.8 eV; Peak 2, FWHM=1.4 eV),

It is unlikely that the observed Sc 2p spectra are the
result of macroscopic sample inhomogeneities, either bulk or
surface, since each sample was annealed for several hours
at temperature > 1600°C, (80283 decomposes above 1300°C and
l

the vapor pressure of Sc metal at 1600°C is 3+10 ' atm.
(15)), thus eliminating bulk inhomogeneities. Also, the
XPS measurements were made on finely powdered samples which
showed only a single phase X-ray diffraction pattern, not a

surface phase of equal or greater intensity than the bulk

material.
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The only known oxide of scandium 80203 (16) and an
oxysulfide 802028 (17) were also measured by XPS in this
study. The Sc 2p spectrum of SCO.818 mixed with increasing
amounts of Sc,0, is shown in Fig. 4.7. The binding energy

273

of Sc 2p3/2 in Sc2O3 is shifted to higher energy by 1.6 eV

relative to Peak 1 in SCO.818’ resulting in a value of
403.2 eV which is in agreement with Gimzewski et al. (14).
The Sc 2p3/2 binding energy in Sc2O2S, measured relative to
C 1s at 285.0 in scotch tape since the sample is non-
conducting, is 401.8 * 0.5 eV which is close to the value

of Peak 1 in Sc However, a shake-up satellite

0.81°"
separated from the primary peak by ~11 eV is observed in

203 and 802028 whereas it is not observed

in any of the sulfides. (The satellite is especially

the spectra of Sc

noticeable in a spectrum of Sc after the inelastic

203
scattering correction has been made.) Also, oxygen present
in the initial spectrum could be removed by prolonged argon
etching with no significant change apparent in the Sc 2p
spectrum. Therefore, 1t seems improbable that oxygen

contamination is significant in the Sc xS samples.

3+ and ch+ states

1=

Finally, the presence of initial Sc
(mixed valence) can be refuted. First, the results of
Dismukes and White (18) and the band structure results
(Section III) suggest that the scandium sulfides should be

described as having equivalent Sc sites with a system of
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delocalized conduction electrons; secondly, the intensity

ratios (Sc3+)/(802+) as a function of composition which are
expected (0,0 1n 301.0085 0.89 in SCO.BIS) are inconsilstent
with the observed ratio of areas Peak 1/Peak 2 (Fig. 4.6a).

In addition, the broadness of Peak 1 compared to Peak 2,
and the noticeable binding energy shift of the Sc 2p peaks
with changing composition (Fig. 4.6) suggest that the unusual
feature is a result of a final state many-body satellite
rather than an initial stéte effect. It also is a localized
phenomenon, interacting with scandium energy levels only,
since a doubling in the peaks in the 2s, 3s, and 3p Sc
regions are also observed, but are not observed in the sulfur
levels,

It is also worth noting that of other Sc compounds
recently studied in our laboratory by XPS, a single Sc 2p
spin-orbit doublet is observed in chse3 (this work) and
ScP (19); however, a satellite structure similar to that

observed in Sc XS is noted in the Sc 2p spectrum in ScSe

1-
(this work),

Comparison to Other Inorganic Sc Compounds

XPS studies have been reported on a number of inorganic
Sc (3do) compounds as systems in which the effect of charge
transfer shake-~up mechanisms may be studied without

interference from multiplet splitting. (Both would result
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in a high binding energy satellite in the XPS spectrum
(20-23).) Shake-up satellites have been observed at ~12 eV
higher binding energy relative to the primary Sc 2p peak in

compounds such as ScF, (21,22), ScBr, (22) and Sc,0, (20-23),

273
°5H20 (21).

3 3

and at 8 eV higher binding energy in Na Sc(SOu)

3 3
The ~12 eV satellite is ascribed to a charge transfer
excltation of an electron in the nonmetal 2p eg valence band
state tQ a metal 3d eg conduction band state (eg > e;)
(20-23), whereas the ~8 eV satellite is attributed to a

* ) .
t2g > t2g transition, e.g., 0 2p + Sc 3d t2g (21,23).

Frost et al. (21) also suggest that in compounds in which
metal-nonmetal w-bonding is significant, satellites resulting
*
from both transitions (eg > eg and tEg > t2g*) may occur,

with the net result of one very broad satellite which may
not be distinguishable from the background. The fact that
charge transfer shake-up satellites are not observed in the

Sc 2p spectrum of 80283 nor in Sc XS (0.0 < x < 0.2) would

1~
suggest that nonmetal-p metal-d wm-interactions are more

important in 80283 and Sc XS than in Sc,0.,. This is in

1- 2
complete agreement with the band structure results discussed
for S¢S and ScO in Section III.

1.018 and Sc2S3 are
compared with those in other Sc compounds in Table 4,2.

The Sc¢ 2p binding energiles in Sc

Peak 2 was selected as the primary peak in Sc1 OlS because

of its narrowness compared to Peak 1, and by comparison to
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Table 4.2. Binding energies of Sc 2p in a series of

compounds (eV 0.2 eV; relative to Au U4f /o at
84.0 + 0.2 eV) 7
Sample Se 2p3/2 Sc Zpl/2
Sc metal? 398.6 403.2
X a
Sbl.OlS 398.8 403.2
SepP 399.7 404 .5
a
8028e3 4oi.1 405.7
a
SC253 401.5 406.2
a
SC2O3 403.2 407.9

aThis work.

Prer. 19.

the S 2p binding energy which implies covalent rather than
ionic bonding in the solid. The monosulfide and mono-
phosphide exhibit Sc 2p binding energies comparable to
metallic scandium suggestive of covalent bonding, while
30283 and Sc2Se3 exhibit binding energiles closer to 80203,
typical of more ionic bondling character, The Sc 2p binding
energy in ScP compared to ScS implies less metal-nonmetal
p-d mixing in ScP relative to ScS, possibly as a result of

one fewer electron per formula unit in the ScP (see

Section III). The binding energies of Sc in the series
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Se+S+0 reflect increased ionic bonding character with

increésed electronegativity of the nonmetal.

Comparison of Sc XS and NaXWO

1- 3

A visual inspection of a series of defect monosulfides

SCq_yS (0.0 < x £ 0.2) and cubic sodium tungsten bronzes

1-

NaxWO3 (0.5 X

A
N

1.0) (24) suggests electronic similarities
between the two systems. Both materials exhibit a range of
vivid metallic colors which are dependent, in one case on

Sc concentration and in the other, on Na concentration --
violet at the low concentration range and yellow to gold at
the high concentrations, and copper to orange in between.
The Naxwo3 phases are metallic conductors in the cubic
perovskite phase and undergo structural phase transitions

to lower symmetry structures as well as becoming semi-
conducting at low sodium concentrations.

The band structure of NaWwoO, (25) consists of a broad

3
valence band which is composed primarily of O 2p states mixed
significantly with W 5d states, and a W 5d conduction band

in which O 2p states mix appreciably. The states at the

top of the valence band and at the bottom of the conduction
band are m bonding and antibonding states, respectively

(26). The Fermi level falls within the conduction band.

A very comparable description was gilven for the S¢S band
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structure in Section III. Therefore, it 1s not necessarily
an accident that the materials have similar appearances.

The XPS and UPS of cubic NaXWO3 compositions have been
examined‘(27—29) and of special interest is a very intense
satellite structure in the W Uf spectra shifted by ~2 eV
from the fundamental peak.

Features of the W 4f satellite and fundamental peaks
which warrant consideration with respect to the Sc 2p energy
region include the following (29): (1) a numerical analysis
of the W U4f data yields a narrow asymmetric fundamental peak
and a much broader symmetric peak at "2 eV higher binding
energy; (2) the intensity ratio (satellite/fundamental)
decreases with increasing Na concentration; (3) the energy
separation between the satellite and fundamental peak
increases with increasing Na concentration. As a result of
this remarkable resemblance between the satellite
phenomena, as well as the electronic structures of NaXWO3
and Scl_XS (Fig. 4.6), the NaXWO3 system is proposed as the

model by which to interpret the XPS Sc 2p levels in Sc S,

1-x

The W 4f satellite structure has been carefully analyzed
with respect to two different satellite mechanisms, both of
which predict the qualitative features correctly, but neither
of which is totally successful alone (28,29), The two

mechanisms will be summarized below and their applicability

to Scl_xS will be discussed,.
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One mechanism proposes that the attractive potential
of the core hole which results from the photoelectric
process can split off a localized state from the conduction
band. The population of the localized state is related to
the filling of the initial state and in this case would
increase with Sc concentration, as observed. The lower and
higher binding energy peaks correspond to the final states
in which the localized level is filled (screened) and
unfilled (less screened) but broadened as a result of its
presence, respectively.

Secondly, a mechanism in terms of a plasmon excitation
is proposed. A low energy (v2 eV) plasmon is a collective
excitation of conduction electrons with a frequency wp,
which in a free electron band model, is proportional to x%
(x =number of conduction electrons). The binding energy
difference between the plasmon satellite peak and the funda-
mental peak AE (= hwp) is the excitation energy. Therefore,

i -
AEax?, as is observed both in NaXWO (hwp~1.7 eV) and in

3

S S (hwp:1.9 eV), is consistent with a plasmon state

€1-x
mechanism. However, neither theory explains all the observed
features, as shown by Chazaviel et al. (29).

In conclusion, it is suggested (29) that the proper
theory to explain the W U4f satellite phenomenon and possibly
the Sc 2p satellite, 1s most probably intermediate in

character.
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SUMMARY AND DISCUSSION

A structural phase transition in SCO.BlS which 1s the
result of partial vacancy ordering at low temperatures (R3m)
and random vacancy distribution at high temperatures (Fm3m),
was found to occur at 700°C. This transition was used to
test the hypothesis that vacancy ordering is driven by
electrostatic interactions. However, the ionic model failed
to predict the observed long range ordering in a number of
ways and predicted a short range ordering which is not
observed. On this basis, it is concluded that vacancy
ordering in SCO.81S is not the result of electrostatic
interactions. It might also be suggested that the ionic
model, because of its simplicity, has been over-extended in
this and other cases,

A more realistic approach to analyzing bonding inter-
actions 1s through guantum mechanical band calculations.

The band structure results of ScS are interpreted as
follows: +the f-character of the wavefunctions (¢) which
describe states in the valence and conduction bands and the
directional nature of the electron density (Y¥*y) imply
considerable nonmetal-metal o-type bonding (S 2p - Sc 3deg)
within the valence band states, 1.e., the covalent bonding
component, and primarily metal-metal o-bonding (Sc 3d ¢

2g
states) and to a lesser extent, nonmetal-metal m-bonding
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(S 2p - Se 3d t2g) within the conduction band states,
Similar bonding interpretations apply to other NaCl-type
transition metal compounds as well, i.e., the NaCl structure
does not prohibit covalént and metallic interactions.

The XPS results predict significant covalent character
in the bonding in ScS, as evidenced by the small binding
energy shifts noted for both scandium and sulfur relative
to the pure elements. This is in support of the band
structure predictions. Also, the theoretical valence density
of states 1s in general agreement with the UPS spectrum of
ScS. Finally, the ~v12 kcal thermodynamic stability of ScP
(8 valence electrons) over ScS (9 valence electrons) in a
rigid band interpretation, implies that the additional
electron in ScS occupies a slightly antibonding state,
consistent with the view that the mixing of p-d states forms
bonding (valence) and antibonding (conduction) bands.

It was previously stated that a study of the scandium-
sulfur system served to 1link the chemistry of the typical
ionic solids formed by the alkall and alkaline earth metals
with the chemistry of the covalent and metallic transition
metal compounds. Indeed, scandium monosulfide adopts the
NaCl-type structure, a prototype ionic structure, but it has
been shown that this compound is not an ionic solid, Rather,
the metal 4 orbitals, even of this 3dl metal Sc, promote
dovalent nonmetal-metal o-type interactions, as well as

metal-metal o and nonmetal-metal m bonding interactions.
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SUGGESTIONS FOR FUTURE RESEARCH

Several projects may be suggested as extensions of the
research reported in this dissertation, some of which are
already in progress., First of all, a self~consistent fileld
band structure calculation should be completed for ScS.
These results would be expected to agree more closely with
the observed UPS spectrum than the results reported here.
It would also be interesting, although more complicated,
to pursue the effect of defects on the band structure to

test the validity of the rigid bond model for Sc S and to

1-x
observe band structure changes which occur as a result of
vacancy ordering, e.g., R3m to Fm3m in SCO.BS'

The interesting parallels found for NaXWO3 and Scl_XS
could be pursued. Specifically, a thorough investigation
of changes in the optical properties with composition
should be attempted. Results of optical measurements
combined with joint density of state, 1.e,, density of
direct transitions E; to E, as a function of EamEs,
calculations from the ScS band structure may reveal the
color mechanism in Scl_XS, especially if related to a

similar study on NaXWO (11).

3
Finally, it would be of thermodynamic interest to

measure the atomization enthalpy of ScSe (NaCl structure

type (12)) since atomization enthalpies are known for ScP

and Sc¢S. In a preliminary vaporizatlion study, stoichiometric
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ScSe (aC = 5) was repeatedly heated in vacuum at above
1600°C. The residue, in each case, showed weak super-
structure lines in the powder pattern of the quenched
material which could be indexed on the basis of a R3m cell
similar to that observed for SCO.BS' The composition was
not determined., The reported congruent composition is
Sc2Se3 (12); however, a R§m superstructure has not been

reported previously. This would warrant further study.
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APPENDIX. PALS (POTENTIAL AT A LATTICE SITE):

A PROGRAM TO CALCULATE LATTICE SITE

POTENTIALS FOR ANY GIVEN CRYSTAL TYPE

Input for PALS

Card 1: Title card

columns: 1-80

title

Card 2: Lattice parameters and three program parameters

columns: 1-10:
11-20:
21-30:
31-U0:
41-50:

51-60:

61-63:

6L-66:

67-69:

a (angstromsiw
b (angstroms)
¢ (angstroms) X

o (degrees)

B (degrees)

Yy (degrees) _

number of elemen
in compound

number of shells
considered bey
the unit cell

one of the follo
integers depen
of the value o

= 1
G(= )

1. small unit c

(lattice param-

eters <5.A)

2. large unit c¢

(lattice param-

eter ~10)

3. read in own
value for G

real numbers to be
punched anywhere
in allowed columns
with decimal point
included

ts W

ond

wing | integers to
ding | be punched
Justified
with no
decimal

ell point

ell
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70-72: number of formula units per unit
cell

There will be a set of cards # 3,4,5 for each element -

Card 3:

Note:

Card 4:

identifies element, number of symmetrically non-
equivalent atoms, and number of symmetry operations

columns 1-2: ELEMENT symbol
(2 letters)

3-4: number of non-

equivalent integers
sites which are
right
5-6: number of symmetry justified

cards to be read
in (including
the identity
operation)

If there are several atoms which all are reproduced
in the unit cell by the same set of symmetry cards,
then include the symmetry cards for the first atom
and for all others let number of symmetry opera-
tions = O.

These cards input the symmetry operations as
follows. There 1s one card per operation and the
identity operation must be included.

columns: 1-11 translation in the Xj coordinate

12-13 an integer +1, +2, +3, -1, -2, -3,
which stands for x,y,z, 2,¥,2
depending on how the x coordinate
transforms

14-15 an integer *1, *2, *3, or blank,
ls same as column 12-13 and used
only in cases where x coordinate
transforms into a_linear combil-
nation of x,y,z, X,V,z or blank
when not needed

16-26 translation in yj coordinate

27-28 transformation of yj coordinate
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28~30 transformation of y'j coordinate

31-41 translation of 25 coordinate

42-43 transformation of Z coordinate

hh-45 transformation of 25 coordinate
The translation is a real number with decimal point included
anywhere in specified region. The transformation are

integer, right - justified, with the sign included in case
of X,¥,2.

Card 5: Atomic position coordinates and associated charges.
There is one card per nonequivalent atom.

columns: 1-10 «x fractional coordinates

11-20 y including decimal point
21-30 anywhere 1in region

31-40 charge as it include decimal
multiplies e point and sign
for anions.
Card 6: Only if reading in a value for G.

columns: 1-10 G (real number including
decimal)

Note: Several sets of data may be processed at the same

time. Two blank cards at the end of the data cards
indicate the end of the program.

Output for PALS

I. X,y,2z positions generated by symmetry are printed out
such that all coordinates are between + and -0.5. The
site number relates all symmetrically equivalent atoms

and q is the charge of the ion at that site.
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Site Number

Indicates which site potential is being calculated. A
new 1list of anion and cation positions is generated
with the site under consideration at the origin and

all other ions within +0.5 and -0.,5.

Shell Number identiflies a particular region outward from

the origin in both the direct and the reciprocal lattice.

Reciprocal Space identifies the contribution from the

first summation in equation (1). The value of the con-
stand term (w2c§/n%n) in equation (1) is given in the
output under the heading of the recilprocal space
contribution for shell 1 (designated by ¥), since the

latter is zero for shell 1.

Real Space identifies the contribution of the second

summation in equation (1).

V SHELL refers to the sum of reciprocal space contri-
bution + real contribution (i.e., the contribution to
the total potential from that shell). This includes
the constant term (see above),

Lattice Site Potential = ) v

shells shell
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For reliable LSP's, the reciprocal space terms and
real space terms should both be converging and at
similar rates. If not, choose another value for G.
If the reciprocal term is not converging, choose G
smaller., If the real term is not converging, choose

G larger.

Madelung Energy refers to U  as defined on page 14.
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DIMENSION TITLE(20),INDX(1000)+X(100),Y(100),2(100)
DIMENSION NAME(S) +sNATM(10) +NSYM(48)+sTR(3,48),MAT(3,2)
DIMENSION XYZ(3+10)sRQ(10)+LS(100),Q0100)RXYZ(3)
INTEGER R(3+3,48)

COMMON/HKL/IHsKsL

COMMON/HKLBAR/[HH(B)oKK(S)-LL(B)-MM

KRR ERE R TR R TR SR G R h ke ek kR kbR hkka k&K

* THIS PROGRAM CALCULATES LATTICE SITE POGTENTIAL USING *
* EWALD'S METHOD TO EVALUATE THE INFINITE SUM. SEE *
* YO0SIs. SOLID STATE PHYSs VOL.16(1964) 1. ALSO LAB *
¥ NOTEBOOK 1:37-42¢¢00¢JEAN MERRICKe esFALL 1976ccecwe *
* CARD 1: TITLE *
* CARD 2: *
* CELL PARAMETERS:IAB+,C(ANGSTROMS),» ALPHA,BETA,GAMMA(DEG) %
* (6F10.0) *
* NELEM=NOe. ELEMENTS IN COMPOUND (I3) *
¥ LINDX=NOes SHELLS IN ADDITION TO UNIT CELL *
¥ IGOPT: OPTION FOR CALCULATION OF G (13) *
% =17 G=SQART(PI)/CAT—-AN DISTANCE (SMALL UNIT CELL) *
* =2+ LARGE UNIT CELLS (VAN GOOL) *
* =35 READ & *
* NFU=NO. FORMULA UNITS/UNIT CELL {(13) *
KERXEERRERE AR AR ER Rk o kR ke ke kR Ak Rk KK E TR E KKK

650 READ(Ss600)(TITLE(I)sI=1,20)
READ(5,610)AsBesCsALPHAT+BETAL + GAMMAL s NELEM, LINDX s [ GOPT,
INFU
IF(A+EQ.0+0)G0 YO 1000
600 FORMAT(20A4)
610 FORMAT(6F1040,413)
WRITE(6+605) (TITLE(I)sI=1,20)
WRITE(6,505)
605 FORMAT(*1',20A4)
505 FORMAT( "0 o " %k kkk kX Rk kR KRR KRR AR KRR kR Y Rk KRRk Rk kS
1o ¥ kkkkbkkkkkkkhGhhkkkk® /)
ALPHA=ALPHAI /57 +29578
BETA=BETAI/57.29578
GAMMA=GAMMAI/57 29578
CALP=COS(ALPHA)
CBET=COS(BETA)
CGAM=COS( GAMMA)
SALP=SIN(ALPHA)
SBET=SIN(BETA)
SGAM=SIN( GAMMA)
VOL=A%B4C*(1e+2+%CALP*CBET*CGAM—CALP*%2—CBET*%2-CGAM%%2)
1¥% .5
ARCP=B&C*SALP/VOL
BRCP=A*C*SBET/VOL
CRCP=A%B#SGAM/VOL
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CAR=(CBET#*CGAM—CALP)/ (SBET*5GAM)
CBR=(CALP*CGAM—CBET)/Z(SALP%SGAM)

CGR=(CALP*CBET—-CGAM)/ (SALPESBET)

AC=A*CXx(CBET

AB=A*BXxCGAM

BC=D*C*CALP

ABR=ARCP*BRCP*CGR

ACR=ARCP*CRCP*CBR

BCR=BRCP*CRCP*CAR
WRITE(6+615)A, ALPHAI +B+BETAI sC+sGAMMAIL s VOL oL INDX s NELEM

615 FORMAT(® 0" "LATTICE PARAMETERSZ® 31 Xs'A="4F10.64510X,"ALP"

1y "HA=? 3 F 1046721 X9°B="3F10.6+10Xs*BETA =',F10.6721X,°C=",
2F1066910X9s " GAMMA=®3F10.6/1Xs *CELL VOLUME="',F10.671X,"*LA"
3+°RGEST INDEX=*4I5/71X,'ELEMENTS PER MOLECULE *,1I5/)

ARG A REEE KRR AR R R EE R R KRR KRR KRR EE R KRR E R KRR R xRk

* CARD 3: *
¥ NAME=ELEMENT NAME (A2) *
¥ NATM=NO. NON-EQUIV ATOMS OF THAT ELEMENT (12} *
* NSYM=NO. SYMMETRY OPERATIONS (12) *
* CARD 4: *x
¥ TR AND MAT REFER TO SYMMETRY OPERATION MATRICES *
% 3(Flle6+,212) *
* CARD S: *
¥ XYZ(1} ARE ATOMIC POSITION COORDe 3(F10.0) *
* RQ=CHARGE ON ION (F10.0) *
* REPEAT 3+4+,5 FOR OTHER ELEMENTS *
RS 222222 S S22 222 e 22 iR R s 32223222 222 3

GENERATES TRANS AND ROT MATRICES FROM SYMM OPERATIODONS

READ IN

NONEQ=0

MCNT=0

IEND=0

DO 2000 Ii=1+NELEM
READ(S+1010INAME(II)+ NATM(II ) NSYM(II)
1010 FORMAT(A2,212)
WRITE(6+101SINAME(II) s NATM(II) NSYM{II)
1015 FORMAT ("0, "ATOM *4sA2/1X+*NON EQUIVALENT ATOMS',I3/1
1Xe *SYMMETRY OPERATIONS',13//)
IEND=IEND+NATM(II)
IF(NSYM(11)eEQeD)GO TO 1250
ND=NSYM(II)
DO 1100 I=14+ND
READ(Ss1110)(TR(KsI) s (MAT(KeJd)eJd=142)eK=1,3)
1110 FORMAT(3(Fl1.6,212))
DO 1150 IL=1.3
DO 1150 JJ=1.,3
1150 R(IL+JJ»1)=0,0
DO 1100 J=1,3
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DO 1100 K=1,2
IF{MAT(JsK)+EQe0)GO TO 1100
ME=MAT{ J,K)
IM=IABS(ME)
IS=ISIGN(1sME)
R(IMyJs»I)=R(IM,J,yI)+IS
1100 CONTINUE
PRINTS ROT AND TRANS MATRICES
WRITE(6,1025)
1025 FORMAT(1X»*ROTATION AND TRANSLATION MATRICES'//)
DO 1200 K=1,4,ND
WRITE(6+1205)Ks ((R(ILIsJsK)sI=1s3)sTR(JIesK)sJ=1,3)
1205 FORMAT(1Xs *SYMMETRY OPERATION'313/311X+316s10XsF8e5/))
1200 CONTINUE
GO TO 1260
1250 WRITE(6,1255)
1255 FORMAT(1Xs*MATRICES THE SAME AS ABOVE®'/)
1260 NA=NATM(IIL)
WRITE(6,1275)
1275 FORMAT({ 0% 11Xs "X 312X 'Y 312Xe%Z%312X+"Q*:6X4*SITE*//)
DD 2000 L=1,.NA
NONE Q=NONEQ+1

READS ALL NON EQUIV POSITIONS AND GENERATES SYMM RELATED
POSITIONS

READ(Ss1303)(XYZ(MMsL )y MM=1,53)sRQ(L)
1305 FORMAT(4F10.0)
RAC=0.0
D0 1270 NN=1,3
IF(XYZ(NNsL) oL Te(—0e5))IXYZ(NNsL)=XYZI(NNLL)+14
IF(XYZINN+L ) eGT e 0eSIXYZINNJLI=XYZI{NNsL)—-1®
1270 CONTINUE
D0 2000 I=1sND
DO 1500 J=1,3
R1=R(1+J,1)
R2=R(2e¢J,1)
R3=R(3sJs1)
RXYZ(JI=SXYZ(L 2L ) RRIEXYZ(2+L) %R2+XYZ{3,LI*RI+TR(J»I)
IFIRXYZ(J)elTe(—0eS)IRXYZ(JII=RXYZ(JI*+1.
IF(RXYZ(J)eGTe0aSIRXYZ(J)=RXYZ(JI)—1a
1500 CONTINUE
MCNT=MCNT+1
X(MCNT )} =RXYZ(1)
Y(MCNT)=RXYZ(2}
ZEMCNT ) =RXYZ(3)
QIMCNT)=RQ(L)
LS{MCNT)=NONEQ
MCNT LABELS EACH SITE IN UNIT CELL
LS LABELS ONLY NON EQUIV SITES
WRITE(6+1405)MCNT s X{MCNT) s YUMCNT) s Z(MCNT) s QCMCNT)
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1LS(MCNT)

FORMAT(1X3s12+4F 13e6+156)

CONTINUE

NSITE=MCNT

DO 150 K=1+NSITE

IF(Q(K) «EQeQ(1))GO YO 150
DX=X(K)—-X(1)

DY=Y(K)—-Y(1)

DZ=Z(K)-Z(1)

RNO=2¢ ¥(DX¥DYX*AB+DX*DZ*AC+DY %D Z%BC)
RACI=SQRT{((DX®A)}**2+{DY*B) %42+ {DZ2%C)*%x2+RNO)
IF(RACT «LTeRACI0ORCRAC.EQe0+0)RAC=RACI
CONTINUE

CALCULATES VALUE FOR G

GO TO (705+715+725) +1GOPTY
G=14.77245381/RAC

GO TO 700

AP=VOL/{B%C*SALP)

BP=VOL/ (A*C%SBET)

CP=VOL/{(A*B%SGAM)
APP=AMINL (ARCP + BRCP CRCP)

AM=AMINI (AP.,BP,CP)
G=SQART(3.1416%APP/AM)

GO TO 700

READ(5,610}G

WRITE(6,750)GsNFU

FORMAT(*0*'s *THE CONSTANT G'"3F9,5/71Xs *FORMULA UNITS PER
s "UNIT/CELL "4 1477)

MSITE=1

UEV=0.0

DO 114 M=1,NSITE
IF(LS(M)eNE.MSITE)GO TO 114
WRITE(6+520)MSITE

FORMAT(*1°*,*SITE NUMBER®*,14/7/)

SSUME ORIGIN OF CELL IS AT SITE UNDER CONSIDERATION AND
VWCATE OTHERS SUCH THAT CDORDe ARE BETWEEN 05 AND —0e5

X{M)
Y{M)}
(M)
™M)
120
JUE
K=1oNSITE
'K)—-X0
K)—-YO
‘)-20
3 Te0e5IX(K)=X{K)=-1,
TeOe5)IV(K)I=Y(K)-1,
Te0e5)Z(KI=Z(KI-1,
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IFUX{K) eLTe(-0e5)IX(K)=X{K)+1e

IF(Y(K)eLTe{(-0e5))Y(K)=Y(K)+1.

IF(Z(K)eLTa(~0e5))Z(K)=Z(K)+1oe
124 CONTINUE

WRITE(6+645)
645 FORMAT(1Xs*THE CATION POSITIONS AND CHARGES:',35X,*THE *

1+*ANION POSITIONS AND CHARGES ARE:‘'/)

SUMOD=0.0

DO 855 I=1.NSITE

IF(Q(1))830,820,820
820 WRITE(6+825)X(1)+Y(I)+Z(I1),Q(1)
825 FORMAT(1X,4F126)

GO TC 855
830 WRITE(6+83S)X(I)+Y(I)sZ(1),Q(1)
835 FORMAT(69X,4F12.6)
855 CONTINUE

CALCULATES CONTRIBUTION TO LSP FROM SHELL 1

LINDX=LINDX+1

NO=0

DO 799 I=1,LINDX

IH=1-1

DO 799 J=1.LINDX

K=J-1

20 799 M=1,LINDX

L=M-1

NO=NO+i

INDX(NO)=IH¥*10%*6+K*k10%%x3+L
799 CONTINUE

WRITE(6,205)
205 FORMAT(*0® 42X s *SHELL® +7X+*RECIPROCAL"11Xs'REAL® +15X,

17V SHELL*/3Xs*"NUMBER® 48X» *SPACE"s14Xs*SPACE*//)

D0 899 I=1+NSITE

IF(X(I)eEQeOeDeANDsY([)eEQe0eQeANDeZ(I)aEQes00)G0 TO 899

DRA=2. ¥ (ABX( L) R*Y(II+ACKRX( 1) *Z(I)+BCHRY{1)%Z(1))

OR=SQRT((X(I)*A)**2+( V(1) *B)%**2+{( Z(I )% C)**2+DRA)

TERMO=Q(1 )*ERFC(G*DR) /DR

SUMO=SUMO+TERMO
899 CONTINUE

T=(—-1.12838)*G%QP

PLSO=5UMO+T

WRITE(6+655)T,SUMO,PLSO
655 FORMAT(SX s 1 ' 98XsEL3e09"%? 34X42(E13.645X))

CALCULATES CONTRIBUTION TO LSP FROM OTHER SHELLS

PLS=0.0

DO 299 NSHLL=2,LINDX

MAXH=NSHLL—-1

RCP1=0.0

REALI=0.0

VSHELL=0.0

DO 399 MSRT=1,NO

IH=INDX(MSRT}/10%%6
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K=(INDX(MSRT)-IH*10%%6)/10%%3
L=INDX(MSRT)-(IH*10%*%6)-(K%x10%%3)
IF(MAXO(IH+sKysL) e NEeMAXH)GO TO 399

CALL SIGNS

DO 499 ISIG=1.MM

RH=IHH(ISIG)

RK=KK(ISIG)

RL=LL(ISIG)

HSQA=2¢ *( RH*RK*ABR+RHXRL *ACR+RK*RL *BCR)
HSQ=39478416%( (RH®ARCP ) **¥2+(RK¥BRCP) %2+ (RL*¥CRCP)%%2+HS

1QA)
TRCP=0.0
TREAL=0.0

DO 599 J=1,NSITE

XH=RH-X{(J)

YK=RK-Y{J)

ZL=RL-Z(J)

DLR=SQART{( {XHXA) % *2+(YK%XB) X¥24+{( ZLE¥C)I 52 +2, *( XHEYK®AB + XH¥*Z
IL*XAC+YK&ZL%*8C))
HDOTR=6¢2831852%(RH*X(J)+RKEXY( J)I)+RL%XZ(J))
SRCP=Q(J)*COS{HDAOTR)

GDLR=G*DLR

IF(GDLR«LT«10.)G0 TO 551

SREAL=0.0

GG 70O 555

SREAL=Q(J)*ERFC(GDLR)/DLR

TRCP=TRCP+SRCP

TREAL=TREAL+SREAL

CONTINUE

HSQG=HSQ/ (44 #G%x%2)

IF(HSQG«LT«100)GO TO 420

TYTRCP=0.0

GO 70 430
TTRCP=1256637%TRCPXEXP(-HSQG) Z7(VOL*HSQ)
VHKL=TTRCP+TREAL

RCPI=RCPI+TTRCP

REAL I=REALI +TREAL

VSHELL=VSHELL+VHKL

CONTINUE

IF(IH«EQeKeAND e IH«EQelL)GO TO 200
CONTINUE
WRITE(H64+300)NSHLLIRCPI JREALI s VSHELL
FORMAT(4X+12:8X93(E136645X))
PLS=PLS+VSHELL

CONT INUE

PLSTOT=PLS+PLSO

PLSEV=14.400701%PLSTOT
PLSKCL=PLSEV*23.062

WRITE(6,303)

FORMAT (1Xs** THIS TERM = —-2GQ(0)/SQRT(PI)"*)
WRITE(6+910)PLSTOTPLSEV,,PLSKCL
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910

915

920

930

1000

703

713

603

FORMAT(*0*, *LATTICE SITE POTENTIAL = " 4E13.6+' ZANGSTRO"

1eTM% /24X '= " 4E13e669" EVI/24Xs°= *3E13.64* KCAL/MOLE?)

FUNTS=NFU

FREQ=0.0

CALCULATION OF MADELUNG ENERGY

DO 915 [J=1sMCNT
IF(LS(IJ)«NEMSITE)GO TGO 915

FREQ=FREQ+1e.

CHARG=Q(IJ)

CONTINUE

UEV=UEV+FREQ*CHARG¥*PLSEV/ (24 ¥FUNTS)

CALCULATIONS REPEATED FOR ALL NON EQUIV POSITIONS

IF(MSITE.EQesIEND)GO TO 920

MSITE=MSITE+1

LINDX=LINDX-1

GO TO 500

UKCAL=23.062%UEV

WRITE(64+930)UEV+UKCAL

FORMAT (* 0%y *MADELUNG ENERGY FOR THE CRYSTAL IS *,E13.6,
' EV'/36XsEL13e69" KCAL/MOLE")

GO TO 650

sToP

END

SUBROUTINE SIGNS

THIS DETERMINES ALL SIGN PERMUTATIONS OF THE TRIPLE READ
IN

COMMON/HKL/ IHsKslL
COMMON/HKLBAR/ZIHH(8) s KK(8) 4L L(B) s MM
IF{IHeNE«OsANDeKeNEeO«ANDelL . NE«0O)GO TO 103
IF{IHeEQeQeANDKeEQs0)GO TO 203
IF(IHeEQeOesANDLEQ.0)G0 TO 303
IF(KeEQeDaANDL«EQ.0)GO TO 403
IF(IH.EQ.0)GD TO 503
IF(KsEQeO)GO TO 603

D0 703 I=1,2

IHH(I)=IH

LL{I)Y=L

00 713 I=3.,4

IHH(I)=-IH

LLrl)=L

KK{1)=K

KK(2)==K

KK(3)=K

KK(4)=—K

MM=4

GO TO 63

DO 613 I=1»2

IHH(I)=IH

KK(I)=K
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33 CONTINUE
D0 53 (=1+7s2
J=1+1
LL(I)=L

53 LL(J)==L
MM=8

63 RETURN
END

SCS FcCC
R R E R R R KRR KRR R E R KRR KRR KRR KSRk Rk kR Rk kR Kk kK

LATTICE PARAMETERS: A= 5.,165000 ALPHA= 90,000000
B= 5.165000 BETA = 90.000000
C= 54165000 GAMMA= 90.,000000
CELL VOLUME=137.787811

LARGEST INDEX= 4
ELEMENTS PER MOLECULE 2
ATOM SC

NON EQUIVALENT ATOMS 1
SYMMETRY OPERATIONS 4

ROTATION AND TRANSLATION MATRICES

SYMMETRY OPERATION

1 0 Q 0.0

o 1 0 0.0

] 0 1 0.0
SYMMETRY OPERATI1ON

1 (8] 0 0.0

o 1 0 050000

0 0 1 050000
SYMMETRY OPERATION

1 0 0o 0.50000

0 1 0 050000

0 0o 1 0.0
SYMMETRY OPERATION

1 0 0o 0.50000

Qo 1 v} 040

0] 0 1 050000
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X v z aQ SITE
1 0.0 0.0 040 2.000000 1
2 0.0 04500000 0500000 2.000000 1
3 0500000 0500000 0.0 2.000000 1
4 0500000 0.0 0500000 2.000000 1

ATOM S
NON EQUIVALENT ATOMS 1
SYMMETRY OPERATIONS O

MATRICES THE SAME AS ABOVE

X Y Z Q SITE
5 0500000 0.500000 0500000 —2.000000 2
6 04500000 0«0 Oe0 ~2+000000 2
7 0.0 0.0 0.500000 -24.000000 2
8 0.0 0.500000 0.0 —24000000 2

THE CONSTANT G 0,68633
FORMULA UNITS PER UNIT/CELL 4

SITE NUMBER 1

SHELL RECIPROCAL REAL V SHELL
NUMBER SPACE SPACE
1 ~-0+154889E 0l1% —0.276801E—-01 ~04157657E 01
2 0249223E 00 ~0.264264E-01 0.222796E 00
3 0.0 ~0361038E—~13 —0.361038E-13
4 0.381197E-03 ~0.192103E-35 04381197E—-03
5 0.0 0.0 0.0
* THIS TERM = -2GQ(0)/SQRT(PI)
LATTICE SITE POTENTIAL = —0.135339E 01 /ANGSTROM

-0.194897E 02 EV
—0¢449472E 03 KCAL/MOLE

it
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SITE NUMBER 2

SHELL RECIPROCAL REAL

NUMBER SPACE SPACE
1 0.154889E Ol1% 0.276800E~01
2 ~0.249223E 00 0.264264E~01
3 0e0 0.361038E-13
4 ~0.381197E~-03 0.192103E-35
5 040 0.0

* THIS TERM = -2GQ(0)/SQRT(PI)

LATTICE SITE POTENTIAL 04135339E 01 /ANGSTROM

0.194897€ 02 EV

0449472E 03 KCAL/MOLE
MADELUNG ENERGY FUR THE CRYSTAL IS —0.389795E 02

-0.898945E 03

nn

V SHELL

0157657 01
~00222796E 00
0361038E-13
~0+381197E-03
0.0

gv
KCAL/MOLE
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