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INTRODUCTION

ABSTRACT

The local liquid structure around heterovalent cation impurities

in molten chlorides is discussed in relation to spectroscopie data on

solutions of transition metal ions. A tightly packed, low co-ordination

shell is shown to he favoured by Coulomb ionic interactions for

physically reasonable values of the size of the impurity. A competition

between these forces and "cry:: 1,̂ 1 field" interactions favouring

octahedral co-ordination is thus to ~ae expected for many transition

metal ions, as suggested by G-ruen and HcBeth. The transition observed

for some transition metal ions from higher to lover co-ordination

with increasing temperature is attributed primarily to entropy

differences, that are roughly estimated in a solid-like model.
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The optical spectra of transition-metal ions dissolved in molten

salts reflect the local structure of the surrounding liquid through the

induced splitting of the d-electron energy levels. Many cases have "been

examined using a liquid LiCl-KCi mixture of euteetic composition as the

solvent and the data have been interpreted in terras of the formation of
2+ 2+ 2 + 2+ 2 +

chlorocomplexes. For several divalent ions (Hi , Cu , Cr , Fe , Co
2+

and Mn ) tetrahedral-type co-ordination is the only one observed, with an

appreciable distortion from ideal tetrahedral symmetry for the three former

ions. Trivalent ions form six-fold co-ordinated chlorocomplexes more

readily, a clear example being Cr for which only octahedral-type co-

ordination is observed. Of special interest are the cases of Ti > V and

v , for which the spectroscopie data show a transition with increasing

temperature from an octahedral configuration to a situation of equilibrium

•between octahedral and distorted tetraiiedral complexes in co-existence.

Typically such a transition is identified through a red shift of tnc

absorption band accompanied by an increase of spectral intensity.

The octahedral configuration is favoured by "crystal field" inter-
2+

actions for al l these transition-metal ions with the exception of Mn ,

whose ground state 3 is not split in a crystal field. Gruen and McBeth

have consequently proposed that the crystal field term is counterbalanced

by electrostatic terms favouring tetrahedral co-ordination, and have

estimated their magnitude for the two valence states "by an analysis of the

data on V2* and V3+.

Rather detailed information on the structure of pure molten salts has

become available in recent years through the use of neutron diffraction
2) 3)

techniques , supplemented by computer simulation studies of ionic

models for these liquids. Simple theoretical models have also been

developed, which give a reasonable semiquantltative account of these

structural data. This has encouraged ua to examine in this paper the co-

ordination of heterovalent cation impurities in molten chlorides. The

qualitative questions that ve discuss in Sec.II in an electrostatic model

for the interionic forces are the effects of the size and of the valence state

of the impurity, the effect of temperature and the differences between a pure

chloride solvent and the Lid-KCt solvent. Our results shov indeed a

tendency of the impurity to form a low eo-ordination, tightly packed shell

of first neighbours, In the absence of crystal field effects. We then give

in Sec.Ill a rough estimate of the entropy difference between octahedral

and tetrehedral co-ordination on a solid-like model, to make connection with

the observed shift of co-ordination of transition metal ions with increasing

temperature.
-2-



I I . LOCAL L I Q U I D STRUCTURE AROUND HETEROVALEHT CATIOM

- The calculations of liquid structure reported in this section are based

on a eharged-hard-spheres model for the molten salt . Our main concern is the

pair correlation function g±(r) which gives the radial distribution of

chlorine ions around the impurity ion, to ~oe contrasted with the pair

correlation functions ggW and griW betveen the host cations and the

chlorine ions in the LiCi-KCH solvent at eutectic composition. Calculations

are also carried out for a pure KCS. and a pure LiCH solvent. These

distribution functions are evaluated in the mean spherical approximation

(MSA) using it3 analytic solution for the set of direct correlation functions

in the liquid at vanishingly small concentration of heterovalent impurities.

The parameters of the model at a given temperature and density are the

ionic valences and the ionic hard sphere diameters. Integer values are

attributed to the valences, I .e. no allowance is made for core polarization

effects in accord with previous work on short-range order in molten salts.

The hard-sphere diameters for the ions of the solvent are taken from previous
• h)

results on the structure of pure molten salts. These diameters are

a ^ . = 2.80 A, aK+ = £.56 I and o + = l .U A at freezing, with a weak

dependence on temperature. The hard-sphere diameter of the impurity is varied

within reasonable limits to examine the effect of this physical parameter

on the surrounding liquid structure.

The radial distribution function g.,(r) for a divalent impurity

in LiC£-KCJ! at 600°C is reported in Fig.l and compared with the corresponding

^ ( r ) and gL i(r) . The diameter of the impurity has been taken as a. = 1.9 A,

a rather large value for transition-metal ions since the ratio of Pauling

radii for these ions and for K is in the range 0.5 7 0.6, The impurity

clearly builds up in our model a tight shell of first neighbour chlorine ions,

although our MSA results are of only qualitative value as shown lay the negative

values taken by the calculated g^r) outside this shell. The Li ion,

having a small size, is also Indicated to be in a rather tightly packed

configuration. This result is in accord with computer simulation results

on the LiCJMCCH mixture.

From these results we build an average co-ordination number of first

neighbour chlorine ions for each cation by integrating the function ^"i" g(r)

up to i ts first minimum. This procedure should roughly correct in this

integrated property for the inaccuracies in g (r) that we have pointed out

above. The results as functions of temperature for divalent and trivalent

impurities of various sizes are reported in Fig,2. The co-ordination numbers

for the host cations are n ^ c;5 ana n i + ^ 3.5, gently falling with

increasing temperature. These are in essential accord with the simultatiQn

results of Caccamo and Dixon , who also report only small effects of

temperature on the structure of the mixture betveen 627 K and 10̂ 5 K.

The co-ordination numbers for divalent impurities fall between the above

values for the host cations and become of the order of It for impurity radii

in the range appropriate to transition-metal ions. Slightly higher co-

ordination numbers, of the order of It.5 ~ 5 are indicated for trivalent

impurities. The effect of temperature on these co-ordination numbers is'

quite small.

On comparing the above results with similar results for the pure LiCH

and KC1 components, one notices that the LiCH component in the mixture

introduces some additional disorder and tends to favour lower impurity

co-ordinations relatively to pure KC£ . A further lowering of impurity

co-ordination is indicated for pure 1ACI as a solvent.

Only a qualitative connection is of course possible between the

foregoing results and the spectroscopic evidence on solutions of transition

metal ions. The main qualitative point from our calculations is that the

heterovalent cation gains electrostatic free energy through a tightening of

its co-ordination shell rather than through an increase in i ts co-ordination.

Indeed a tight co-ordination shell implies low co-ordination, on account of

the size of the chlorine ions which constitute this shell. In the case of

transition-metal ions, as we noted in the introduction, this tendency to

low co-ordination is opposed by the crystal field interactions' favouring six-

fold co-ordination. The equilibrium situation is thus determined by a

delicate balance between these two gross effects, necessarily involving more

subtle effects such as some covalent bonding.

It is also interesting to note that Gruen and McBeth have

estimated from the data on Y~ and V that the electrostatic free energy

gain in lowering the co-ordination is appreciably larger for the divalent

ion than for the trivalent ion, as necessary to 'balance a larger crystal

field term for the former ion. Our results in Fig.2, which suggest a lower

average co-ordination for divalent impurities, are in qualitative accord

with their conclusion.
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III. EMROPY DIFFERENCE BETWEEN OCTAHEDRAL AND TETHAHEDRAL CO-ORDINATION (2)

The calculations that ve have reported above refer to the overall

equilibrium state of the liquid in the absence of crystal field effects and

ao not allow us to assess the free energy difference between alternative

co-ordination states of the Impurity. The observation that some transition

metal impurities have a preferred octahedral co-ordination at low temperature

but attain a mixed configuration at high temperatures suggests that entropy

differences between the two co-ordinations may be important. We estimate

below this effect in a viewpoint in which we try to f i t the impurity into

the solvent structure and assimilate the l a t t e r , at least as far as short-

range order is concerned, to a solid-like structure.

In this viewpoint ve visualize the spacial arrangement of the host
ions in the liquid as being on average similar to that of a NaCJt-type structure
and identify the octahedral s i te and the tetrahedral s i te for the transition
metal ion as the substitutional (0,0,0) s i t e and the intersti t ial(r-» J7> jr)
s i t e , respectively. In the l a t t e r configuration a strong gain of Madelung
energy can occur through a strong inward relaxation of the four neighbouring
chlorine ions and a strong outward relaxation of the four neighbouring alkali
ions. This relaxation is favoured by small sizes of the interst i t i .a l ion
and of the host alkali ions, as is the case for transition-metal Ions and
for Li ions. In this view a distortion of the tetrahedral configuration
would be described as a shift of the mean position of the transition-metal
ion away from the (r , j~, rO s i te and towards the (0,0,0) s i t e , the driving
force being due to the crystal field stabilization energy for octahedral
co-ordination.

The entropy difference between the two ideal co-ordination states
arises both from configurational effects and from "vi"brational" effects.
Concerning the former we notice that the number of i n t e r s t i t i a l si tes is
double that of substitutional s i tes and that the i n t e r s t i t i a l impurity is
accompanied by an additional alkali-Ion vacancy. Depending on whether this
extra vacancy is distributed on the f irs t neighbour si tes or on the £U
second-neighbour s i t e s , we thus have

AScoof'
~ in 8 T In 18 (1)

In favour of the interstitial site. The vibrational contribution associated

with this extra vacancy can be roughly estimated from data on the formation

of Schottky defects in alkali halide crystals r)

while the corresponding co&tritiution associated with vibrations of the f i rs t

neighbours of the impurity can be estimated hy an Einstein model as

as r--\
k.

- 6 in (3)

Here k Lt and k are force constants for f i rs t neighbours of an inter-
s t i t i a l imp.urlty, a substitutional impurity and. a host cation, respectively.
We estimate k ~ k. tf^ti -»Z kQ, where Z is the impurity valence. Therefore,

( 2 Z )

The total estimated entropy difference in favour of an interstitial

configuration thus is

A3 ~ (5 7 8)
B

(5)

V

with only a weak dependence on the valence of the impurity.

From the results of Gruen and McBeth on V and V , if we

assume a drop by at least a factor of ten in the ratio of tetrahedral-to-

octahedral configurations from 1000°K to UOO°C and attribute such a drop

exclusively to an entropy factor, we get AS »* (8 '- 10) k^, in fair accord

with the above theoretical estimate.

IV . SUMMARY AND CONCLUDING REMARKS

We have shown that heterovalent cation impurities with sizes
typical of transition-metal ions in molten chlorides are driven by the
electrostatic free energy to an essentially fourfold co-ordination in a
divalent ion case and to a somewhat higher average co-ordination in the
trivalent ion case. An entropy difference between alternative co-ordination
s ta tes , in the presence of crystal field interactions, Is believed to be an
important factor in determining their equilibrium at high temperatures.
Refinements of the present crude model for the liquid structure would allow
a closer contact with the spectroscoplc evidence through calculations of
shifts and widths of the absorption bands. '«"e believe that also more
accurate experimental data are required to determine quantitatively the
interbalance between tetrahedral and octahedral complexes.



The occurrence of tetrahedral co-ordination for the divalent 3d-

transition metal impurities with chlorine ions in molten alkali chlorides

is of particular interest because such tetrahedral complexes are extremely-

rare in binary crystalline phases. Such divalent impurities in crystalline

alkali halides have been obtained in a few cases 9) and seem to enter

suhstitutionally (co-ordination number 6), apart from the exceptional case

of Co which enters interst i t ial ly (co-ordination number k) in both

NaCi ana KCS.. I t must be noticed however that in general an impurity-

entering a crystal is not as free as in liquids in choosing i ts co-ordination

shell. When 3d-transition metal atoms co-ordinate to chlorine atoms to

form crystalline dichlorides, the co-ordination is invariably octahedral

(CdCJl? or Cdl? structures). In these cases obviously the interactions

between transition metal ions are expected to be relevant, in contrast to

the case of dilute transition-metal solutions. We also notice a decrease

of co-ordination number for the 3d-transition metal ions in molten alkali

fluorides (co-ordination number 6) with respect to the case of transition-

metal difluorides (co-ordination number 8). A systematic comparison between

measurements on the solid and the liquid phase would also be very useful.
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Radial distribution functions g . ( r ) , g . (r) and g^-d1) in

the eutectic LiCJl-KC£ miicture at 600°C. The diameter of the
o

impurity has been chosen as o, = 1.9 A.

Co-ordination numbers vs. temperature in the eutectic LiC£-KC£

mixture for divalent ( left) and tr ivalent (right) impurities

of indicated diameters. The "broken lines are the co-ordination

numbers for K and Li ions.

- 9 - -10-



CURRENT ICTP PUBLICATION h:-,,. i:!'j^,.,^ ,-....

IC/81/196 P. NIKOLOV - On the correspondence between infinitesimal and integral
INT.REP.• description of connections.

IC/81/197 A.R. CHOUDHARY - On an improved effective range formula.

IC/81/198
INT.REP.*

IC/81/199

IC/81/2OO

IC/81/201
INT.REP.*

IC/81/202
INT.REP.*

IC/81/203

ic/8i/ao6
INT.REP.*

IC/81/207
IBTREP.*

IC/81/209
INT.REP.•

IC/81/210

K.R. PAINTER, P.J. GROUT, 5.H. MARCH and M.P. TOSI - A model of the
ice-d-electrbn metal interface.

TEJ SRIVASTAVA - On the representation of generalized Dirac (Clifford)
algebras,

H. JEIfGO, L. MASPERI and C. OMERO - Variational discussion of the
Hamiltonian Z(N) spin model in 1+1 and 2+1 dimensions.

D.A. AOEAMPONG - Supersymmetry breaking in a magnetic field.

D.K. SRIVASTAVA - Integrals involving functions of the type q

A. BULGAC, F. CARSTOIU, 0. DUMITRESCU and S. HOLAN - Fermi liquid model
of alpha decay.

ANDRZEJ GOZDZ - Equivalence of the L-diminishing operator and the
Hill-'rfheeler projection technique and its application to the five-
dimensional harmonic oscillator.

IC/81/205 M. CIAFALONI - Soft gluon contributions to hard processes.

Summer Workshop on High-Energy Physics (July-August 198l) (Collection
of lecture notes).

E. BOBULA and Z. KALICKA - Sufficient condition for generation of
multiple solidification front in one-dimensional solidification of
binary alloys.

A. EADIQ - Cultural isolation of third-World scientists.

E.W. MIELKE - Reduction of the Poincare gauge field equations by
means of a duality rotation.

IC/81/211 ABDUS SALAM and J. STRATHDEE - On Kaluza-Klein theory.

IC/Sl/212 N.H. MARCH and H.P. TOSI - Saturation of Debye screening length and
INT,REP.* the free energy of superionic PhF^ .

IC/81/213 H.R. KARADAYI - Anatomy of grand unifying groups.

IC/81/211* A.R. CHOUDHARY - A study of S-wave n-p scattering using a nev effective
range formula.

IC/81/215 S. OLSZEWSKI - Hartree-Fock approximation for the one-dimensional
electron gas.

IC/Bl/216 T. SHIVASTAVA - A two-component wave-equation for particles of spin-j
and non-zero rest mass (Part I).

IC/81/217 R.V. SHARMA, G. SENATORE and M.P. TOSI - Short-range ionic correlations
in gold-cesium melts.

IC/81/218 A.N. ANTOKOV, V.A. NIKOLAEV and I.Zh. PETKDV- Elastic Scattering of

'INT.HEP.* high-energy alpha-particles on nuclei.

....•.::.,-. . .. \L0UCA3 - Sysplectic consideration of tin- poisson <j i^-.'.^i.j.
of motion and correspondence principle.

IC/Bl/220 T. AHMED, A.M. KHAN and S.A.M.M. SIODIQUI - Parallel diffusion length
IHT.REP.* of thermal neutrons in rod type lattices,

IC/81/221 G. DESAHDO and E. SPALLUCCI - Vacuum instability in the Einstein
open sietric.

IC/81/222 J.C. PATI, ABDUS SALAM and J. STRATHDEE - Preons and supersymmetry
INT.REP.* (To honour Francis Low's sixtieth birthday).

IC/81/223 ABDUS SALAM - Developments in fundamental physics.

INT.RE?.*

IC/8l/22l* H.R. KARADAYI - Anatomy of grand unifying groups - II.

IC/81/225 S.K. SRARMA, V, POTEHARE and V.K.B. KOTA - The Yrast hands in light
nuclei and the effective interactions in J = 0,2 states.

IC/81/226 CAO CHANG-qi and DING XIBG-fu - A Higgsless model with
SU(1*)__ x SU{2) * U(l) as intermediate symmetry.

EC JJ

IC/81/227 CAO CHASG-qi and DING XIBG-fu - SUf6) model with heavy t-quark..

* Internal Reports: Limited distribution.
THESE :EPRI:1TS ARE AVAILABLE FROM THE PUBLICATIONS OFFICE, ICTP, PO BOX

I-3.',1C TRIESTE, ITALY. 1J

IC/81/228
1NT.BEP.*

IC/81/229

IC/81/230

IC/81/231
IHT.REP.*

IC/81/232
INT.REP.*

IC/81/233
INT.REP.*

IC/81/23U

IC/81/235
INT.REP.*

IC/81/236
INT.REP.*

IC/81/237

IC/81/238

IC/81/239

IC/81/2UO

IC/81/2U1
INT.REP.*

ELIAS DEEBA - On the existence of bounded solutions of integral equations
with infinite delay.

M.A. ALVI and I, AHMAD - Elastic a- Ca scattering at 10.1* MeV and the
Glauber multiple scattering model.

I. AHMAD nad J.P. AUGER - Medium energy inelastic proton-nucleus
scattering with spin dependent ?W interaction.

S. 3EL2EH and N. MAJLIS - Theory of the surface magnetization profile
and the low-energy, spin-polarized, inelastie electron scattering off
insulating ferroir-agnê s ax finite T.
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