
Structure of molten yttrium chloride in an ionic model

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

1991 J. Phys.: Condens. Matter 3 8297

(http://iopscience.iop.org/0953-8984/3/42/024)

Download details:

IP Address: 171.66.16.159

The article was downloaded on 12/05/2010 at 10:37

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/3/42
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


J. Phys.: Condens. Matter 3 (1991) 8 2 9 7 a .  Printed in the UK 

Structure of molten yttrium chloride in an ionic model 

G Pastoret, Z Akdenizts and M P Tosift 

It* 
t Department of Theoretical Physics of the University of Trieste, 1-34014 nieste, 

t International Centre for Theoretical Physics, 1.34014 Trieste, Italy 
§ Department of Physics of the University of Ltanbul, Istanbul, Turkey 

Received 26 June 1991 

Abstract. Wereport calculations of theliquidpair structureof YC4 as spmtotype 
for strongly ionic melts of lanthanide metal trichlorides. The c a l c d a t i m  adopt an 
ionicmodelinvolvingapairpotentidof theBuring type, with parametersfor they3+ 
ion adjusted to the Y-Cl bond length in the YC13 aystal  and to the breathing mode 
frequency of the (YCk)3- octahedral unit. The model is solved in the hypemetted 
chain approximation and the results a re  tested against neutron diffraction data on 
the Faber-Zman stmuct& factor and the total pair correlation function of molten 
YC1a. The calculated partial structure factors and pair correlation functions provide 
insight into the origin and nat- of the short-range and intermediate-range order in 
the melt. 

1. Introduction 

The melting mechanisms and liquid structure types of trivalent metal chlorides have 
recently been classified [l] on the basis of their measured melting parameters and 
transport coefficients in the melt, and with the help of Pettifor's chemical activity 
parameter xM for the metal [2] as an indicator of the character of the chemical bond 
in each compound. Three main types of melting mechanism have been proposed, as 
exemplified by YCl,, AICI, and SbCI, among the trichlorides that have been the object 
of liquid structure studies. YCI, [3] and probably the lanthanide metal chlorides a t  
low xhl melt from essentially ionic crystal structures into mainly ionic liquids with 
intermediaterange order. AICI, (I41 and references therein) and probably also InC13, 
at high x,,, melt from an essentially ionic layer structure into a liquid of molecular 
dimers. SbCI, [5] and possibly other trichlorides of group IIIA and VA metals, at 
still higher xM, melt from molecular-type crystals into molecular liquids with strong 
intermolecular correlations. 

In this article we present liquid structure calculations for an ionic model of molten 
YCI,. Our aim is to examine to what extent the main observed features of the total 
pair correlations can be ascribed to the Coulomb interactions between the components 
and to provide some insight into partial structure factors and partial pair correlation 
functions. A preliminary report of these results has already been given in [l]. We hope 
that our theoretical results will serve as a stimulus for further experimental studies of 
this melt and related molten trihalides. 

It will be useful to recall at  this point a number of facts that are known from experi- 
ments on molten YCI,. The crystal structure of this compound is of the AICI, type, 
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that is a layer structure which may be obtained by small distortions from an FCC pack- 
ing of chlorines accommodating the trivalent metal ions at octahedral sites. Each layer 
in its idealized undistorted configuration comprises two triangular lattices of chlorines 
sandwiching the metal ions into edge-sharing (YC1s)3- octahedra. The YCI, crystal 
melts at 994 K with a relatively moderate entropy change (AS,,, = 7.6 cal mol-' K-' 
[SI) and an essentially negligible volume change [7]. In an extensive Raman scatter- 
ing study, Papatheodorou [8] observed the Raman modes of the (YC1,)3- octahedron 
in stoichiometric mixed crystals of yttrium-alkali chlorides at room temperature and 
followed the Raman spectrum first with increasing temperature up to and across mele 
ing, and then with varying YCI, content up to the pure YCI, melt. Persistence of 
the breathing mode of the (YC1,J3- unit at v U_ 260 cm-' through these vast spans 
of temperature and composition suggested strong stability for this coordination. On 
a longer time scale, however, the (YCI,$- coordination in the melt should be loose, 
since the ionic conductivity of the YCI, melt near freezing, though relatively modest, 
is still appreciable (U = 0.39 '2-' cm-' [9]). The neutron diffraction measurements 
of the Faber-Ziman structure factor of molten YC1, at 1020 E; by Saboungi et  a l  [3] 
have confirmed the essentially sixfold coordination of Y by CI and have revealed a 
prominent first sharp diffraction peak (FSDP) at wavenumber k = 0.95 A-'. Such a 
feature in the total diffraction pattern is characteristic of strongly structured liquids 
and glasses with intermediate-range order [IO]. It appears from all these data, includ- 
ing the type of crystal structure, that the structure of molten YCI, may resemble a 
loose ionic network of edge-sharing octahedra. The possible remnants of a layer-like 
structure and interlayer (mainly CI-CI) correlations in the melt are still obscure. 

2. Model and results 

Before introducing our model for inter-ionic forces in molten YCI,, we should empha- 
size that the adoption of an ionic model for a polyvalent metal halide melt necessarily 
has more limited aims than for alkali halide melts. For the latter systems well tested 
procedures exist, since the work of Born and Mayer in the 1930s, to determine reliable 
pair interactions from crystalline state data on the whole family of compounds, thus 
allowing both theory and computer simulation to attain an almost fully quantitative 
account of the available liquid structure data [ll]. In strongly ionic polyvalent metal 
halides, on the other hand, the nature of the bond is more complex-as is immedi- 
ately evident from the fact that their real crystal structures often arise from small 
distortions of ideal simple crystal structures. This is the case for the AlCl,-type struc- 
ture, as already mentioned. A full determination of the effective interactions for a 
whole family of compounds requires a more complicated model which would include 
the ionic polarization effects leading to such distortions. A reduction to simple pair 
interactions thus implies that, after a sensible estimation of the interaction parame- 
ters, a statistical mechanical calculation of the liquid structure becomes practicable, 
but may only aim at giving a semi-quantitative scenario highlighting the role of the 
Coulomb interactions in structuring the liquid. 

Yuen e l  nl  [12] have implemented the previously indicated approach to the de- 
termination of interaction parameters from crystalline data for alkaline earth halides, 
using the form of inter-ionic potentials earlier proposed by Busing [13]. Attention 
has subsequently been drawn 1141 to the usefulness of their results in predicting the 
properties of both isolated alkaline earth halide molecules and tetrahedral molecular 
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ions formed by some of these metals with halogens in the liquid state. These prop- 
erties are the molecular shape, the metal-halogen bond length and the vibrational 
frequencies. On this basis, the bond length and vibrational frequencies of tetrahedral 
molecular ions formed by AI3+ ions with chlorines have been used in the estimation of 
interaction parameters for AI halides [14]. The same approach is being implemented 
for octahedra-forming compounds [15]. In particular for YCI, we adopt Busing-type 
effective interactions, writing the pair potential Qij(r) between ions of types i and j 
at separation r as the sum of their Coulomb interaction and a shortrange overlap 
repulsion in the form 

(1) 
ez  

Bij(r) = z i z j - + f ( p i  r + p j ) w [ ( R i + R j  - . ) / ( p i  +@$)I. 

Clearly, each ion is being described by a valence Zi, an effective radius Ri and an 
effective hardness pi. The overlap parameters in equation (1) are taken for the Cl- 
ion from the work of Yuen el a1 [I21 and are evaluated for the Y3+ ion by fitting 
the average Y-CI bond length in the crystal (ry-cI = 2.63 A [16]) and the breathing 
mode frequency of the (YCl,),- octahedron (v = 261 cm-' [SI), after supplementing 
the Busing interactions with ionic polarization effects treated in a deformation dipole 
model. The values of the interaction parameters that we have adopted for molten 
YCI, are reported in table 1. As a test of these results we find that the estimated 
frequencies of the other Raman-active modes of the (YC1,)3- octahedron show the 
correct trends in comparison with their measured values [15]. 

Table 1. Interaction parameters for YCls. 

Zv ZCI f(e2 A-') RY (A) RCI (A) PY (A) PCI (A) 

3 -1 0.05 1.12 1.71 0.007 0.238 

With these model interactions we have evaluated the partial pair distribution func- 
tions gij(r) and the corresponding partial structure factors S i j ( k ) ,  

S i j (k)  = 6, + n(ziz j ) ' / '  dT[gij(T) - I]exp(ik. r) (2) I 
at the temperature and density of molten YCI, in the experiments of Saboungi e l  a1 
[3] (T = 1020 K,  p = 2.56 g In equation (2) n is the number density of formula 
units and zi is the number of ions of the type i in the formula unit. The calculation 
solves the Ornstein-Zernike equations for the partial direct correlation functions cij ( v ) ,  

where laij(r) = gij(v) - 1, in combination with the hypernetted-chain closure, 

S i j ( 7 )  = =P[-@ij(r)/(kBr) + h i j ( 4  - C i j W l  (4) 



8300 G Paslore et a1 

Figure 1. Calculated Faber-Zi- stmctm tactor of molten YCIs (fuU curve), in 
comparison with the neutron diRraction data of Saboungi el nl [3] (dots). 

Figure 2. Calculated total pair correlation function of moIten YC4 (fuU curve), in 
comparison with the neutron diRraction dataof Saboungi e t  d [3] (dots). 

These equations have been solved numerically on a grid of 513 points by means of the 
algorithm developed by Gillan [17, 181, with an r-spacing of 0.098 %i corresponding to 
a k-spacing of 0.063 

Figures 1 and 2 report our results for the Faber-Zhan structure factor Sn(k), 
defined as 

The results are shown in figures 1 to 5. 

\ - I  r 1 

where bi is the neutron scattering length of ion i, and the totaI pair correlation function 
T(r), defined as 

T(r) = 4nnr + (2 /n)  fU'[Sn(k) - l]sin(kr)kdk 
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in comparison with the data of Saboungi et a1 [3]. For the theoretical results we 
have adopted in the Fourier integral (6 )  the same upper cut-off k,, = 8 A-’ as 
that used in the experimental work, to show that the oscillations in T(r) below 2 A 
are due to the finite cut-off. Figures 3 and 4 show our results for the partial pair 
distribution functions and for the partial structure factors, respectively. Finally, the 
running coordination numbers Nij (r ) ,  defined as 

(7) Nij(r) = 4 m z j  gij(r’)r’*dr’ lr 
are shown in figure 5 .  The broken curve in this figure refers to the coordination of Y 
by C1, which is three times as large as that of CI by Y. 

n 
!! 

2.0 I j  

0 2 4 6 8 10 12 
k(A-’) 

Figure 4. 
figure 3. 

Partial structure factors calculated for molten YCb. Symbols BS in 
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Figure 5. Runningcoordinstionnumbers of Y by C1 (brokencurve), C1 by C1 (chain 
curve) and Y by Y ( f d  curve), calculated for molten YC%. 

3. Discussion 

It is immediately evident from figures 1 and 2 that our simple model does quite well 
in accounting for the short-range correlations in the liquid, including the first- and 
second-neighbour shells as seen in T(r), but is much less successful in accounting 
for correlations at longer range. It is nevertheless very remarkable that such a sim- 
ple model should yield an FSDP in Sn(k), though at t = 1.25 A-' rather than at 
k = 0.95 A-' as in the measured structure factor. We conclude that the Coulomb in- 
teractions alone can lead to intermediate-range order in a 3:l  melt, and that the nature 
of the inter-ionic forces in the real trichloride melt is more complex and determines 
a different topology in the intermediate-range order. As a further detailed comment 
on figure 2 we should note that the discrepancies in the position of the first peak of 
T(r) and in the valley following it could be easily mended by filting the Y-C1 bond 
length in the liquid and by taking account of the finite resolution in the experiment. 
It appears from the comparison that the bond length is somewhat expanded in the 
liquid. 

Bearing in mind the results of comparison with the neutron diffraction data, let us 
now discus.; the calculated partial pair structure of the liquid. Figure 3 shows that the 
first peak in T(r) is almost exclusively due to Y-C1 first-neighbour correlations and 
that these are long-lived, as can be seen from the very low value (0.07) attained by 
gycI(r) at its main minimum. The running coordination number Nyc,(r) in figure 5 
attains a stable value of approximately 5.7 above 3 A, which is to be compared with 
a Y-Cl coordination number of 5.9 obtained by fitting a Gaussian to the first peak 
in the measured T(r). Furthermore, the ratio of the positions of the main peak in 
gclcl(r) and gYa(r) is very close to the value fi that would be appropriate for 
octahedral coordination. Apparently, Coulomb interactions between trivalent cations 
and monovalent anions suffice to originate a stable coordination of octahedral type 
between them. 

Figure 3 further shows that the second peak in the calculated T(r) is almost 
exclusively due to CI-Cl correlations. In figure 3 these have the shape of a main 
peak followed by a shoulder and further away by a minimum. Nclcl(r) in figure 5 



Slrucfure of mollen yflrivm chloride in an ionic mode? 8303 

does not show any special structure and attains the value 13.8 at the position of 
the minimum in gcic,(r). However, the peak m d  the shoulder in gcIcI(r) become 
separated by a minimumifone plots the function rzgclc,(r), and iVc,cl(r) attains the 
value 9.6 at the position of this minimum. This value is to be compared with the 
CI-Cl coordination number of 8.2 that was estimated by fitting a further Gaussian to 
the second peak in the measured T(r), and with the intra-layer CI-CI coordination 
number of 9 in the idealized AlCl,-type crystal structure. A further contribution 
of 3 to the first-neighbour CI-CI coordination number arises in the idealized crystal 
structure from inter-layer correlations. Thus, it appears that the inter-layer CI-CI 
correlations are substantially relaxed on melting and that their remnant may lie in 
the shoulder of gcla(r). In thls viewpoint, the structure of the calculated gcIcI(r) of 
a main peak and a shoulder may reflect a residual layer-like character of the structure 
in the melt. We remark in this regard that our model, which lacks directional forces, 
should be expected to under-emphasize any such feature-which may on the other 
hand be important in determining the topology of the intermediaterange order at 
larger distances. 

Turning next to the Y-Y correlations, gyy(r) is seen from figure 3 to have its 
main peak at almost 5 A. This prediction is evidently the consequence of the strong 
Coulombrepulsions between Y3+ ions in the model, and its relevance to the real molten 
salt remains to be confirmed. We see from figure 4 that these correlations generate 
the largest FSDP in the partial structure factors. They therefore most directly reflect 
the topology of the intermediate-range order, which, as we have already stressed, 
is not correctly reproduced by our model. It would seem that one should invoke a 
complementary role of angledependent forces. If we assume that the structure of the 
real liquid should reflect more closely the crystal structure from which it came, we 
would expect some further structure in gyy(r) in the proximity of the main peak in 

As a further comment on figure 4, we may explicitly point out the presence of a 
subsidiary peak in Syy(k), a main peak in Sclcl(k) and a deep trough in SyC,(k), all 
lying close to 2 A-'. These features are the well known markers of alternation of the 
components in a molten salt. 

It may also be useful to contrast our views on the liquid structure on YCI, with 
what is known about molten dichlorides at the level of partial structure factors and 
pair distribution functions. Intermediaterange order is present in molten ZnCI, 1191 
and MgC1, [20, 211. However, the prevailing fourfold coordination of the divalent 
metal ions in these two melts implies that both directionality of the inter-ionic forces 
and halogen polarization are much more important than in molten YCI, [22]. On 
the other hand, for molten SrCI, [23] and BaCl, [24] there is theoretical evidence 
for a role for halogen polarization, but none for directionality of the inter-ionic forces 
[25]. The structure of molten CaCI, I261 appears to be intermediate in character and 
the nature of the interactions in CaClz and YCI, may be closely allied. The role of 
Coulomb interactions should be expected to be more evident in the latter system, thus 
allowing the primitive interpretation of its liquid strucure that we have presented in 
this work. All the foregoing observations correlate well with Pettifor's parameter for 
the metal elements under consideration: his chemical scale places them in the order 
Ba-Sr-Ca-Y-Mg-Zn with increasing xM, Y being close to Ca and very far from Mg 

In summary, evaluation of a simple model for a 3:l  ionic liquid adjusted to YCl, 
shows that the Coulomb interactions suffice to induce a long-lived, octahedral-type 

scicl(r). 

PI. 
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cuordination between first neighbours, developing further away into order at inter- 
mediate range. However, only the predicted type of short-range order is in essential 
agreement with what is known about molten YCI,. Clearly, it would be of very rele- 
vant interest to determine experimentally and in more detail the structure of molten 
YCI, by measuring its partial structure factors. The detailed shape of the CI-CI 
correlations beyond their main peak and the whole of the Y-Y correlations should re- 
flect the topology of the intermediate-range order in relation to remnants of layer-like 
ordering. 
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