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ABSTRACT 

BALL DL6 5 0027 

Thc lI.:mperature and p;cssure dependence of the condenscd phase Cljl.J"I U ,' a 0 

~ll'ffi, lead telluride, bismuth telluride, and antimony telluride are reponed, 

Particular emphasis is placed on the fusion curves which, in each instance. display 

a maximum in melting point at elevated pressure, The L';ic;io;' ;;; iiOcrease in volume 

llpon melting at zero pressure was determ incd for each of thc~e substances, The 

limiting slopes of the fusion curve" :It zero pressure, were calculated from the 

Clapeyron equation, 

1;-"1 RODUCTIO:-" 

Th i~ paper will describe experimenLal ob"e rvations of the condensed phase equilib­

ria of four specific substances at elcvaled pressllre. Particular emphasis will be 

placed on the cfrect of pressure on the melting points of these materials, which are 

tellurium, lead telluride. bi muth tellur ide, and antimony telluride, But first, by 

way of introduction, certain general consideralions must be reviewed. 

The term, fusion curve, refers to the graphical representation of the fusion tem­

perature as a function of pressure, In general , these curves are of two types, called 

normal and abnormal. Dependin g on the relative densities of solid and melt, the 

melting point is expected either to increase continuously with pressure or to de­

crease, Most commonly, of course, the mel t is of lower density and the former, 

normal, behavior is observed. 

However, further complications are conceivable; they are summarized in Fig, I. 

The upper curve is a representation of strictly normal behavior, a continuously i il ­

creasing melting point with pressure, The three remaining curves arc suggested 
modifications of the normal beh avio r. They were first advanced at a time when 

experimental observations eXlelllkd up to only a few thousand atmospheres, They 

were postulations as to what 1ll 1~! 1 ~ OL .:xpeclL',. at still higher pressures and not 
experimental curves, Beside each ,)1 ti., .lrve,·", ,hown a name prominently asso­

ciated with it. 
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These postulations include the follo\\'ing: the abrupt termination of the fu sion 

cur\'c in a critical point [IJ (analogous to the liquid- \'apor transition) ; the occur­

rence of a horizontal as) mptote at some finite temperature [2]. and lastly, a maxi­

mum in the melting point separa ting normal and abnormal segments of the fusion 

cU["\'e [3]. For comparison. the Clapeyron equation is included in Fig. I: the slope 

oftlle fu~ion curw is thereby related to the volume and entropy changes associated 

with fusion. 
Prof. I3ridgman [4J cHefully con~idered these three modifications of the normal 

curve and concluded that none \\'as to be expected. In his opinion, the fu sion telll­

perature \\'ould continue to rise \\ ith pressure as long as the atomic structure \\ as 

preserved. 
Currently. the ma.\imum sta tic pressure all:linable in the laborato ry is of the 

orde r of one hundred thousand atmospheres. As yet. no evidence is a\ailable to 

support the sugge~tions of Simon and Schal11es. Ho\\e\'er, in the last four years, 

sewra l examples have been reported of substances that display maxima in melting 

points at ele\'a ted pres~ure. 
The Clape) ron equation requires that , in these instances, the molar \'OIUllle of 

the melt must be compressed to a value less th an that o f the equilibriu lll solid. 

Since the e lMO py of fusion must remain positi\(~ at .lil pressure -. the ~ign of the 

Pressure, P 

Fig. I. Classic fusion CUf\·es. 

DEVIATION FRO\! THE NORMAL FUSION CURVE 

~Iope of the fusion curve must be the sallle as that of the volume change oil f 

fhis t) p,e of bella\'ior can be expected to occur only under very specia l circull 

~·es. fn addition, its occurrence implies the existence of a more compact, high • 
~ure phase whosc fusion curve is normal. Otherwise, at some finite prcssul 

c'trapolation of the abnormal segment would predict melting at 0 cK. 
In 1959. F. P. qundy [5J of the General Electric Research Laboratory re 

an apparent maximum in the melting point of rubidium at 45,000 atmosphe 

1962, G. C. Kennedy and co-workers [6, 7J at U.C.L.A. indicated that the 

unable to reproduce the data of Bundy for rubidium, btlt they did observe m 

in melting points of each. of two phases of cesiun (at about 22,500 and 

atmospheres, respectively). Then in 1963, Bundy [8J pro\ ided evidence 

maximum in the melting POillt of graphite at hjJ1 pressure. 

In the follo\\'ing four other examples of meHing po int maxima , observed 

General Motors Research Laboratories, win be described. In closing, a g 

explanation will be offered for this \ll1usual behavior in terms of the special c 

tcristics of the substances investigated. 

EXPERDIE:--ITAL 'fEC\I:-<IQU[ A;\D RESULTS 

I n ~\ddition to the direct determinAtion or the melting points of specimens e .. 

to a series of elevated pressures, it is desirable to have some information 

limiting ~Iope of the fusion cur\'e (at zero pre.5sure) as provided by the Clal 

equation. This is particularly necessary in the prese nt case because the hig! 

~ure apparatus used does not lend it self conveniently to experiments at lcs 

~\bout 15.000 atmospher s. 
In ortler to perform he required calculation, it ~vas necessary to measu 

fractional change in volume associated with the fusion of the four substa 

interest: Te. PbTe, Bi zTe 3 , and SbzTe3 . The techni<Jue developed [9J r 
purpo e is shown aiagramatically in Fig. 2, This technique is a modification 

method of "red" a nd " unfed" castings first reported in its original form by 

West [IOJ. 

West detem'lined the solidification shrinkage of cast iron by pouring 

iron into t\\'o molds of effectively identica l c:1pacity; however. one mold \\' 

p<:d after filling whereas the second \\'as provided with a riser or reservoir 0 

t.:n iron) to provide compcnsation for solidification shrinkage. The we ights 

t\\O ingots obtained permit a calculation of the quantity of inte est. 

The tcchnique shown in Fig. 2 is esscntially the same, but it d es pro\'id 

Illll ch clo~er contro l of the various process varia bles involved. p , 'rs of cr 

,re immcrsed in the melt contained in evacuated glass capsules, T aSSl'n 

then lowered from the center of the furnace to provide for a slow, directional 
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,I,)pe of Ihe fusion curve Illust bc the ',.Ill,' :,' iilat \11' the \'olumc change o n fusion. 
This type of behavior can be expec tee; , ,':dl), ,)111) under very special circumstan­
ces. In addition, its occurrence illlpl i," . ,. CIlL·C ,,1' a morL' C,)IllP:lct. high prcs­
.,lIre phase whose fu~ion curve i ~ lh)1 ,:,:1 (), ,'III i,c. ;\t sOllle iillite pressure. the 
,\trapolation of the abnorlllal scgl11cn , III ;; •• Il rL'd,L'1 mcitl!I<!; , \) K. 

111 1959. F. P. Bundy [5J of the Gell c!'.iI 1 kc·t ric Research 1.:lburalory reported 
:111 apparenlmaximum in the melting P,)lllt ,)1' rubidiulll at 45.000 atillospheres . In 
1')02. G. C. Kennedy and co-workers [6. 7J at U.C. L.!\. indicated that they were 
1I1labk to reproduce the data of Bundy for rub id iL :l.. ,)ut t hey did observe maxima 
in melt ing points of each of two phases 01' cesium (at abollt 22,500 and 30,000 
atmospheres, respectively). Then in 1963, Bundy [8J provided evidence for a 
maximum in the melting point of graphite at high pressure. 

In the following four other examples of melting point l11a>..illlu, observed at the 
General Motors Research Laboralories, will bc described. In closing, a general 
explanation will be ofTered for this unusual behavior in terms of the special charac­
teristics of the substances investigated . 

EXPERIMENTAL TECIll\IQ UE A~I) RES ULTS 

In addition to the direct determination of the meltin g points of ~pecimens exposed 
to a series of elevated pressures, it is desirable to have some inFormation on the 
limiting slope of the fusion curve (at zero pre~surc) as providcd by the Clapeyron 
equation. This is particularly necessary in the present case because the high pres­
sure apparatus used docs not lend itself conveniently to experiments at less than 
about 15,000 atmospheres. 

In order to perform the required calculation. it was necessary to measure the 
fractional change in volume associated with the fusion of the four substances of 
interest : Te, PbTe, Bi 2Te 3 , an d Sb2Tc,l ' Thc techniq ue devcloped [9J for this 
purpose is shown diagramatically in Fi<!. 2 T'h i~ tcc'hnique is:t modi fication of the 
method of "fed" and "unfed" castin g" 111'"l ,,'I),)f'lcd in it~ original form by T. D. 
West [10]. 

West determined the solidification "hrinLlge or ca~t irvl1 by pouring molten 
iron into two molds of effectively identical capacity; however. one mold was cap­
ped after filling whereas the second wa~ provided with a riser (or reservoir of mol­
ten iron) to provide compensation for solidification ~hrinkage. The weights of the 
two ingots obtained permit a calculation of the quantity of interest. 

The technique shown in Fig. 2 is essentially the same, but it does provide for a 
much closer control of the various process variables involved. Pairs of crucibles 
are immersed in the melt contained in evacuated glass capsules. The assembly is 
then lowered from the center of the furnace to provide for a slow, directional solidi-
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Fig. 2. Technique for determination of fractional volume chunge upon fusion. (From [9).) 

fication (the Bridgman technique of crystal growth). Because of the relative orien­

tation of the two crucibles, the liq uid contents of one (the inverted crucible) are 

isolated from the bulk of the melt by solidification at the entrance port; solidifica­

tion continues with the formation of a shrinkage void. The upright crucible is 

continuously fed from the melt and, of course, no void forms. Assuming a reason­

able approach to certain idealized conditions [9J, the fractional change in volume 

associated with fusion can be calculated from the relation 

v - V 
o • 

rV - W 
" 0 

v~ WI 

VI and V. represent the molar volumes of liquid and solid, respectively, at the 

melting point; Wu and Wi represent the measured weights of the ingots recovered 

from the upright and inverted crucibles, respectively. 

L-=-__ =====------____ --
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Subs/mICe 

511 
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Table I summariLes the da ta ,1hi:III1L·Cl. The l ;llue 1',11" tin \\ a~ measured to test 
the reliability of the technique. The re~ ul t ,)f)t:li ncd indicates that reasonable ac­
curacy can be expected. In fact , ccrta in rath er obvious corrections [9J could be 
imposed which would bring the observed an d handbook values into coincidence. 

It is not necessary to dwell further on the particula r v:lIues obtained except to 
cmphasize that, in all cases, thcse substances ,-,xpand in volume when they melt. 
They arc all expected, therefore, to display normal fusion curves. Previously, 
Klemm et al. [IIJ, reported that telil,lrium was observed to expand byapproxi­
mately 2 % on melting. This value was identified as rather uncertain, however, 
and worthy of redetermination. 

Experimental data for the entropy chan ges on fusion are available for only tel­
lurium [12J and bismuth telluride [ 13]. Approximations were necessary for the 
other two materials. Since antimony tel luride is isomorph o us with bismuth telluride 
(structure type C33) it seems appro priate to usc the entro py value observed for the 
latter for both compounds. That value i ~ 34 e.u. per mole. I n the case of lead tellur­
ide, a value of 4.5 e.u. per mole was used in accordance with the available data [14J 
lor other covalently bonded substances with the same structure-that of rock salt 
(B I). 

The high-pressure experiments were performed with a 600 ton tetrahedral anvil 
appa ratus, which was constructed at this laboratory with the consultation of inven­
tor, H. Tracy Hall. A general view of the equipment is shown in Fig. 3. 

The apparatus consists of four hydraulic rams slung a t the tetrahedral angles. 
In practice, through the agency o( Ihc~c ram~ . a force I~ applied normal to each of 
the four triangular faces of a sl1l~.I! ;L"~rahcdl"Oi1 containing the sample. A more 
dt:tailed description of this type III "ppa raL us i ~ provided cbewhere by Hall [15]. 

A sectional view of an assem bled tctrahedron is shown in Fig. 4. The tetrahedron 
itself is most commonly constructed of the natu rally oceurring mineral pyrophyl­
lite, which for a variety of reasons happens to be particularly suited for this pur­
pose. The assembly shown on this slide provides for the measurement of the elec-
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tric~li r..::sista nce of the sam pic dmi ng lest. A 1/ 16 in. diameter by 3/8 in. long speci­
Illen is capped with tabs which provide electrical access from the load bearing 
anvils of two of the hydraulic ral1h Tlh.' t\\O remaining :IllYils provide a current 
path for the tubular graphite resi, u,.LI.· .. I.·:!li.:r \I !lich ~lIrrOllnd~ the sample. 

The sample is encased in a ~uil.lh.,' l!blll~lling ma ter ial. Mo t comillonly. ho~­

pressed boron nitride was u~ed. :'\,)t ~Ill)\\ n 11..::,\:. but or considerable importance 
arc the two thermocouples used. The t\\l.l legs eli' ea..::h (;OUpIC (platinulll/platinulll-

~----1.25 inc~es . 1 
Fig. 4. Sectional view of assembled tetrahedron. 
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rh,lJ iurn) were enclosed in mullite in~ulation tubes; these were inserted into holes 
dnllcd from the midpoint of an edge of the tetrahedron and directed toward the 
I.·cntcr. The junction was positioned midway between the inner surface of the 
hcater and the outer surface of the specimen. The legs emerged from bet 'Ween 
tlVO adjacent anvil faces; in ge neral they remained intact with increasing load. 

The pressure calibr~lion [J 01 of the apparatus was made by noting the hydr'IL;,ic 
oiLE;'essures required to lroLilicC pha~e lran~itions in the' metals bLlriul11 and bis­
muth as re~ by conco mitant changes in electrical resistance. In addition, con­
\cn~nal (one atmos here iliermoc.)lit,le cel1version tables were used. These 
practices are customary in the field. I t is expected that the reported Q.!'essure values 
arc unC«.!1ain~bout 5 %2 the ob~cryed tempCL:1ture values are expected to be 
~oi1lewhat less uncertain. 
'Clw nges-in eTectrical resistance provided the most convenient index of phase 

transformation at high pressure. For purposes of comparison, the elTect of fusion 
(at one atmosphere) on the electrical resistivity of bismuth telluride was determined 
[16]. The results for two specimens. doped dilTerently, are shown in Fig. 5. The 
sort of behavior shown is typical or the four nonmetallic substances investigated 
[17]. An abrupt decrease in resi~tance accompanies melting. This behavior is to be 
contrasted with that of metals, where an abrupt increase in resistance occurs on 
melting. It means that an increase in the number of charge carriers must also 
occur to compensate for the decreased mobil ity in the disordered liquid. 

The data obtained at high pressure were not so well defined as those shown here. 
This is because the resistance measured was that of the entire length of the speci­
men along which a temperature gradient occurred (from the center to the ends). 
Still in most cases, a readily (L:tl.·'I~J. reproduc ible and reversible index of fusion 
was provided. 

100 400 500 600 700 
T, °C 

Fig. 5. The efrcct or temperature on the electrical resistivity or bismuth telluride (Bi2Te3) at one 
atmosphere. (From [16].) 
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The overall reliability of the technique was tested by determining the eITect of 

pressure \ .• ile melting point lor lead. Fig. 6 shows the results, which is a normal 

fusion curve. The agreement with earlier data, obtained elsewhere [18J, appears 

adequate. Also shown i~ the limiting slope provided by the Clapeyron equation. 

In Fig. 6, the unit of prc~surc ust:d is the kilobar (abbreviated kb). This unit is 

now customarily used in the field. One kilobar equals 109 dynes/cm 2
, but, for our 

purposes. it may be regarded as equivalent to one thousand atmospheres. 

Fig. 7 summarizes the data obtained for the condensed phase equilibria of tel-
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Fig. 7. Condensed phase cquilibria of tcllurium. 
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iur iui11 as functions of ie:l,pc'"lll, :e and pressure. Each ind ividu al run is identified 
\\ith a difTe rent symbol. 

Comparison of the ('I .. 
of a broad maxim um II' 
,I.llid I. The melting curve l I .... ,j 

!'lpC ,.nci the data ohtained shows the occurrence 
'PI I,. :ll r the 10\\ prc:o.sure phase-called here 

,! III I' .1<)I'm<11. '1 ill' i \\0 solid phase transforma-
tions proceed with a deer, .. ' . .; III electri c;I' rc~i~[;lIh:c: they a lso are relativcly rapid 
and reversible. Solid I I I mc ll, \\1,;1 an increase or ~pccili1e n resistance. 

Other data are available frllm t\\ 0 sources. The exi~tencc of the two high pressure 
phases of tellurium was first shO\\ n by Bridgman [19J at relatively low tempera­
tures (below 200 0q. The transition points, which are given as filled circles in Fig. 
7, were obtained by measurcment of the specimen volume as a function of pressure. 
Bridgman 's data for the volume changes on transfo rmation together with the $,\) pes 
oflhe phase boundaries permit a calculation of the latent heats assoc iated with the 
transitions. These arc 290 cal /g-atom and 85 cal/g-atom for the solid phase transi­
tions I- If and II-III, respective ly. 

Arter the work summari zed by Fig. 7 had been completed, it was learned that 
G. C. Kennedy e/ al. [20J had also in vestigated the high pressure phase equilibria 
of tellurium. They used the technique of diO'erclllial thermal analysis with a piston­
cylinder type of apparatus. Their results, al though not contained in Fig. 7, are 
essentially coincident with the pha ~e bounda ries shown up to the maximum pres­
sure they investigated (50 kb). The secon d solid transition (I I-II I) was not observed, 

12oo..---------..,.-------, 

1000 

/ Liquio I 
/ . II L __ 

---~ ,~~I 
_ .. , I .• ~¥~ . 

800 

Solid II _ 

400 

200 --

B o °0'----2:"'::0- -4~0:---L-60-'--8~0---'IOO 

P, kb. 

Fig. 8. Condensed phase equilibria or lead telluride (PbTc). 
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but this is perhaps due to the relatively sm:111 latent heat associated with it. Of 
most importance is the f:1et that they also ob~erved the maximum in melting point 
for (he low pressure phase. 

Fig. 8 summarizes the data obtai ned for the condensed phase equilibria of lead 
tel lu ride . Again it appe:1rs th at a maximum in melting point must occur when the 
calculated limitin g slope is compared with the data taken above 20 kb. The calcu­
bted slope appears too great in comparison ~vi th the experimental points; it is 
possible that the approximation used for the entropy of fusion is unrealistic . That 
value was approximately 2 e.u. /g-atom . The correct va lue could conceivably be as 
high as 6 or 7 e.u./g-atoll1 in view of the comparable values displayed by tellurium 
and bismuth telluride. 

In Fig. 8 a triple point is shown;lI about 60 kb. The data for the fusion tempera­
tures of solid II arc particularly sC\lle red; ~t ill the normal type of fu~ion curve 
appears appropriate. 

It is probable that the high pre~~ure phase is of the ce~iLlm chloride (132) struc­
ture; however, direct evidence is not avail ab le. At least the slope of the phase 
boundary is consistent with this possibility. Other compounds which possess the 
cesium chloride structure at low [emperature do, :1t constant pressure, transform 
to the rock salt structure (131) ;\[ ~()me elevated temperature. The same sequence 
would occur here in the case of lead tell uride. 

Other data are available for the solid solid transition pressure at room tempera­
ture. These were provided by Bridgman [21 J and, more recently, by Drickamer 
[22J; their points are shown in Fig. ~ a~ .. B" and " D", respectively. I n this instance, 
the three available determinations are in considerable disagreement. 

The next exa mple is bismuth telluride; the fusion curve is given in Fig. 9. A more 
detailed description of these results is provided elsewhere [16]. 
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Fig. 9. The effect of pressure on thc mclting point of bismuth tclluride (Bi.Tco) . (From [16].) 
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Solid Bi zTe 3 posscsses a speci al sort or structure (Cn) in which the atoms of the 
:<lllle clement are distributed in layers ; five byer bundk~ arc joined by Van der 
Waals bonds. However, for oLir purp{)s~s it is ~ufTicient to reg~l rd the structure as a 
~Iight distortion of the rock salt structure which it resembles in terms of coordina­
tilln and symmetry on the short range. 

The data show a rather broad maximum at about 15 kb. The subseque !~t abnor­
Illal segment to the fusion curve implies that a high pressure phase will be en­
countered although no direct evidence was encountered for its existence. The data do 
not extend beyond about 50 kb because the index of fusion used was no longer ade­
quate. With increases in pressure, the rcs istance change associated with fusion grew 
sJ1laller and less abrupt. Finally, it was no longer sufficient to define the melting 
tCJ1lperature and remained so up to the maximum pressure investigated, 75 kb. 

Fig. 10 summarizes the data for the fi nal example, antimony telluride, which is 
identical in structure with bismuth telluride. Tn this case, however, definite evidence 
was obtained for a new phase which is formed at high pressure and can be retained 
Illetastably at ambient conditions. 

The behavior shown in the lower press ure range is similar to that observed pre­
viously. At about 50 kb there occlirs a triple point with th c: crsection with what 
i~ pn;~umed to be a normal fu sion cllrve I'llI' the high pressure phase. Unfortu­
n:llcly, the data in this region an; pa rtic lilarly scattered. 

The solid-I - solid-II transition was o bserved only at relatively high temperatures, 
and, in each instance, the transition was irreversible. The cond itio ns at which it 
occurred arc shown in Fig. 10 as filled sym bols, which are contained within the 
expected region of stability of the hi gh pressure phase. The e points were revealed 
by permanent increases in specimen resistance. In addition, the analysis of the re­
covered specimens by X-ray difTraction after exposure to the indicated conditions 
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Fig. 10. The condcnsed phasc equilibria of antimony tclluride (Sb,Tc 3). 
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,11' p i'i:~sure and temperature reveakd a characteristic pattern unlike that displayed 

b} the ~tarting material. 
The J'ornwtion of the new phase is ~Iuggi!>h and requires a relatively high tem-

p~r;\ture to proceed at a detectable rate. As a re!>lilt, it was nol possible to deter­
mine the position of the phase boundary. Only the approximate posit ion is shown 
111;1 manner intended to imply that the sign of the slope is not known. 

When a phase is capable of per~isting metastably at low pressure, it is natural LO 

,u~pccl that it will not be formed rapidly at elevated pressure where it is ~tabJc. 
\Ul11erous examples could be eited of this behavior, which might be explained as 
!·ollows. The potential energy barrier separating the two structures, and permitting 
a retelltioll oJ' the metastable one, is not likely to disappear with increases of pres­
~lIre at cons!a!)l temperature. If' the volume of the activated complex associated 
with the ban'ier is greater than that o!'the hi gh pre:-.sure phase, the magnitude of the 
barrier restricting formation under equilibrium conditions will be even grea ter 
than thal permitting the retention 01' the metastable pha!>e at one atmosphere. 

J-'ig. II shows the comparison between the X-ray difrractometer patterns of the 
cnnv..:ntional and the new strll(;ture recovered rrom high pressure. The transforma­
til)n appeal's essentially compktc. bu t a I.ldration or three months at room tempera­
ture is suflicient 1'01' a substan tial rctransrormation of the new structure. Two hours 
at 500 °C are sufficient to destroy completely the new structure and reproduce the 
origi nal X-ray difTraction pattern. I t is hoped ultimately to establish the precise 

structure of the new phase, bUL thi~ has not been possible as yet. 

l],;TERPRETATIO~ or RESULTS 

Experimental evidence has been presented for the occurrence of maxima 1\1 the 
melting points of four substances aL elevated pressure. The!>e substances are tellu­
rium, lead telluride, bismuth telluride, and antimony telluride. Reference was made 
abo to other examples of thi~ bl:havi or which were observed elsewhere. 

Before attempting some sort or general explanation for the unusual behavior 
observed, it seems appropriate to di~tinguish between two sorts of examples. These 
arc the metallic substances (rubidium and cesium) as contrasted with the nonmetal ­

lic examples, such as those reported here. 
The two metals are body-centered cubic structures as solids; they are more close­

ly packed than any of the nonmclallic examples. 1L has been suggested [6J that 
an unusually high compressibility oflhe liquid metals (Cs and Rb) maybeassociat­
cd with pressure induced electronic tr3nsilions. In both cases, empty inner orbi­
tals are available which are, energetically, fairly close to the bonding s-electrons. 
Whatever the meriLs of Lhis argument, it seems untenable in the case of the non­

metallic examples of melting point maxima. 
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Til.: nonl11.:wllic sub~tances, whose fusion cu rves wcre presented above, all 
P(h'':~~ r.:lativcly opcn ::.tructures as ;,olids. The maximum coordination number i::. 
,i:\. I'<.:rhap;, thc structure or tellurium merib special mention. The solit.! is compo­
,.:t.!or.,piral chain;,. Each atom is bonded covalently to two neighbors; the chains 
ar..:: held together by van der W~lal\ attraction. It is suggested that the bonding in 
the melt is significantly din'ercnt tll<\ll the equilibrium solid because of the decrease 
in electrical re;,i~tance observed in .:ach instance. It was mentioncd earlier that an 
incr.:ase in charge carriers was r.:quired; another way of say ing this is that the 
bonding is difTerent. 

The electrical and structural properties of molten tellurium have been investigat­
ed relatively extensively [17,23,24]. Here metallic conductivity is encountered at 
some temperature above the melting point. This has been analyzed in terms of the 
ultimate loss of the chain structure with the adoption of the metallic type of bond­
ing. An increase in coordination number resulting from the non-directional char­
acter of bonds is suggested [24]. 

An explanation of the observed maxima in melting points at elevated pressure 

DEVIATIO 

17. /\. F. IOHE AND /\. R. RE 
Wiley, New Yorl-., 1960. r 
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A. R. UI3UELOHDE (/mperi 
or course. in liquid sui 

there? 

can only be given in rather general t..::rms such as the following. It seems possible D. L. BALL: 

that, in the melt, the total numb,'r or neighboring accessible sites (both occupied There arc rings and cha 

and unoccupied) is greater than the coo rdination number appropriate to the solid. 
For the compounds the on,kreJ arrangement of the solid is probably lost. With A. R. UUOELOHDE: 

increases in pressure, the number or vacant sites, as well as other sources of dis- Docs tellurium have on 

order, arc expected to decrease. With pressure increases then, the coordination 
number could increase providing for the attainment of densities greater than those 
realizable for the solid . 
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DisCllssioll 

1\. R. UUnU.OIIDE (/lIIjJNia/ College, LOlldllll, Ellg/und): 

or course, in liquid sulrur ther.: ar.: two t ype~ or molecules in the liquid, arcn't 

there'? 

D. L. BALL: 

Ther.: arc rings and chain~ . 

1\. R. UIlIl I.' .01 1J) E: 

Does telluri um have only a ~ingle molecular structure in the m.:lt '! 

D. L. 13/\I. L: 

My understanding orthc data in the literaturc is, ye~ . There have bcen ~tudies or 
the liquid by X-ray dif1'raetion, :lnd they interpret their results this way- as pre­
dominately chains. 

\Y. TILLER (Wl'.I'lillglioll.l'C', Pill.l'lillrgli, Pa.): 

This would be supported by the ease of growing tellurium crystals, as distinct 
frol11 its cousin. selenium, which is dilllcult, because of its ring and chain structurc. 

1\. R. UI3BELOIIDE: 

Morc attention should perhaps be p:lid to the growth evidence than to that 
from X-rays. because it seems unlikely that the resolving power or radial distribu­
tion curves would pinpointS ";' or thereabouts ora rival molecular structurc . 

W. TILLER: 

Certainly in selenium, when you go to the pressures required to change its melt­
ing temperature to that of tellurium , associated with 1 atmospherc pressure, the 
liquid also appears to consist predominant ly or chains. 
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A. SClli'UDI' I{ (Clittingcll Unil'('rsil.l ·. CNII/ony): 

Might I. from the view of chemical bonding, add the following questions to the 
e:--t raordinary and highly intere!>ting rc;, Its of oJ .. Bull's works: Have you any 
information about the values of the electrical conductivity or thc Hall-eO'cct of the 
high-pressure phase ofSb 2Tc ,l in comparison with thc low-press ure phase? What 
sort of tcmperature depc .l,,, 'e of the measured values did YOlo ind in the two 
ca~e!>, r.:spectively, or would you predict? 

D. L. 13J\LL: 

The limited, available data arc bascd on measuremcnts made at room tempera­
ture on two specimens of the metastable material. In both instances the starting 
material possessed a resistivity of 2.4 x 10 - 4 n cm and a thermoelectric power 
(relative to copper) of +85 IlV/, e. The recovered specimens each displayed a 
resistivity of about 1.3 x 10 - 3 n Clll and a thermoelectric power of about -30 
liVr e. No determinations have yet been made of the pressure and temperature 
dependence of these properties for the new structure. 

I . F. MOTT (Ul/il'(,l'sily 0/ C{/nlhri(~r;(', EI/g/al/d): 

Ncar the melting point the conductivity depend~ very little on doping, doesn't 
it? 

D. L. BALL: 

Yes, that is true. 

R. A. MURIE (Allison Div., CMC): 

On the recovered specimens have you run any differential thermal analysis to 
see if there is any phase transition at lower temperatures back to a more stable 
structure? 

D. L. BALL: 

o attempts at diO-erential thermal analysis were undertaken; the quantity of 
material recovered is small and. thu~, this technique would be rather difficult. The 
slow formation of the stable structure at room temperature and the rapid forma­
tion at elevated temperature were shown by X-ray difTraction. 

F. P. BUl'\DY (C. E., Schcl/eCfa(f1'. N. Y): 

Did you try to make any temp.:r,\! ure-pressure excursions; for example, going 
at room temperature into t h~' '1, -pr<':"~lIre :,olid phase. then melting that at pres­
sure, and then lowering the pl'~ ,lli'" :lnd km perature to a llow freezing at lower 
pressure? 
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I). L. \3 ,\1.1.: 

:'\l) excursions were made wit h dccn'::bing pre~sure at constant temperature. I 
rcg:1rded the pressure calibralion or the :1 p paratu~ as reliable only for incr..:a~ing 

Ill: ld. 

F. r. BU:-;I)Y: 
I \\\)lIld like to comment on thi~ point. I used to think, too, that you coul dn 't 

trll'( the pressure calibration on the unloading IXlrt of the cycle. Recently I had 
need of getting. some information on de~cending pres~ure excursions. When I went 
h:H:k and plo lled the calibration d:l ta on un loading, which \\e usually rccord but 
do not give much attention. I round it more consi:.tent than we had thought. It 
111:1Y not be as good as the up-load calibration , but I wouldn't ignore it. 

I , , 
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