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TABLE /U 

Contributions to Ibul (10-" em-I) 

Calculated Experi-
mental 

Spin- Blume-
spin Orbach Tolal Ib,,1 

Cd l V10 1 2 57 55 109 
ZDIP1O, 1 108 107 10 
Mg:P1O., 0 99 99 l 

with experimcnt is probably fortuitous since the 
agreement of Sharma et al., aftcr correcting the 
sign error, for ZnFl(Mn2+) is worse than that 
reported her •. 

One of the most obvious criticisms of such a 
calculation is the neglect of dipole contributions 
in the potential. These arise from the dipole 
moments on the highly polarizable oxygen ions 
which are not located at centers of inversion 
symmetry. The effect of these contributions has 
been shown to be large (Artman and Murphy 
1964 ; Taylor and Das 1964) in the calcula tion 
of electric-field gradients. The electric-field gra­
dient involves the cl.".'s. whertas the Blume­
Orbach mechanism depends on the (' .... ·s. The 
work of Artman el 01. shows that for the corun­
dum lanice the effect of dipoles on the fourth­
order coefficients is very small. It is expected 
that this wiU also be true for the structures 
reported here. 

Another interesting feature is that the loc::uion 
of the principal axes is predicted to within 10". 
To about the same accuracy, these directions 
correspond to metal ion oxygen bonds. If this 
result is general. it promises a way of locating 
magnetic impurities in low-symmetry crystals 

when the location of the magn(lic impurit), ~ 
ambiguous because of the existence of 5e\'e~ 
possible sites. 

Density measurements of compressed solid and liquid argon' 

n::. Conclusions 
w. VAN WITZENDURG' AND J. C. STRYLAND 

AIr:unnon Physical Lnbortllilri~. University of TorOIf/o, Toronto. Ontario 

• 0 evidence of:l phase transition in Cd! V zO. 
bas been found over the temperature range 4-
300 "K. A calcul:1tion of the spin-H~IJJ\iltonia; 
parameters for Cd l Vl 0 7 and two iSOLllOrphb. 

compounds, based on the poinl-charge modeL 
gives reasonable agreement with experiment 
The prediction of the location of the principa 
axes is particularly good. 
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A nlClhC'd is described by which the equation or state of liquids and rcnsonably soft solids can be 
determined expcrimcnlll ily. A uniquc feature of the apparatus is that "hile the quantity o( material 
occupying a I..nown \·olume is wci~hed, prcMur~ and temper3.tur¢. are Jllea~urcd cOllcurren:ly. First 
results nr~ reportcd for solid and liquid argon in the temper3..1Ul"C range fro~ 96 to 1.54 ""l\. and at 
pTCSSures (rom about 100 to 2000 k~ cm1 • 1 he liquid data detemlJOe' the PIT surface to wit!lin 0.1 % 
for each of the. variables. Data ror s{lJid argon hu\""C so far been limited 10 a zone of 2O-de;ree widlh 
along the melting line. Thermal expansion and compressibility oi the liquid are c,-,mputed. From the 
volume: change on melting it is condudt.'-d that the latent heat increases linearly over the full pressure 
range:. 
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Introduction 

~'I ueh theoretical work on the solid and the 
Ii~uid stale has centered around argon (for Sllr­
n!" and references see, for lexample, Paul and 
W~"chauer (1963) and Van lucrbeck (1965)). 
For a number of reasons argon is, indeed, a 

~. ~i6~ and MURPHY, J. C. 1964. Phrs. Rc\, nearly ideal subjecl for such studies: as one of 
AU_~} L. and CALVO, C. 1967. Can. J. Chem. 4i [he monatomic inert gases its intermolecular 
BU,9'4. M. and ORBACH, R. 1962. Phys. Rev. 127. 1.58; rOrtes can be represented by uncomplicated 
eu.-\'O, C •• LEUl"O. J. S •• and DATARS, W. R. 1967. 1 pot~ntial models. in the solid state it is a mo-

Clem. Phys.46. 796. lee-ular crystal of high symmetry, and because 
C~~t!~: ~;~.;>~r:~.W. R·o and CALVO. C. 1964, of its high atomic weight quantum effects can 
KA..""iA}fORI, J . MORIYA. T. MonZUKl, K .• and NAG... usually be ignored. 

MrYA, T. 195.5. J. Phys. Soc. Japan. 10. 93 In contrast to the abundance of theoretical 
~: 4~8. 1961. Proc.. Roy. Soc. (London). Set A papers, relatively little experimental work on 
PRYa. M. H. l. 1950. Phys. Rev. 80. 1107. the equation of state for solid and liquid argon 
SflAaMA. R. R •• DAS, T. P., and ORllAC""H, R. 196~h)'5. • been published The only measuremen ,l:-. 

TAv!:: f~9t.2~d D,u, T. P. 1964. Phys. Re . 1 e com rc d . .. e ad. 
~~ M5~7~u~ C2~ 

VA."" HEUV£LES. A~ t967. J . Chem. Phys. 46. 4903. hqUl argon two sets or PVT data c;\ist: lh ose 
V~964.~~~·p.h~~ii~::~·(En~I~hE~:a' 1',( by Van ltterbcek, Verbeke, and Stacs (1963) 

870. between 90 and ISO ' K up to 300 kg/em' and 
those by Michels, Levelt, and de Graaff (1958) 
at temperatures as low as 120 OK with mallimum 
pr~sures ranging from 25 kg/cm2 at 120 OK to 
lOOkgfem' at the critical point (151 OK). It is 
Obvious that accurate volumetric and thermo~ 
dynamic data over a wide range of pressure and 
temperature are lacking. This paper is the first 
rcpon on our attempts to hclp fill that gap. 

Experimental 

~pirical relation between pressure. 

~c:scarCh supported by a grant rrom the National 

IPr~~~~dl~~rCcE~~I1GcneVll, S\4!itzerland. 

t:...d'l" Journal or Physic1. 46,111 (1968) 

volume. and tcmperature for condensed argon 
was detennined by a straightforward and, in 
principle, simple method. A container of kno\\n 
volume is filled with liquid or solid argon and. 
maintaining chosen values for the prcssure and 
the temperature. the weight of the container is 
determined. Thus the density of argon is measured 
as a function of pressure and temperature. 
Figure 1 is a schematic diagram mustrating this 

GAS OIL PRESSIJIIE 
COMPRESSOR "JNP I!IA.LJ.NU 

FlO. 1. Schematic diagram or the apparatus. 

procedure. The conta iner is suspended at all 
times from one scale of an equal~arm precision 
balance and hangs rreely inside a cryostat. A 
flexible steel capillary connects tbe container 10 
the gas compressor, which in turn is connected 
to a pressure balance. 

Figure 2 shows a cross <iection of the cryostat. 
The Dewar ve~sd 0 is filled with liquid nitrogen 
and the space B Can be evacuated or filled with 
helium gas. The inside of the cylinder A is open 
to the atmosphere and a small amount of dry 

13 



III CA.NADlAN JO(JaSAL OF PHYSIcs. VOL. 46., 1961 

F.:l. 1. Cross section of ayostat and "''tighinz: ~ 

nitrogen gas flows continuously in through the 
opening C. thus preventing water vapor from 
entering A. Constant temperature inside A is 
obtained by regulating the current through the 
heating clement R. wound all around A; a 
second winding S. o f platinum "ire. scJ"\.'es as 
the sensing element of a temperature--controlling 
device. 

In the center or the cryostat hangs the argon 
container, a steel vessel with a volume of about 
SO em' and weighing approximately 3 kg. A 
calibrated platinum thermometer is inserted in 
a well , T , drilled in the wall or the container; its 
four electrical leads are led out alongside (he 
steel capHlary. This capillary is an important 
feature of the apparatus. It is made of stainless 
steel high-pressure tubing. 1.5 mm O. D . and 
O.S mm I.D. The vertical section supports the 
weight of the container; the horizontal seaion. 
I m long, is so flexible that the sensitivity of the 

balance, with a total loa d or 3 kg, is only reo 
duced rrom 3 to 5 mg. The small diameter 01 
the capillary not only reduces the uO\\anted flo\\ 
of bea t into the measuring vessel but also rl'dUCC1 

the magnitude of the volume correx-tions to be 
made. At the same time though. the long narro\\ 
passage endangers the establishing of pressur( 
equilibrium . During measurements with solid 
argon, blocking of the capillary had to be pre· 
vented by passing an electric current through its 
lower section. 

Many refinements and corrections wert 
required to obtain precise values fo r lhe pres­
sure, density. and temperature of the argon. 
Only a few points will be menti oned here; a 
detailed account can be found else" here (van 
Witzenburg 1963). The pressure as measured 
\\ith the pressure balance has to be corrected 
for thc effects of oil. mercury. and argon columns. 
The possible error in the final value of the equi· 
librium pressure inside the argon container is 
estimated to be less than 0.1 %. This is true only 
fol'" a sufficiently fluid medium and may not hold 
for solid argon under all conditions. The maS5 
of argon inside the container is found from 
three separate series of weighings: the \\eighins 
of the filled container, that of the evacuatec:i 
container, and that of a solid steel dummy 
vessel. all with the same capillary connection. The 
volume of the container was catibrated with mer· 
cury at different pressures and found to be 

V(P, 1) = 48.303(1 + 1.53 X 1O-'P) 

x (I - 3.8 x 1O- ' &T - 1.8 x 10- ' &T') em; 

wbeo P is expressed in kg/em' and &T = 273 - T. 
This result is based on known values [or tht 
compressibility of mercury and the thermal 
expansion of the steel used for the conta iner. 
Thus the n1aximum volume change of our vessel 
due to internal pressure was +0.3 % and tht 
maximum change due Lo thermal contraction 
-0.8%. 

The temperatures quoted have an estimated 
precision of ±O.Olo and taking into account aU 
possible factors, we belicve the argon densit~ 
vaJues as calculated from our measurements te 
be I"Cliable to within 0.1 %. 

Measurements and Results 

For the series of experiments reported here 
the temperature range was from 96 to 154 ' J{ 
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TABLE I 
Experimental values for the density of liquid and solid argon 

T - 96.4 1 OK 
T _ IOl.ll oK T - t05 .81 OK T - tlO.55 ' K T = tl5 .30 oK T - 120.08 OK 

F p 
(I.s :ru:)(gfcml) p p p p p 

3)(1 .8 1 .4241 80. 9 1 .3350 78 .4 1.304") 332.7 1 .3609 76.6 1.139, 305.4 1.3051 
221.1 1.378, 220 .3 1 .3 53z 476 .7 1.3toJ6) 2t9.8 1.301, 454.9 1.3487 

6;': .6 1.640 332 .5 1.4021 333.9 J .38 1a 632.2 1.4287 m.3 1.472) 600 .6 1.383. 
".:.6 1. 650 362.4 1.409, 340 .6 1.3807 80l.l 1.459J 776. 0 1.4189 
78; .0 1.671 468.9 ) .4320 455.0 1.409 1 945 .2 1.4820 1512 .0 1.678 914. 1 1.443) 
33 l. 2 1.675 6tO .3 1.440, Itl2.3 J .5061 154 1.0 1.692 1048 .7 1.465J 
'1-1-1 .4 1. 687 909. 3 1.669 789 .7 1.412, 1249.7 1.524, 1<>44 .5 1.701 tl 89 .3 1.4860 
~Jtt. S 1. 685 916 .8 1. 670 1668.0 1. 705 1368.4 1.510, 

10-3 .8 1.697 1077 .0 1.685 1047 .9 1. 672 1355 . 1 1.682 l i98 .4 1 .7 14 ISH .S 1.5289 
I~I; . I 1.708 1094 .7 1.688 11 21 .2 1. 676 1504 .5 1.701 IS12 .1 1.717 1643 .6 1.S49) 

1223 .3 1.698 121 6.4 1.687 1507 .0 1. 703 1965 .4 1. 729 
t248. 5 1.700 122.5 . 1 1.687 1612.8 1. 712 1984. 3 1.728 1788 .5 1.694 
1380.8 1. 711 1374 .6 1.701 1653.6 1.714 1875.5 1.709 
1407.4 1.717 1377 .8 1.703 1729 .7 1 .720 1883.7 1.710 
1533 .5 1.723 1:522 .1 1.713 1800. 3 1. 724 1989. 1 1.72Q 
1555 .5 1.725 1649.9 1.725 1964.5 1. 736 2032 .2 1.722 

2008. 8 1. 74t 
2013 .3 I 741 

T - 124 .87 ' K T - 129 .68 (OK T = 134 .50 oK T - 139. 34 OK T _ 149.06°K T - 153.94 OK 

P P P P P P 

m . 1 1.283, 312.2 1.259J 214 . 1 . 188, 325.2 1 .215, 68 .0 0 .9299 325 .2 J .137, 
-l66 .4 1.33 h 455 .0 1.3066 226.5 J . J95 1 466 2 J .2679 216.6 J .097. 477 .2 1.2066 
635 .. 0 1.37 16 619 .7 1.349, 381.7 1.260, 624 .4 1 .3U, 315 .0 J . 159, 610.1 1.251, 
7S-! .5 1.4030 795 .7 1. 3876 543. 1 1 .3 10. 792. 1 1 .353. 463.6 J .223. 797.6 1.302, 
93' .5 1.430, 937.7 J .414, 704.9 1 .3507 925.8 1.380. 627 .6 1 .276. 923.9 1.3320 

10- 3. 1 1 . 4~33 1068.8 1.4370 848 .9 1.38J., 1073 . 1 1 .408 1 784. 1 1 .3 173 1076.9 1.362. 
10-6 .3 1.453., 1197 .4 1.4570 856 .0 1.382, 1208 .7 1.430J 932. 5 1 . 350J 1214 .4 1.387, 
12n. 1 1 .474" 1355.6 1.480. 99 1.3 1.408! 1368.9 1.455 1 994.6 1.361., 1360.0 J.4 1l 1 
137: .0 1.4966 t505 .6 1 .500) 994.2 1 .~8, 1509 .4 1.474& 1076.9 1.378. 1524.6 1.435, 
lS03. 1 I .S 136 1665.3 I .S:01 11 53.4 1.435, 1675.2 1.4959 1:07.5 1 .401 .. 1661.6 1.456. 
1669.7 I .S3l, 1796.0 I .S3So 1286.9 1.456 1 1781.2 1.508. 1365. 1 t .426, 1802 .9 1.473s 
1777.6 1.545. 1971.7 1. 5S), 1467.4 1,48 1, 1838. 3 1 .5 150 1507.5 1.447J 1816.5 1.47S, 

162 1.7 1.501. 20n.3 J .5350 1673 .4 1.469& 1988.7 1.4967 
1806 .6 1 .5240 

I 1793.0 1.484. 
lOO6.0 J . .545, 1814 .7 1.4871 

1966. 2 1. 504, 

a nd tho ressure range from 80 to 2000 k cm2
. the one given by van Witzenburg (1963) because 

COt'lmercla argon. guaran e a t east or a numerical error, now corrected, in the 
t)o;.Y95 ~{ purc. was used. The remaining impurity temperature calculations. 
is mostly nitrogen. 

~1easurcmcnLs in the liquid phase were per· The Liquid 
~onncd in a stra ightforward manner by condens- A simple llpproach to a mathematical repre-
109 and compressing the argon: the so lid phase sentati on of the data is to express the density as 
hac fi rst to be packed firmly by applying the a power series in the pressure and the tcmpera-
mi:!lO: imum pressu re (2000 kg/cm2) before repro- tare. Such a formula is without physical signif-
dU<.1 blc measurements could be taken. icance, but it can be handled easily by a COnl-

In all about 160 values of the density were putcr and allows quick calculation of derived 
?btaincd at '2 different temperatu res within the quantities such as compressibili ty and thermnl 
lDtervuls of pressure and temperature quoted expansion coeflicients. More sophisticated and 
. Ix"'e. All data a re listed in Table I. It sho uld meaningful treatment of {he data is postponed 
bt mentioned here thal this table differs from until the liquid region has been completely 



114 

round values of pressure and temperature 

T("K) 
p 

(lea/em') 95 100 105 110 115 110 

100 1.349 1.318 1.254 
200 1.377 1.152- 1.315 1.:!9S 
300 1.423 1.401 1.378 1.314 1.3::9 1.304 
400 1.443 1.422 1.400 1.)78 1.350 1.334 
SOO 1.443 1.423 IA02 1.38:! 1. 361 
600 1.462 1.443 • .414 I._ 1.384 
700 1.462 1.443 1.4:!4 10405 
800 1.478 1.460 1 .442 1.424 
900 1.476 1.459 1 .4"~ 

1000 1.491 1.475 1.458 
1100 1.489 1.47) 
1200 I.lOJ 1.488 
1100 1."7 1.501 
1400 l .ll5 
IlOO I.l27 
1600 
1700 
1800 
1900 
2000 

covered. The experimental points for pressures 
below 600 kg/em' were used to determine the 20 
coefficients ox", of the equation 

p = r. a.,FP, 

115 130 115 140 145 

1.1114 1.017 
1.240 1.179 1.1J3 
1.279 1.253 1. 226 1.200 1.173 
1.311 1.288 1.265 1.242 1.219 
1.340 1.318 1.298 1.276 1.25l 
l .l64 1.344 1.324 1.304 1.284 
l.l86 1.367 1.348 1.3:9 l .llO 
1.406 1.388 1.370 1.352 1.334 
1.424 1.407 1.390 1.373 1.316 
1.441 1.425 1.408 I . J9:! 1.376 
1.4l7 1.441 J .426 1.410 1.39l 
1.472 1.4l7 1.442 1 .427 1.412 
1.486 1.472 1.417 1.442 1.428 
I.SOO 1.486 1.471 1.457 l.44l 
I .lll 1.499 1.48l 1.471 1.417 
I.l15 1.511 1.498 1.484 1.471 
1.537 I.ID I.SlO 1.497 1.484 
1.548 1.5)l J .522 l.lO9 1.497 

l.14l l .l33 l . l21 1.508 
1.550 1.143 I . lll 1.520 

UauD ARGON 
~ ... I'ft£SSUI1[ 

150 

0.97f 
1.071 
1 . 14 ~ 
1.1", 
1.23: 
1. 26J 
1 .29: 
1. 31 ' 
1.34( 
1.361 
I . 3 7~ 
1.39' 
1.4" 
1.4h 
1.44: 
I . 4 5~ 
1 .4ii 
1.48' 
1.491 
1.50' 
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... LIQUID ARGON 
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-::::==::;;==~ '200 '600 J 
---.00, ....... ·1 

:~~~I~~' ~,~~, ~~~~l 
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'K 

FlO. 4. Thermal expansion coefficient or liqwd argon 
u a function of temper.nure for seven different pressures. 

values for the solid have been plotted as a func­
tiOD of the pressure for six different tempera· 
tures. For these same temperatures, the relevant 

vertical part of the isolherm~ls is delermined 
by tbe mehing line; the measurements by Michels 
and Prins (1962) were used for this purpose. The 
density of the liquid was then c..'lleulated from 
our power expansion and the ~ensity of the solid 
along the melting line was determined by inter· 
section of the vertical and the solid part of the 
isothermals. It may be noled in Fig. 5 that the 
point at 110 OK and 1250 kg'em' ind icates a 
supercooled (or rather "supcrpressured") state 
of the liquid. a not uncommon phenomenon. On 
the otber band, several points near the low· 
pressure end of the solid lsNhcrmals show a 
different abnormality. It is bdieved that those 
deviations were caused by lecal melting near 
the heated inlet capillary; a modified method, 
currently in use, avoids this difficulty. 

with x = 0, 1,2, 3, 4, and y = 0. I, 2, 3, whereas 
aU points at pressures above 450 kg/eml were 
used to determine a similar equation (30 coeffi· 
eients) with x = 0, . .. ,5 and y = 0, ... , 4. 
The r.m.s. deviation of the mC3.SUred points was 
8.8 x 10- 4 gJcm) for the Iow·pressure equation 
and 5.7 x 10-' glcm' for the high-pressure 
equation, which amounts to about 0.01 % and 
0.04 % of the density. The abo\"e power series 
were then used to compute the density of the 
liquid at round values of pressure and tempera· 
ture; the results are given in Table 11. Differ· 
cntiation of the power expansion gave us the 
isothem.al compressibility -IJY(~Yl ap),. (or 
I Ip(apl~p)Y) and the expansivily I I V(ijV/~1), 
(or -I/p(ap/an.): results are shown graphic­
ally in Figs. 3 and 4. Comparison of our liquid 
densities with those Qr other observers is of 
limited value hocause of the \"tf)F small areas of 
overlap. The dcnsil values b V 

- liquid densities are shown. The position of the 

Clapeyron's equation TdP!dT = 1../AO can 
now be used to calculate lhe latent heat of 
fusion A from the density difference between 
solid and liquid along the melting line. This 
was done for six temperatures; the data are 
summarized in Table III and the heat of fusion 
is plotted as a function of temperdture in Fig. 6. 
It is difficult to place a definite limit on the 
possible error in these valUe:). TI'lC only direct 
measurements of 1.. were by Clusius (1936) and 
by F1ubacher, Leadbetter, and Morrison (1961) 
and werc done near the triple· point temperature 
of argon, 83.S OK. These values arc also shown 
in Fig. 6, and it seems justified to conclude that 
the heat of fusion increases linearly at the rate 
of 0.3% per degree. Bridgman (1935) was the 
first to measure the volume cbange on melting 
for argon at different pressures. He dele-nnined 
a constant value of 280 callnole for the lalent 
heat but that conclusion was based on a smoothed 
curve through very few and rather scattered 
experimental points. Similar work was done by 
Lahr and Eversole (1962), "ho reported much 
larger volume changes than ours and those of 
Bridgman. resulting in a latent heat whieh in· 
creases at least twice as fast as ours and which 
reaches a maJtimum of twice the original value 
for a pressure of 12 000 kg/em' and room tem­
perature. However, comparison with our data 
is not very meaningrul as they look only one 
measurement below 5000 k~ cm2

• Finally. men· 
tion should be made of the latcnt·he:at values 
calculated by Emtage (1966) from a melting 
theory based on the ru.sumption of SI'TUctural 
mismatch~ in the liquid. These theoretical 

01. 19 at. 
sislent ly higher than ours by 

0.006 gJeml, but these Y3lucs aRc31culatcd from 
a polynomial which doc'S not lit well to their 
own experimental data. The ag.rtement between 

FlO. 3. Compressibility of liquid argon as a runC1..io~ 
0( pn:ssurc for rour different temperatures. 

our values and those of Michels .1 01. (1958 
seems to be better; recalculating six or thei: 
cJtpc:riment'ai points aro und 150 .o K and 2QO. 
300 kg/em' with our polynomial, we found Iheir 
densities to be lower than ours by about 0.002: 
gfcmJ . 

Th~ Solid and the Phase Transition RrxiolJ 
Not enough points of su'flicienl accuracy were 

yet available in the solid region to jusliry the 
same numerical trealment as followed for the P 
p. Tsurface of the liquid. In Fig. 5 all our den il ~ 

. Fl? $. Thc density or argon in the neighborhood or 
1'~ hqurd.to-solid tmnsition: ., experimental data: x, 
u. ... ;uialcd points. 
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TABLE ill 
Volume change and heat of Cusion al"", the melting line of argon Nonexistence of excitonic insulators in olle and two dimensions' 

T('K) P (kg/em') PL(g/cml) psWan' ) OL (an'jmolc) r s (cm)/molc) A. (cal/molt') M. B. WALKER 

96 .41 $40. 1 1.465 1.&10 27 .27 24.36 293 Department of PhY.1'-C3. Uni~rsily 0/ Toronto. Toronto, 01Uafl'o 

Received October 4, 1967 101.11 752. 5 1.485 1.6.52 26 .90 24.18 295 
IOS.81 970.9 1.501 1.662 26 .61 24 .fl.l )01 
110 .55 1197 . 1 1.517 1.673 26 .3) 23.88 307 

The BogoLiubov inequa lity is used to prove the nonc,istem .. --e of the exotonic insulating phase in 
one and tWO dimensions for systems of electrons described by three different mnny-band mNels with 
inleraclions. The proof is carried through (I) for arbitrary two-panicle in:':r:Lctions with ..lll mler. 
action potential which soes to zero rastcr than lrl- - (n being the nu mber or d imensions) ::u La rge 1' 1. 
(2) for two-part icle interactions of arbitrary range, pro\'id~d only the 50",,:alled Coulomb and (:.'tchange 
pJrts of the intcract ion arc retained and the remai nder is ncgll"Ctcd, and (3) for the simplified oolropic 
two-band model suggested for the excitonic insulator by Des Cloizeau~. 

115 .30 . 1429.6 1.532 1.682 26 .08 23 .75 311 
120 .08 1669. 3 1.547 1 .691 25.82 23.62 314 

values of A. also increase with temperature, but 
again m'uch faster than our experimental values. 

ARGON 
HEAT O~I~ION 

TE"P£RA~[ 

, 
OK 

,to 

FlO. 6. The lattnt heat of fusion of argon: X. Flu­
bacher. Leadbetter, and Morrison (1961); . , Ousius 
(1936); .0 this paper. 

Conclusion 

We believe that we have developed a method, 
probably the only e~ist ing one, of measuring in 
a direct way the bulk density of liquids and soft 
solids at low temperatures and high pressures. 
The results are by no means final and serve only 
to illustrate the usefulness of the technique. 
Measurements are continued after several modi­
fications ; the main changes are elimination of 
pressure and temperature effects on the volume 

of the container and prevention of blocking h 
tbe connecting line. \Vith this impro\'ed melh(l( 
the PIT surface of argon is being more Com 
pletely investigated. Of particular interest is I ~ Introduction 

de~ ~f the liquid an:' the ~o lid near ~ h! :\ new kind of insulatort the excitonic insula-
melting hne. from the. triple pomt up to hl~ h,'f. h3s been much discussed theoretically in the 
pressures. We are .trYLn~ to complement t~ li: ;;r;;lture (Jerome, Rice, and Kohn 1967. and 
work by X-ray diffractIon measurements l!. n::'t"rences therein), although it bas not yet been 
compressed argon. o~rved experimentally. A phase tr~nsition to 
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the excitonic insulating phase is expected 10 

oc.:ur \vhen a semiconduclor with a very small 
hi: b.l:l.d gap, or a semimetal with a very small band 

o\:rla.p, is cooled to a sufficiently low tempera-
lUft. The basic idea behind the formation of the 

BRlDGM"' .... p. W. 1915. Proc. Am. Acad. Arts Sci. 70,1 imulaling state is that, under certain conditions, 
CUJSIUS. K. 1936. Z. Physik. Chem. )1. 4'9. (tIt electrons and holes in the semimetal (or 
~~~~~,'i.,lr:~:~,:: ;.~./7:~d MORRISON, J . . o\ >e41iconductor) can form bound electron-hole 

196L Proc. Ph),s. Soc. (LondonJ. 7t1, 1449. p.iirs; as these bound pairs are neutral, they 
Wm. P. H . and EVERSOLE, W. G. 1962. J . Chern. En~ (J.:""r), no current, and the resul ting state will be 
Mla':..s: 1.: t~V[l.T. 1. 1.1 •• and DE GRAAf"F, W. 1 9~~ ir. ') uialing. Also, if, in a conventional insulator, 

Physi<:a. 14. 6'9. the binding energy of an exciton (e lectron- hole 
MICfl£t.S, A. and Pit.JNS, C. 1962. Physica, 28: 101 . . r::.i:-) exceeds the band gap, the normal insulating 
PAu'soiids P~:dne~ ~V~~~A(::C'G~~"~~iil~~d~~~)'y~~t Sk:c will be unstable against the formation of 

Chap. , . r ' .:nons. 
~=-i~R~: ~.51Jji:'~.Y~·9~eph:r~~d~j- lhi~6pre- The. purpo.se of t~is papcr is to show that the 

sura and the cond~ phase (Wiley aDd SOrb [$, ~oil ubov mequahty can be used to demon­
New York). Ch.1lps. ~. . (l':lte Ihe absence of the excitonic insulating 

VAN ~~i:~: ~i.VERBEKfi. 0 ., and SHES, K . 196: ~ t£~ in one- and two-dimensional systems. The 
VAN W ITZEl'iBUItO. W . 1963. Ph.D. Thesis, Universityc pl .'-of of this statement is very similar to the 

Toronto. Toronto, Ontario. r ri'Of of the absence of superconductivity and 
.upernuidity (Hohenberg 1967) and of magnetic 
or.iering in the Heisenberg model (Mcrmin and 
\\a.gner 1966) a nd in metals (Walker a nd Ru ij­
y ok 1967) in one and two dimensions. 

Arbitrary Two-Part.icle lnteradions 

First, we: consider a system of electrons in a 
solid interacting via arbitrary two-part icle inter-

~-;;-ork: was supported in pa rt by the National Re-
1iCa..-ch Council or Canada. 

c:..:...cs<&n JlMl rnaJ olP'byab, 4f. 111 (1961) 

actions, i.e. , we consider systems described by 
the Hamiltonian 

(1) 

where 

[2J 

and 

H= T+H ... +H.-b 

T = }' T,(l- /')C".'Crw, lr-:w 

[4J V(/,l,l,l.) = ffdrd1'", ,, • . ,r ),,,,.(r) 

X v(r - 1') """(r') "",(r'). 

The nuclei in the solid are assurr.ed to form a 
Bravais lattice, I being the veCtor from ' the 
origin to a pa rticular lattice site: , is the band 
index, a is the spin index. and the notation 
/ '" (/. r ) is used. Also, the Wanni!r representa­
tion, in which the Wannier functiolls ~I(r) are 
related to the Bloch functions v.,(r) by the 
transformation 

[5J 

has been used. The te rms T and H inl represent, 
of course, the band energy of the -!Ieclrons and 
their interaction via the central J:otcnlial ,i, ); 
although the most basic theories r.la ke use of a 
Coulomb potential t.(, ) = e2 Ir l- ' , i: is sometimes 
convenien t to include screening dTects at the 
outset by including a wave-vect.or-dcpendent 
dielcctric constant in the definition of v(r). 
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ISOTHERMAL .c.oM.E.B.ESSIBlLl'l'lES-OF SOME 
EXPLOSIVES AT PRESSURES UP TO 
22000 kg cm - 1 

.. Me Ya , ya 5 1)' ex. n. B. Balas hov, 
and L. N. M 0 k r 0 us 0 v 

Isothe rmal-compressibility values are used in the 
equations of state of explosives, necessary to detonat ion 
theory, and a r e also of general interest. They have. ho\\.­
ever, be~n little studied. Muraour and Basset I shldi"ri 
lhe e (feet of pressure on r eaction propagation in so I id 
pxplosives, and Andreev 1 studied the burning of ex plosives 
at pressur es up to 700 kg em -2. Ryabinin 3 studied the 
dpcompos ition rate of barium azide at pressures up to 
15 000 kK cm -2. Bridgman 4 elucidated the possibility of 
detonation in a thin layer of explosive compressed to 
50000 or 100000 kg em -~, and showed that pressure con­
verts yellow ammonium picrate to the red form. 
Bridgman' and later Leskovich e studied the compressibi­
lity and polymorphism of ammonium nitrate. 

This article concerns the isothermal compresslbiliti('s 
of trotyl, pentaerythritol tetranitrate (PETN), and 
Hexogen at 18 0 and pressures up to 22000 kg cm-2

• 

EXPERIMENTAL 

The piston displacement method was used with a piezo ­
meter, the apparatus being a refined version of that deve ­
loped by the USSR Academy of Sciences High-Pressure 
Physics Institute (Fig. 1). A lead envelope 13 encased the 
specimen 14, of height 0.4-0.5 cm and diameter 0.53 cm, 
which was compressed between two pistons 5 and 8 in thl' 
piezometer channel of diameter 0.6 cm. A hydraulic 
press, producing the compreSSion P, together with the 
piezometer gave thousandfold pressure multiplication. 
The compression was transmitted to the pistons by massive 
steel blocks 3 and 10, protected from the pistons by the 
cushions 4 and 9 which were made, like the piezometer 6 
and the pistons, from VK8 hard tungsten-cobalt sinter ed 

alloy. Block 7, s upporting the piezom eter externally; was 
made of 45KhNMFA steel of hardnes s 44- 49 R:, and 
mount pd while hot. The blocks 3 and 10 were centred on 
thl' piezometer channel by the guiding sleeves 12 and 16. 
The lead envelope 1.1, confined by the scaling rings 15 , 
protpl'l p.d the specimen from hard components and trans ­
m ittccl uniform pressure to it on account of the low s tress 
nc(:ded to cause lead to flow; the stress applied to the 
sp"ci mrm thus becomes similar to hydrostatic pressure. 

T he piston dis placement was measured by two lever 
indicalors 1 and 17, with divisions of 0.0001 em; lhese 
and the supports for the ends of their measuring rods were 
held symmetrically with respect to the axis of lhe piezo­
meter by the brackets 2 and 11. This construction reduced 
the s kew of the blocks 3 and 10 to a minimum, which was 
allowed for by taking the mean of both indicator readings 
as tlw piston displacement. 

The force P on the specimen was determined in the 
cylinder of the press by means of a s tandard spring 
pressure-gauge calibrated with a standard dynamometer. 
Piston friction in the press makes determination of the 
force less accurate. The high multiplying factor made 
cylinde r pressures exceeding 25 kg cm -2 unnecessa ry. so 
that a light hollow piston 19 cm in diameter was used. 
ground to leave an annular gap of 0.001 cm In which the 
press liquid acted as a lubricant. The relative length of 
the piston was increased, compared with that of earlier 
models 7,8, to twice its diameter, and lhe gap reducei:.\; 
piston skew, friction (seizing), and wedging, and leakage of 
liquid, were thereby reduced. The relatively large volume 
of liquid unde r the hollow piston reduced the pres1'lu r as 
some of it flowed out. With transformer oil as the press 
liquid, lhe res istance to the motion of the piston was about 
2% of the applied force, and leakage was negligible. 

The specimens were prepared from flne crystalline 
powder by the method used in the USSR Academy of Scien­
ces Ins titute of Chemical Physics, namely sintering in a 
vacuum at 70 0 or 1000 and 2000 kg cm-2

• Their density, 
dele r mined by hydrostatic weighing, was equal or near to 
that of lhe corresponding single crystals. The lead­
-encased specimens were compressed at 2000 kg em -2 in 
a vacuum to remove air from under the envelope, and then 
put in the piezometer. 

Flg.1. High-pressure piezometer: 6) piezometer; 
7) Rupport; 5) and 8) pistons ; 14) specimen; 13) lead 
envelope; 3) and 10) blocks transmitting pressure to 
pistons; 12) and 16) guiding sleeves; 4) and 9) oushions; 
15) sealing ring; 1) and 17) Indicators, 2) and 11) 
brackets. 
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Pressu re and displacement readings were taken du ring 
hoth l oadi n~ and unloading at pressure inte rvals of 1-2 kg 
em -. (1 000-2000 kg e m -2 in th e pi ezom ete r) , the sample 
Iwi ng allowed to comE' to constant temperature at each 
pl'essu re, Hysteresis was observed, the loading prcsslI re 
fol' each position exceeding the corresponding unloadlnf~ 
pr SRure by an amount equivalent to twice the fri cti oml1 
res is tance retarding the piston's motion, consisting of 
direct res istance and friction due to the lead envelope ani! 
the sea ling rings. At 20000 kg cm -2 the total friction al 
loss was about 5%. At each displacement the loading anrl 
unloading pressures were averaged, assuming the fridional 
romponents of each to cancelS. 

The force P was divided by the cross sectional area of 
the piezometer channel, the radial deformation of which 
\\ as talculated by "8iderman's approximation 8 as that of a 
thick-walled elas tic cylinder under internal pressure a l oll~: 
a I cn~th I . The cylinder becomes barrel-shaped, there 
beln~ no plastic deformation. The pressure in the piew, 
meIe r was determined to within ±100 kg cm-a. 

Thc volume decrement of the specimen was calru l;l tp.d 
from the formula 

._. ('\") 
"a 0 

, (IIv) (6") I.S. - (/. - {>'/)S . I, ~ - V, -
~ _ P aT '0 1 Vet :. I , 

(1) 

where 10 and So are the length of the specimen and the cross 
sectional area of the piezometer channel at atmospheric 
pressure, Al is the true piston displacement at pressure p, 
Sf: the cross sectional area of the channel at pressure p, 
Va, 1ft, and ~ are the respective volumes of the specimen, 
lead envelope, and steel sealing rings at atmospheric 
pressure, and (AV/Vo)o, (Av /voh, and (AV/Vo). are the cor­
responding volume decrements at pressure p. The minus 
s ign on the left-hand side of the equation is due to the 
volume decrease. Ai was determined by subtracting the 
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Fig.2, Variation of the volume decrement 
(-AV/Vo) with pressure: 1) trotyl; 2) PETN; 
3) Hexogen. 
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Flg.3. Variation of density p with pressure : 
1) trotyl; 2) PETN; 3) Hexogen. 

p, g em-' 

1.6 I, 
1.5 

Fig.4. Variation of density p with pressure 
under isothermal conditions (initial parts of 
the curves) and adiabatic conditions : 1) trotyl; 
2) Hexogen. 

longitudinal contraction of the pistons and the parts trans­
mitting pressure to them from the apparent displacement 
r ead of( the indicators. The contraction was determined 
by applying compression with the specimen replaced by 
"Armco" iron foil 0.005 crp thick, to protect the pistons, 
and_i'as found to be reproducible and elastic. At 20000 kg 
cm it was about 0.018 cm . 

The volume decrement of the steel sealing rings, 
(A l'/voh, was taken from Bridgman's data for chemically 
pu I"C iron 10; this is .a negligible source of errqr, s !nce ~ 
is s mall relative to Vo, and steel Is much less compressible 
than the specimens. The volume decrement of pure lead, 
(6u/voh, was determined, and the results compared with 
those of Bridgman 11 and Birch and Law l2 (Table 1). They 
agree best with Bridgman's data for linear compressibi­
lity; their deviation from the other data does not exceed 
the experimental error I ±1 %. At 20000 kg cm -2 the 
volume decrement of lead is about 4.2%. 

RESULTS 

All measurements were made at 18° and at pressures up 
to 22000 kg cm-a, The densities of the PETN, Heltogen. 
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and trotyl specimens were 1.77, 1.80, and 1.63 g cm ' 
r csp<'ctively, the first two figures approximating to the 
S ingle -crys tal density and the last being rather low. The 
pressure-volume decrement curves are concave to the 
abscissa axis (Fig . 2) indicating reduced compressibility 
at higher pressure; polymorphism was absent. Th e speci­
mens of lower initial density were more compressible. 
The volume decrements of trotyl, PETN, and Hexogen at 
20000 kg cm-2 were 11.9, 10.5, and 9.4% respectivelr, 
s uch high values being typical of organic compounds I . 

The pressurc-dens ity graphs (Fig. 3) show that the densl­
tics of Hexogen and PETN, and to a lesser extent trotyl, 
a pp' oach one anolher at high pressure, being 1.99, 1.98, 
and 1.85 g cm-3 respectively at 20000 kg cm-2

• 

Our results at 18° may be compared with the mos t rele­
vant data available - those of Ilyukhin 14 for the impact 
"omprcssion adiabats of trotyl and Hexogcn in the range 
{l x 10' -24 x 10' kg cm-a (Fig. 4, upper curves; our 
r ('su lts, lower curves ). Ilyukhin' s initial density valuf's 
are 1.62 and l.80 gcm -3 forcas t trotyl and pressed HI"nl ,pn 

respectively; his values for trotyl, obtained by a dyn,11l' ~ 
method, an' lower than extrapolation from our isoll C I )1 :' 1 

datn wou ld suggest. For Hexogen, both graphs lie nn I 

s nw oth curve, but this may be fortuitous since the posc; t1Jlc 
rtH(f'rences bctween isothermal and adiabatic resull l'i IH' 
within the limits of experimental error. 

The authors wish to thank Academician N. N. Semenov 
nnd Professor L . F . Vereshchagin for their interest , and 
V. G. Babikov, A. I. Molotkov, and V. D. Yashin for thei r 
help In improving the apparatus. 

SUMMARY 

1. The volume decrements of trotyl, PETN, and Hexogen at 
18° and pressures up to 22000 kg cm -2 were measured, 
from piston displacements in a piezometer, to within 
:1:1%. Pressures were measured to :1: 100 kg cm-?. 

2. Thc vo lu me decrements of trotyl, PETN, and Hcxo{':ell 
at 20000 kg cm"'2 were 11.9., 10.5 , and 9.4% respec ­
tively. No polymorphism was obs erved. 

3. The dens ities of trotyl, PETN, and Hexogen were 1.63, 
1.77, and 1.80 g cm-3 at atmospheric pressure, and 1.85, 
1.98, and 1.99 g cm-3 respectively at 20000 kg cm-2

• 

4. Isothermal compression measurements for trot yl and 
Hexogen agree well with impact compression adj:tba ts )4 
between 6 x 104 and 24 x 104 kgcm- 2 • 

5. Measurements of the volume decrement of le~d at 18° 
and pressures up to 22000 kg cm-2 agree with those of 
Bridgman 11 and Birch and Law 13 within the limil r. of 
experimental error. 
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THERMODYNAMIC PROPERTIES OF THE 
CADMIUM - TIN SYSTEM 

N. V . A Ie k see v and A. M. E v see v 

The thermodynamic properties of the Cd - Sn system 
haH' beE'1l investigated in the range 294 °- 327 ° . The 
the rmodynamic functions of the liquid alloys were deter­
mml rJ by a va riant of lhe effusion method for measuring 
vapOlu' pressu res I, employing a continuous weighing 
technique, whereby the alloy composition could be ascer­
tained at any instant. Each experiment involved complete 
evaporation, at constant temperature, of the more volatile 
component. The evaporation rates for the volatile com­
ponent could thus be determined, in a single experiment, 
ove r the whole range of concentrations between the initial 
value and zero. 

Let gOi and gSn be the initial weights of the two metals . 
Whcn x grams of Cd have been lost by evaporation', the 
atom fraction Nfn will obviously be 

l\'s. ~ _ __ !::nl.lls n 
(Cs n I M sn) +7(c::-Crl~-::x""'l "M'-c,-,c) • 

If A (mm g-l) is the sensitivity of the balance, 

l!.L 
X ~ At 

(1 ) 

where Il.L is the balance deflection after time 6. T. It fol ­
lows that 

Knowing the rate of evaporation (AL /6.Tlcd at the given con­
centration N~" and also the rate of evaporation of pure Cd 
at the same temperature, the activity of the cadmium under 
the given conditions of temperature and concentration may 
be determined from the relation 

a - (M.lllt)Cd (3) 
Cd - (ALI A'[J

ed 

The resulting values of aCd correspond to the activity of Cd 
in the given alloy relative to pure liquid Cd, when deter­
mined at 327 ° , and to the activity of Cd in liquid alloys 
relative to pure solid Cd, when determined at 294 ° and 310 °. 
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To convert these activities to a single standard state 
(pure liqu id cadmium), the activity of liquid Cd relative to 
so lid Cd was calculated from the equation 

11111 11°'= ~/- (7' , - T). , 
wher e Tr and L r are the melting point and the heat of 
fu sion of pure cadmium, respectively. 

(4) 

The heat of fusion was assumed independent of t empera -
lure, and the values 0.0324 and 0.0104 were obtained for 
10g a O at 567 ° and 589 °K. We have the following expres­
s ion for the logarithm of the activlty coefficient 

log / Cd =lo~nc(1 - logNcd - Ioga·. (5) 

The activity coefficients of tin were derived by graphical 
integration of the Gibbs - Duhem equation: 

(6 ) 

Table 1 gives the activities of cadmium and tin, obtained at 
three temperatures . These values were used to calculale 
the partial and integral heats and entropies of mixing; the 
integral values were derived by graphical integration of the 
Duhem-Margules equation, and are tabulated in Table 2. 
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Partial. heats of mixing for the liquid alloys of 
the cadmium-tin system : 1) present investigation: 
2) Taylor ,; 3) Elliot and Chipman 2; 4) Jellinek 
and Wannow·. 5) regular solutions. 

TABLE 1. Activities of cadmium and tin inalloys of the 
Cd-Sn system. 

I 
M;1' It \ $89'K I &OII' K 

Oed l OS" - - .-Cd---;--·-s-n - (led I °Sn 
I 

0.0 0 .0 1.00 0.0 1.00 0 .0 1.0 
0. \ 0 .20 0 .00 0 . \95 0 .00 0 . 18 0.110 
0 .2 0 .36 0 .82 0 .35 0.8\ 0 .301 0 .80 
0 .3 0 .50 0 .74 0 .49 0 .73 0.~8 0.72 
0.,\ 0.59 0.67 0 .585 0 .66 0 .58 0.65 

0 .6 0 .6fi 0 .615 0 .66 0 .605 0 .65 0 .58 
0.6 0 .72 0 .56 0 .712 0 .54 0 .7\ 0 .52 
0 .7 0 . 78 0.48 0.78 0 .47 0 .77 0. 44 
0 .8 0 .844 0 .38 0 .8iS & 365 0 . 8~ 2 0.33 
0 .9 0.918 0.245 0 .U18 .225 0 .916 0 . \9 
1.0 1.0 0 .0 1.00 0 .0 1.00 0 .0 

\. 

TABLE 2. 

.0 

.1 

.2 
).3 

u 
o 
o 
f 
o 
I 
o 
U 
I 
( 

." l.fl 

.fi 

.7 
1.8 
J.n 
1 .0 

.\11 Cd. 
col O·otom

o
, 

t4S0 
13"5 
InS7 
1110 
(;25 
"68 
2nS 
137 
60 
30 
0. 0 

0.0 6.72 0.0 
218 5.45 0 .00 
327 ". 15 1. 32 
3n!i Z. 85 1. 5n 
4[,5 I, em I. 76 
''(is 1. 62 1.72 
4H 1. 23 1. 68 
:l8Il 0.85 1. 57 
21M) fl. "7 1. 28 
181 U. 18 n.n 
0.0 0.0 0 .0 

The numerical accuracy of these thermodynamic data 
may he p- va luated from the experimental error attending 
the' meaRurement of evaporation rales; this was no more 
than about 2%, leading to an unce rtainty of 22 - 25% in the 
heat of mixing and of ~ 3<m, in the entropy. 

The Cd - Sn system has been studied by numer ous 
worker s in the te mperature range 500 °- 700 °C. 2 - 6 Their 
values for 6. fiC d are compared in the Figure with the results 
of the pres ent work, and with the partial heats of mixing of 
Cd , calculated on the assumption of regular behaviour . The 
r esults of different investigators are clearly in satisfactory 
agreement, and they all show approximate ly the same 
variation with cadmium concentration. The calculated 
regula r - solution curve rises somewhat above the experi ~ 
menta l curve in the low concentration r egion; thus it . 
appear s that the molecular distribution may deparl some­
what from complete randomness in this concentration 
range . 

SUMMARY 

1. The Cd - Sn system has been investigated by an effusion 
method in the t emperature range 567 °- 600 o K. 

2. Activities, partial and integral heats of mixing, and 
entropies, have been calculated for both components . 

3 . The system is found to depart somewhat from regular­
-solution behaviour at low cadmium concentrations. 
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DETERMINATION BY AN E.M.F. METHOD 
OF THE FREE ENERGY OF REDUCTION 
OF LIQUID LEAD OXIDE 

A. N. Kvyatkovskii, O. A. Esin, 
and M. A. Abdeev 

The direct reduction of oxides is known to play an important 
part in metallurgy, both ferrous and non 4 ferrous 1 ,a. The 


