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Behavior of the AB-Type ComDounds 
at High Pressures and High Temperatures 

Leo Merrill 

High Pressure Data Center, 5093 HBLL, Brigham Young University, Provo, Utah 84602 

The results of the published work on the high pressure-high temperature properties of the AB-type com­
pounds have been compiled and evaluated. All pressure studies above the range of 1 kilobar have been included 
with an. emphasis on the accurate charterization of the solid-solid. phase' boundaries and the experimental 
melting curves. Whenever x-ray diffraction data are available for the high pressure phases, they have also been 
reviewed. Phase diagrams are included for all compounds in which measurement of more than one point along 
the phase boundary was made. This review discusses a total of 87 comp01,lnds and 212 distinct high pressure­
high temperature phases. 

Key words: AB-type compounds; calibration; critically evaluated data; crystallographic data; experimental melt­
ing curves; high pressure; solid-solid phase boundaries. 
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1. Introduction 

This is the second in a series of papers on the subject of the 
behavior of materials at high pressure. In a previous paper 
[41] 1, . data on polymorphic phase changes and melting 
curves have been compiled and evaluated for the elements. 
This review is a continuation of that effort, and deals with the 
AB-type compounds. The types of data inCluded are mainly 
the thermodynamic parameters of the solid-solid phase 
boundaries and melting curves. In most of the studies of the 
high pressure phases of the AB-type compounds, x-ray dif­
fraction experiments have been conducted. The results of 
these investigations are tabulated and discussed. 

I Figures in brackets indicate literature references. 
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Since all measurements of material properties are ultimate­
ly tied to a pressure scale. it is necessary to review the status 
of pressure calibration in terms of techniques and the uncer­
tainties associated with each technique. IJ? any branch of 
metrology, calibration techniques a.re always based upon a 
primary scale which is defined in terms of first principles. 
Generally, it is not convenient to use the primary scale in ac­
tual measurement situations. For example, in the develop~ 
ment of the temperature scale, it 'was decided to represent the 
primary thermodynamic scale as closely as possible, on the 
basis of reproducible equilibrium temperature fixed points 
[54]. The fixed points on the temperature scale are now des­
ignated as defining fixed points, and are considered exact by 
definition. In order to have a continuous scale, it is necessary 
to specify means for interpolating between fixed points. 
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Often, it is necessary to make measurements beyond the 
operational range of the primary scale, so it is also useful to 
specify extrapolation techniques, and justify their validity 

[55]. 
In pressure measurements, a primary scale can be defined 

on the basis of force/unit area. Since pressure comparisons 
require uniformity of pressure throughout the system, the 
primary scale must be based on a truly hydrostatic system. 
Two basic measuring systems with a variety of modifications 
hose been used rather widely as a ba,8i5 for d pximary pres­
sure scale: (a) the mercury manometer, and (b) the free piston 
gage. In a practical sense, the use of the mercury manometer 
has been limited to pressures of a few hundred bars while the 
free piston gage is commonly used to 10 kilobars, and has 
been used successfully to 26 kilobars [55], but corrections are 
much more severe in this latter range. 

The pressure dependence of the electrical resistivity of 
manganim wire has been calibrated against the free piston 
gage for use as a secondary standard, and both a calibration 
and extrapolation device. Fixed calibration points such as the 
freezing point of mercury at 0 °C and the Bi I-II transition 
pressure have also been calibrated against the free piston 
gage. The upper limit of this scale is 26 kilobars. 

The use of a piston-cylinder system with a solid medium 
pressure environment represents the best approximation to a 
primary pressure scale above 25kilobars. Two dominant ef-

. fects are of significance, first friction between the piston and 
cylinder, and second, the internal friction associated with the 
solid medium environment. Another source of error in calcu­
lating the pressnrp is the determination of the effective urea 
of the piston face, which changes with pressure. Using the 
piston cylinder apparatus, the Ba I-II [79] and Bi III-IV [80] 
transition pressures have been determined at 55 and 77 kilo­
bars, respectively. Uncertainties in pressures in this range are 
about one to two percent, and are comparable with that of ex­
trapolation techniques. The present limit of this technique is 
approximately 80 kiloLans. 

Table 1 includes the presently acceptedbest'values for the 
fixed transition points [54] for the various calibration mate­
rials up to the 130 kbar region. All of these points have been 
tied to the empirical NaCI equation of state. There are addi­
tional points in the literature [631, but it is felt that there are 
still insufficient intercomparisons to warrant their acceptance 
as fixed points, at the present time. . 

TABLE 1. Pressure fixed points 

Transition Pressure at RT Ref. 

Hg (L-I) 7.57 (0 0c) 55 
Hg(L-I) 12.55 (25°C) 54 

. Bi(I-II) 25.5 55 
TI(I-II) 36.7 55 
Ba(I-II) 55.3 55 
Bi(IlI-V) 76.7 55 

Since most of the high pressure work above 10 kilobars in­
volves a solid pressllre transmitting medium, it would be de­
sirable to define a primary pressure scale applicable to this 
method and pressure range. This can be accomplished by use 
of the thermodynamic definition of pressure 

In this definition, it is assumed that the deviatoric stress is 
zero and the deformation is pure dilation. The problem with 
this method, however, is that we don't know enough about 
the forces between the atoms of any substance to analytically 
define the Helmholtz Energy F=E-TS. As a consequence, we 
are able to define an equation of state by fitting it to experi­
mental data, hut we do not have a primary scale. This tech­
nique has been very successful, especially in its use with NaCI 
[54] to define an empirical equation of state. The NaCI equa­
tion of state serves as a convenient interpolation and extrapo 
lation equation where pressure is defined as a continuou 
function of the lattice parameter aNaCI. This empirical equa 
tion of state is tied to the free piston calibration at the mer 
cury point and the Hi I-II point. Its accuracy is approximatel' 
one percent up to 50 kiIobars and two percent above. Th~ 
NaCI equation of state has been widely used with various 
types of multi-anvil and uniaxial devices, such as the tetra­
hedral press and Bridgman or diamond anvil, which have 
been adapted for x-ray or neutron diffraction analysis. It has 
served as an important unifying factor in high pTf~ssure cali­
bration, making possible intercomparisons of different scales. 

One of the early problems with pressure calibration proce­
dures was that the pressure scale and fixed points above 60 
kilobars were defined by extrapolation techniques with very 
large uncertainties. This suggests that there should be some 
criteria for selecting a good extrapolation technique, and also 
a stated range of validity. As a general rule, extI-apulation 
equ~tions should be based upon some physical or thermody­
namIC parameter which is continuously measurable as a func­
tion of pressure. 

Since we are discussing calibration techniques applicable 
to solid pressure transmitting systems, it is necessary that the 
measured parameter not be sensitive to physical deformation 
of the sample on a macroscopic level or n~nhydrostatic 
stresses on a microscopic level. This rules out all parameters 
related to transport properties, including electrical resist­
ance. The acceptahlf> parameters for extrapol(ltio~ cquation:s 
are those which are independent of the size and shape of the 
system being studied, i.e. the intensive parameters of the 
system. This would include measurements of molar volume 
chemical potential, the lattice constant of NaCI, and th: 
wavelength of the ruby R-line. 

The NaC] equation of state was the first such extrapolation 
scale and ha:s played an important role in defining a working 

J. Phys. Chem. Ref. Data, Vol. 6, No.4, 1977 
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scale up to 300 kilobars. Another very useful scale is the ruby 
R-line-fluorescence method [l3}, which is of very recent de­
velopment. The frequency shift of the ruby R-line has been 
calib~ated to the NaCl equation of state and serves as a very 
quick and convenient calibration technique which is appar­
ently linear with pressure up to 290 kbars. 

In this region the P vs. Al relation is given by 
PNacF 1. 328(AA}+O.0003(AAY . Due to the magnitude of the 
uncertainties in the coefficient of the linear term, the small 
quadratic coefficient i:; undetectable and nonlinearity i:; 

masked because of the errors involved [151,152]' . 
The accepted 51 unIt of pressure is the Pascal (Newton/ 

meter2)~ Since the bar (l05 Pascal) has been used almost ex-

J. Phys. Chem. Ref. Dota, Vol. 6~ No • .4, 1977 

elusively in the high pressure literature as the unit of pres­
sure, the units Hbar" and Hkbar" have been used in this 
report. For ease of converting to GPa (giga Pascal) from kbar 
use the following relation: 

1 GPa= 10 kbar. 

Explanation of Symbols in Table II 

* Cry:;tal :;tructure not known. 

".'* X-ray diffraction pattern could not be indexed. 
N Atmospheric pressure. 
R Room temperature. 
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Table II 

COMPOUND 

Halides 

AgBr(I) 

AgBr(II) 

AgC1(I) 

AgC1(II) 

AgC~(II) 

AgF(!) 

AgF(II) 

AgF(III) 

AgI(I) 

AgI(II) 

AgI(IIt) 

AgI (III) 

AgI(IV) 

AgI(V) 

CsF(I) 

CsF(II) 

I Pressure 
I 
! (kbar) 

i 
i 

N 

70 

N 

74 

74 

N 

25 

N 

N 

N 

4 

95 

3 

100 

N 

48 

Temperature Crystal 

(oC) . System 

R Cubic 

R Hexagonal 

R Cubic 

R Hexagonal 

R Orthorhombic 

R Cubic 

R Cubic 

R Hexagonal 

145.8 Cubic 

R Hexagonal 

R Cubic 

R Cubic 

R Cubic 

R Tetragonal 

R Tetragonal 

R Cubic 

R Cubic 

CRYSTALLOGRAPHIC DATA 

~~--

Structure a b c Angle 
0 c 

(A) (0) Type . (A) (A) 

NaC1 5.77"45 

4.0 7.15 

NaCl 5.547 

B9 4.06 7.02 

6.90 5.08 4.05 

NaC! 4.932 

CsCl 2.945 

3.246 6.226 

5.044 

Wurtzite 4.58 7.494 

ZnS 6.486 

NaC! 6.07 

NaCl 5.67 

4.58 6.00 

4.615 5.020 

NaCl 6.008 

CsCl 3.39 

- '----

Z Space 

Group 

4 Fm3m 

3 P\21 

-

4 Fm3m 

3 P3121 

4 Pnma 

4 Fm3m 

1 Pm3m 

2 

2 Im3m 

2 P63mc 

4 F43m 

4 Fm3m 

4 Fm3m 

2 

4 

4 Fm3m 

1 Pm3m 

(::~:~-~f: -] 
I 

6.48 61 i 

9.44 183 ; 

I 

5.77 61 

7.12 183 

6.70 97 

7.02 61 

8.25 97 

7.40 , 86 

6.07 61 

5.73 61 

5.71 : 61 

6.97 123 

8.55 123 

6.19 123 

9.85 123 

5.16 61 

7.18 205 
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Table II -Continued 

COMPOUND 

Halides cont'd. 

CuBr(I) 

CuBr(II) 

CuBr(III) 

CuBr(IV) 

CuBr(V) 

CuBr(VI) 

CuC1(I) 

CuC1(II) 

CuC1(III) 

CuC1(IV) 

CuC1(V) 

CuICI) 

. CuI (II) 

CuI (HI) 

CuI (IV) 

Pressure 

(kbar) 

N 

N 

N 

50 

55 

75 

N 

N 

10 

55 

70 

N 

N 

N 

16 

Temperature Crystal 

(oe) System 

480 Cubic 

430 Hexagonal 

R Cubic 

R * 
R Tetragonal 

R Cubic 

410 Hexagonal 

25 Cubic 

450 * 
R Tetragonal 

R Cubic 

440 Cubic 

390 Hexagonal 

R Cubic 

R Rhombohedral 

CRYSTALLOGRAPHIC DATA 

Structure a b c 
0 () a 

Type (A) (A) (A) 

aAgI 4.56 

Wurtzite 4.06 6.66 

ZnS 5.691 

5.40 4.75 

NaCl 5.14 

Wurtzite 3.91 6.42 

ZnS 5.416 

5.21 4.61 

NaC1 4.93 

Disordered 6.14 

Wurtzite 4.31 7.09 

ZnS 6.059 

4.164 20.41 

Angle, Z Space 

(0) Group 

2 Im3m 

2 P63mc 

4 F43m 

4 

4 Fm3m 

2 P6 3nc 

4 F43n 

4 

4 Fm3n 

4 F43n 

2 P6 3nc 

4 F43m 

6 

Density 

(g Icm3) 

5.02 

5.01 

5.17 

6.88 

7.02 

3.35 

4.138 

5.25 

5.49 

5.44 

5.54 

5.69 

6.19 

Ref. 

61 

61 

61 

123 

123 

123 

61 

61 

123 

123 

123 

61 

61 

61 

123 

~ -o 

,.. 
m o 
3: 
m 
:iIU 
:iIU 
;:: ,.. 
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Table II -Continued 

COMPOUND 

Halides cont'd .. 

CuI (V) 

CuI(VI t
) 

CuI (VII) . 

CuI (VIII) 

CsCl(l) 

CsCl(II) 

KBr(l) 

KBr(II) 

KCl(I) 

KCl(II) 

KF(I) 

KF(II) 

KI(I) 

KI(Il) 

LiCl(l) 

NaBr(I) 

- --

Pressure Temperature 

(kbar) (oC) 

65 R 

77 120 

20 800 

120 R 

N R 

N 500 

N R 

22 

N R 

22 R 

N R 

35 

N R 

19 R 

N R 

CRYSTALLOGRAPHIC DATA 

Crystal Structure a 
0 

System Type (A) 

Tetragbnal Red PbO 4.02 

Cubic S. C. 5.627 

* 
Cubic NaCl 5.15 

Cubic CsCl 4.123 

Cubic NaC1 7.09 

Cubic NaC1 6.599 

Cubic Csel 3.74 

Cubic NaCl 6.2929 

Cubic Csel 3.58 

Cubic NaCl 5.344 

Cubic CsCl 3.06 

Cubic NaCl 6.0655 

Cubic CsCl 3.94 

Cubic NaCl 5.1399 

Cubic 5.974 

b ~ Angle Z Space 
0 0 

(0) (A) (A) Group 

5.70 2 P4/mmm 

4 

4 Fm3m 

1 Pm3m 

4 Fm3m 

4 Fm3m 

1 Pm3m 

4 Fm3m 

1 Pm3m 

4 Fm3m 

1 Pm3m 

4 Fm3m 

1 Pm3m 

4 Fm3m 

4 Fm3m 

Density. 

(g /cm3) 

6.87 

7.10 

9.26 

3.99 

3.14 

2.75 

3.78 

1.98 

2.69 

2.53 

3.36 

3.13 

4.51 

2.07 

3.20 

Ref. 

123 

_123 
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61 

61 

61 

205 
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rable II -Gontim:.ed 
-~--.. --- -

COMPOUND Pressure 

(kbar) 

Halides cont'd. 

NaC1(I) N 

NaC1(II) 290 

NaF(I) N 

NaI(I) N 

_ NH
4
B't'(I) N 

NH
4
Br(II) N 

NH
4
Br(III) N 

NH
4
Br(IV) N 

NH
4
Cl(I) N 

NH4 Cl(lI) N 

NH
4
Cl(III) N 

NH4:(I) N 

NH
4
F(II) 4 

NH
4
F(IlI) 11.5 

NH4F(IV) 4 

-

Temperature Crystal 

(DC) System 

I Cubic 

I Cubic 

I Cubic 

R Cubic 

250 Cubic 

26 Cubic 

-73 ':'etragonal 

-170 ~ 

250 Cubic 

26 Cubic 

-185 Cubic 

23 llexagonal 

23 Tetragonal 

23 

178 Cubic 

-'-----

CRYSTALLOGRAPHIC DATA 

Structure a b c Angle 
0 I) 0 (0) Type (A) (A) (A) 

NaC1 5.6402 

CsC1 2.997 

NaCl 4.628 

NaC1 6.475 

NaCI 6.90 

CsC! 4.059 

5.713 4.055 

Na::a 6.52 

CsCl 3.8758 

3.8200 

Wurtzite 4.4385 7.1635 

10.2 3.37 

NaC1 5.77 

Z Space Density 

Group (g /crn3) 

4 Fm3m 2.16 

1 Pm3m 3.60 

4 Fm3m 2.81 

4 Fm3m 3.67 

4 Fm3m 1.98 

1 Pm3m 2.43 

2 P4/mmm 2.44 

4 Fm3m 1. 28 

1 Pm3m 1.52 

1 P43m 1.59 

2 P63mc 1.01 

8 1.40 

4 Fm3m 1.28 

Ref. 
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'::'able II -Continued 

COMPOUND 

Halides cont'd. 

NII4I(I) 

tili4I(:n) 

~H4I(III) 

NH4I(IV) 

MD4Br(I) 

ND4Br(II) 

ND4Br(III) 

j 

~rD4F(I) 

ND4F{II) 

RbBr(I) 

F.bBr(II) 

"RbC1(I) 

EbC1(II) 

EbF(I) 

RbF(II) 

RbI(I) 

Pressure Temperature 

(kbar) (oC) 

N R 

N -17 

N -10-) 

10 -10) 

N -3) 

N -71.5 

N -14) 

N l3 

4 l3 

N R 

5 R 

N R 

5 1 

N 1 

5 3. 

N 1 

CRYSTALLOGRAPHic DATA 

I 
Crystal 

I I 
Structure a 

0 
System Type (A) 

Cubic NaCl 7.259 

Cubic CsC! 4.38 

Tetragonal 6.18 

* 

Cubic CsCl 4.034 

Tetragonal 5.713 

Cubic 4.010 

Hexagonal Wmtzite 4.4378 

Tetragonal 10.2 

Cubic NaC! " 6.868 

Cubic CsC! 4.09 

Cubic NaC1 6.590 

Cubic CsC! 3.91 

Cubic NaCl 5.64 

Cubic CsC! 3.29 

Cubic NaCl, 7.34 

I I I Angle I 
Z 

I 
b c Space 
0 0 (0) (A) (A) Group 

4 Fm3m 

1 Pm3m 

4.37 2 P4fnmm 

1 Pm3m 

4.055 2 P4fnmm 

1 P43m 

7.1635 2 P6 3mc 

3.37 8 

4 Fm3m 

1 Pm3m 

4 Fm3m 

1 Pm3m 

4 Fm3m 

1 Pm3m 

4 Fm3m 

Density I Ref. 

(g fcm3) 

2.52 61 

2.86 61 

2.87 61 

2.53 61 

2.44 61 

2.63 61 

1.12 61 

1.56 133 

3.39 61 

3.01 205 

2.80 61 

3.35 205 

3.87 61 

4.87 205 

3.57 61 
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Table II -Continued 

COMPOUND Pressure 

(kbar) 

Halides cont t d. 

TlBr N 

TIC1 N 

TIF(I) N 

TlF(II) N 

TIF(III) 12 

TU(I) N 

TlI(Il) 5 

Temperature Crystal 

(oC) System 

R Cubic 

R Cubic 

82 Tetragonal 

R Orthorhombic 

R * 

R Orthorhombic 

R Cubic 

CRYSTALLOGRAPHIC DATA 

---

St:::ucture a b e Angle 
0 c 0 

(0) Type (A) (A) (A) 

CsCl 3.838 

CsCl 3.9846 

Distorted 3.771 6.115 
NaC1 5.180 5.495 6.080 

5.24 4.57 12.92 

CsCl 4.10 

----

Z Space Density 

Group (g fern3) 

1 Pm3m 7.032 

1 Pm3m 7.46 

2 I4/romm 8.53 

4 Fromm 8.57 

4 Cmcm 7.11 

1 Pm3m 7.98 

-

Ref. 
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Table II -Continued 

COMPOUND 

Cyanides 

AgCl'l'(I) 

AgCN(II) 

AuCN(I) 

AuCN(II) 

CsCN(I) 

CsCN(II) , 

KCN(I) 

KCN(III) 

KCN(IV) 

KCN(V) 

KSCN(I) 

KSCN(II) 

KSCN(III) 

KSCN(IV) 

KSCN(V) 

NaCN(i) 

NaCN(II) 

Pressure 

(kbar) 

N 

12 

N' 

N 

N 

N 

30 

25 

N 

N 

N 

20 

28 

42 

N 

N 

CRYSTALLOGRAPHIC nATA 

Temperature Crystal Structure a 

()C) 
0 

Sy~tem Type (A) 

R Rhombohedral 3.99 

R k 

25 Hexagonal 3.40 
k 

20 Cubic CsC1 4.29 

-80 Rhombohedral 5.79 

25 Cubic NaC1 6.527 

100 Cubic CsC1 3.808 

23 11onoc1inic 5.530 

-80 l1onoc1inic 8.04 

160 Tetragonal 6.70 

20 Orthorhombic 6.66 

450 * 
500 * 
525 * 

20 Cubic NaC1 5.88 

-10 Orthorhombic 4.71 

b c Angle Z 
() 0 

(0) (A) (A) 

5.26 3 

5.09 1 

1 

7.78 3 

4 

1 

5.209 3.743 95 2 

4.,53 7.47 109.4 4 

7.73 4 

7.58 6.635 4 

4 

5.61 3.74 2 

Space Density 

Group (g /cm3) 

R3c 4.05 

P6mm 7.30 

Pm3m 3.34 

R3m 3.50 

Fm3m 1.555 

Pm3m 1.96 

Cm 1.66 

Cc 1. 69 

14/mcm 1.86 

Pcmb 1.89 

Fin3m 1.60 

Innnm 1.64 

Ref. 
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61 
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Table II -Continued 

COm>OUND Pressure 

(kbar) 

Clanides cont'd. 

NaSCN N 

RbCN(I) N 

RbCN(II) N 

Borides 

PtB N 

Carbides 

MoC(l) N 

MoC(I) N 

MoC(I) N 

MoC(II) N 

ReC 60 

CRYSTALLOGRAPHIC DATA 

------.~ 

Temperature Crystal Structure a 

(oC) 
0 

System Type (A) 

R Orthorhombic 13.45 

R CUbic 6.83L 

-182 ~onoclinic 6.66 

R Hexagonal 3.36 

R fiexagonal 2.898 

R Hexagonal 3.00 

R fIexagonal 2.932 

R Cubic NaCl 4.27 

800 Hexagonal y -MoC 2.840 

-- ~--

b c Angle Z 
CI 0 

(0) (A) (A) 

4.10 5.66 8 

4 

4.87 4.77 94.3 2 

4.06 1 

2.809 1 

14.58 6 

10.97 4 

4 

9.85 4 

Space Density 

Gro<Jp (8 fem3
) 

Pnma 1. 735 

or 

Pn2l a 

P213 2.32 

2.37 

P6/mmc 17.2 

8.77 

9.46 

P6/mmc 8.78 

Fm3m 9.29 

P6immc 19.12 

Ref. 
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Table II -Continued 

COMPOUND 

Nitrides 

BN(I) 

BN(II) 

BN(III) 

Oxides 

BaOCI) 

BaO(II) 

BaOCHI) 

EuOeI) 

EuO(II) 

EuOeHI) 

FeO 

SnOCI) 

SnO(II) 

SrO(I) 

Sr"O(II) 

ZnO(I) 

ZnO(II) 

Pressut"e 

(kbar) 

N 

N 

N 

N 

100 

180 

N 

310 

400 

N 

N 

60 

N 

175 

N 

N 

Temperature Crystal 

(oC) System 

35 Hexagonal 

R Cubic 

R Hexagonal 

R Cubic 

R Tetragonal 

R Tetragonal 

R Cubic 

R Cubic 

R Cubic 

R. Cubic 

R Tetragonal 

R Hexagonal. 

R Cubic 

R Tetragonal 

·R llexagona1 

R Cubic 

CRYSTALLOGRAPHIC DATA 

Structure a b c Angle 
0 . 0 0 

(0) Type (A) (A) (A) 

BN 2.502 6.661 

ZnS 3.62 

Wurtzite 2.55 4.20 

NaC1 5.542 

4.549 3.606 

PbO 4,397 3.196 

NaC1 5.143 

NaC1 4.743 

CsC1 2.92 

NaCl 4.312 

PbO 3.796 4.816 

Wurtzite 3.42 5.62 

NaC1 5.142 

4.912 4.949 

Wurtzite 3.242 5.176 

NaC1 4.28 

Z Space 

Group 

6 P6/mmc 

4 F43m 

2 P6 3mc 

4 Fm3m 

2 

2 P4/rnnun 

4 Fm3n 

4 Fm3m 

1 Pm3m 

4 Fm3n 

2 P4/mmm 

2 P63nc 

4 Fm3n 

4 

2 P6
3
nc 

4 Fm3m 

Density 

(g fern3) 

2.29 

3.48 

3.49 

5.98 

6.82 

8.24 

8.20 

10.45 

11.21 

6.76 

6.40 

6.80 

5.07 

5.76 

5.70 

6.92 

Ref. 

61 

38 

38 

61 

116 
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88 

88 
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61 
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Table II . -Contint.ed 

COMPOUND Pressure 

(kbar) 

Oxides cont'd. 

NaOR(II) N 

NE!OH(I) N 

NaOR(III) 

NaOH(IV) 

NaOH(V) 

Phosphidef3 

BP N 

. GaP(I) N 

GaP(II) 220 

GeP(I) N 

InP(I) N 

IriP(II) N 

SiP (I) N 

SiP(II) N 

CRYSTALLOGRAPHIC DATA 

Temperature Crystal Structure a 

(DC) 
0 

System Type (A) 

R Orthorhombic Tn 3.397 

300 Monoclinic 3.434 

* 

* 
* 

R Cubic ZnS 4.54 

18 Cubic ZnS 5.447 

R * 

R Tetragonal 3.544 

18 Cubic znS 5.868 

R Cubic NaC1 5.71 

R Orthorhombic 6.90 

R Cubic ZnS 5.241 

-- --

--

b c Angle Z 
0 

(A) (0) (A) 

11.32 3.397 4 

3.428 6.068 109.8 2 

4 

4 

5.58:' . 2 

4 

4 

9.40 7.68 12 

4 

-------

Space Density 

Group (g !em3) 

.Amam 2.02 

.P2/m 1.98 

F43m 2.97 

F43m 4.138 

I4mn 4.90 

F431l\ 4.79 

Fm3m 5.20 

2.36 

F43m 2.73 

: 

Ref. 
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Table II -Continued 

COMPOUND 

Phosphides cont'd 

SnP(I) 

SnP(II) 

SnP(III) 

Sulfides 

CdS (I) 

CdS (I) 

CdS (II) 

FeS(I) 

FeS(II) 

FeS(III) 

HgS(I) 

HgS(II) 

NiS(I) 

NiS(II) 

SmS(I) 

SmS(II) 

Pressure Temperature 

(kbar) (oC) 

N R 

N R 

N R 

N R 

N R 

77 R 

N R 

100 2'2 

N R 

N R 

R 

N R 

20 R 

N . R 

6.5 R, 

CRYSTALLOGRAPHIC DATA 

--------

Crystal Structure a 
0 

System Type (A) 

Hexagonal 8.78 
Tetragonal 3.831 

Cubic 5.536 

Hexagonal Wurtzite 4.134 

Cubic ZnS 5.835 

Cubic NaCI 5.27 

Hexagonal Triolite 5.946 

** 
Hexagonal NiAs 3.426 

Cubic ZnS 5.858 

Hexagonal HgS 4.149 

Hexagonal NiAs 3.428 

Hexagonal ** 

Cubic NaCl 5.863 

Cubic NaCl 5.70 

b c Angle Z Space 
0 0 (0) (A) (A) Gro:lp 

5.98 8 

5.963 2 

4 Fm3m 

6.713 2 P6 3rnc 

4 F43rn 

4 Fm3nt 

11. 72 12 P62c 

5.687 2 P6/rmnc 

4 F43rn 

9.149 3 Pe121 

5.340 2 P6/mmc 

2 P6 3rllc 

4 Fm3m 

4 Fm3m 

Density Ref. 

(g fcrn3) 

4.98 105 

5.68 59 

5.86 59 

4.83 61 

4.83 61 

6.44 119 

4.85 61 

4.60 61 

7.69, 16 

8.19 119 

i 

5.55 61 

122 

6.01 61 

6.54 89 
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Table II -Continued 

COMPOUND 

Sulfides cont'd. 

ZnS{I) 

ZnS(II) 

ZnS(III) 

ZnS(IV) 

Arsenides 

BAs, 

GaAs(l) 

GaAs(II) 

GaAs(III) 

GeAs(I) 

lnAs(I) 

lnAs(II) 

MnAs(l) 

MnAs(II) 

Pres~ure Temperature Crystal 

(kbar) (oC) System 

N R Cubic 

N R Hexagonal 

190 R * 
420 R * 

N R C'lbic 

N R Cubic 

190 R * 
200 R * 

N R Tetragonal 

N R C'.lbic 

100 R C"lbic 

N R Hexagonal 

N 50 Orthorhombic 

CRYSTALLOGRAPHIC DATA 

Structure a b c Angle 
0 0 ., 

(0) Type, (A) (A) (A) 

ZnS 5.406 

Wurtzite 3.811 6.234 

ZnS 4.777 

ZnS 5.654 

3.715 ' 5.832 

ZnS 6.036 

NaC1 5 .. 514 

NiAs 3.710 5.691 

MoP 6.39 5 4 64 3.63 

Z Space Density 

Group (g Icm3) 

4 F43, 4.10 

2 P63mc 4.10 

4 F43m 5.22 

4 F43m 5.32 

2 6.10 

4 F43m 5.73 

4 Fm3m 7.52 

2 l?6 3mc 6.54 

4 Pbnm 6.78 

Ref. 
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61 
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Table II -Continued 

COMPOUND Pressare 

(kbar) 

Antimonides 

A1Sb (I) N 

A1Sb (II) 120 

GaSb (I) N 

GaSb (II) 90 

1 atm. 

InSb(I) N 

InSb (II) 26 

InSb (III) 125 

InSb (IV) 70 

Se1enides 

CdSe(I) N 

CdSe(II) 32 

HgSe~I) N 

HgSe(II) 15 

InSe(I) N 

InSe(II) 40 

PbSe(I) N 

PbSe(II) 42 

Temperature Crystal 

(oC) System 

R Cubic 

R Tetragonal 

R Cubic 

R Tetragonal 

~O K 

R Cubic 

R Tetragonal 

R Hexagonal 

R Orthorhombic 

R Hexagonal 

R Cubic 

R Cubic 

R Hexagonal 

R Hexagonal 

520 ~ 

1- r.ubic 

1- prthorhombic 

CRYSTALLOGRAPHIC DATA 

--- --

Structure a 'J c 
0 0 0 

Type (A) (1\) (A) 

ZnS 5.985 

S-Sn 5.375 5.911 

ZnS 6.135 

S-Sn 5.348 2.973 

5.47 3.06 

ZnS 6.474 

S-Sn 5.862 3.105 

6.099 5.70S 

2.921 5.56 3.06 

Wurtzite 4.30 6.02 

NaC1 5.49 

ZnS 6.09 

HgS 4.32 9.62 

4.05 16.93 

NaC1 6.122 

11. 71 4.36 4.42 

Angle Z Space Density 

(0) Group (g fcm3) 

4 F43m 4.61 

2 141/amd 5.91 

4 F43m 5.51 

2 141famd 7.39 

2 

4 F43m 5.79 

2 14/amd 7.40 

2 8.50 

1 7.90 

2 P63mc 5.65 

4 Frn3m 7 •. 68 

4 F43m 8.41 

3 P3121 8.10 

4 P6/mmc 5.351 

4 Fm3m 8.28 

4 Pnma 8.42 

Ref. 

61 

85 

61 

85 

61 
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11 

11 
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61 
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61 
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Table II -Continued 

COMPOUND 

Tellurides 

CdTe(I) 

CdTe(II) 

CdTe(III) 

CdTe(III) 

EuTe(I) 

EuTe(II) 

GeTe(I) 

GeTe(II) 

GeTe(II) 

HgTe(I) 

HgTe(II) 

InTe(I) 

InTe(U) 

InTe(II') 

MnTe(I) 

MnTe(II) 

Pressure 

(kbar) 

N 

30 

100 

200 

N 

100 

N 

40 

N 

N 

20 

N 

30 

N 

N 

C1YSTALLOGRAPHIC DATA 

Temperature Crystal Structure a 

(oC) 
0 

System Type (A) 
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R Tetragonal 5.62 

R Cubic NaC1 6.591 

R Cubic CsC1 3.755 
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COMPOUND 

Tellurides cont'd 

PbTe(I) 

PbTe(II) 

PrTe(I) 

PrTe(II) 

SmTe(I) 

SmTe(II) 

SnTe(I) 

SnTe(n) 

YbTeq) 

Zn':(e(I) 

ZnTe(II) 

Pressure Tempet:"ature 

(kbar) (oC) 

N R 

43 R 

N R 

90 R 

N R 

110 R 

N R 

20 R 

N R 

N R 

CRYSTALLOGRAPHIC DATA 

Crystal Structure a 
0 

System Type (A) 
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2. Lithium Halides 

2.1. lithium Chloride 

Lithium chloride which has the NaCI type structure has no 
known high presure phase transitions. A determination of the 
melting curve up to 23 kilobars has been reported in a paper 
by Clark [45]. The published uncertainties are ±5 °C in tem­
perature and ±O.lO kbar in pressure. 
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FIGURE 1. Melting curve for lithium chloride 

3. Sodium Halides 

Liel 

There have been several investigations of the sodium ha­
lide room-temperature high-pressure phases by both static 
and dynamic methods. In sodium chloride, a phase transfor­
mation was reported at 17 kilobars [67], 18 kilobars [157], 
and 29 kilobars [112], but later these were determined to be 

erroneous [95]. Jamieson [84] has shown by x-ray diffraction 
studies, that the preseure of the BI-B2 transformation in a 
series of KCl-NaCl solid-solution samples increases with NaCl 
content. At 85% NaCI, the transformation occurs at 145 kilo­
bars at room temperature. The BI-B2 phase transition in 
pure sodium chloride was reported by Bassett et al. [IS] to oc· 
cur at 300± 10 kilobars. Piermarini and Block [lSI] deter­
mined the value of this transition as 291± 10 khar based 
upon Decker's equation of state for sodium c-hloride [53]. It is 
assumed that the other sodium halides sho~ld also have 
transformations at approximately this same pressure, since 
the cation seems to have the dominant effect in determining 
Bl·B2 transition pressure in the alkali halides. 

J. Phys.Chem. Ref. Data, Vol. 6, No • ..t, 1977 

Pistorius has reported phase transitions in three sodium 
halides at the following pressures and temperatures; sodium 
fluoride [162, 163] at 18.3± 1 kilobar and .150 °C (l6.8±2 
kilbars at ~oom temperature), sodium bromide [158J at 
I1.S±2.S kilobars and 17S-200 °C, and sodium iodide [161] 
in the range of 10.2-11.6 kilobars and 164-175 °C. It is not 
clear at the present time what these transitions represent, 
since one would expect the BI-B2 transition at a much higher 
pressure; Furthermore, if a transition existed in this low 
pressure range, it would be expected to intersect with either 
the temperature axis, the pressure axis, or the melting curve 
in a lellst one point in the low pressure region. In support of 
this view, x-ray measurements of sodium fluoride reveal no 
new phase up to 130 kilobars. 

Three different papers have been presented on the ex­
perimental determination of the melting curves of the sodium 
halides. Clark [45] reported melting curve determinatio!ls for 
all the sodium halides, performed in a hydrostatic apparatus, 
using nitrogen as the pressure transmitting fluid. In this 
work, the thermocouple corrction IS very good up to lU 

kilobars, but is high above this point. At the hightest pressure 
of 23 kilobars and approximately 1IS0°C, the correction to 
the temperature is 10 °e. With this modification, Clark's [1.s] 

stated uncertainties appear to be realistic. His temperature 
corrections were high, by a factor of approximately 1.8 at the 
high end of the scale, and not the factor of 2-3, claimed by 
Pistorius[154). 

3.1. Sodium Fluoride 

Comparison between the two determinations of the melting 
curve for sodium flouride[44 and 151] indicate a fair agree­
ment. At about 12 kilobars, the two curves differ by about 
10 °C, which is the sum of the combined experimental uncer­
tainties of both ·studies. In selecting the best fit to -the ex­
perimental data the two curves should be weighted equally, 
but since it extends to 40 kilobars, an extrapolahon of Clark's 
[44] data to this point is not justified. 

3.2. Sodium Chloride 

A melting curve for sodium chlo-ride up to 65 kilobars, by 
Akella et al. [2] is in very good agreement with the determina­
tions of both Clark [44] and Pistorius (lSI]. The best fit to 
this data for the entire range to 65 kilobars is well within the 
experimental uncertainties of each of the experiments. 

3.3. Sodium Bromide 

In Clark's [45] studies on the sodium bromide melting 
curve, a large uncertainty of ± 10° was necessary, due to the 
difficulty in the determination of the melting point. For this 
reason, the work of Pistorius [IS4] will be selected as the best 
fit. 

3.4! Sodium Iodide 

Of the two studies on the melting behavior of sodium 
iodide [4S, 154] the work of Pistorius is preferred as the best 
fit for the same reasons discussed above for sodium bromide. 



AI·TYPE COMPOUNDS AT HIGH PRESSURES AND TEMPERATURES 1225 

u 
o 
w 
a:: 
::::> 

1600 

1400 

1200 

Na F 
o [154] 

--- [45] 

~IOOO 

I 
(CUBIC Fm3ml 

a:: 
w 
'0-
~ 
W 
I-

<.> 
0 

W 
a:: 
::::> 

800 

600 

O~ ______ ~ ______ -L ______ ~~ ______ L---J 

o ~ ~ ~ 
PRESSURE (kbar) 

FIGURE 2. Melting curve for sodium fluoride 

1600 Nael 

o [154] 
1400 f:!,. [ I] 

LIQUID 

1200 

I 

~ 1000 (CUBIC Fm 3m) 

LIJ 
0-
::! 
IJ.I 
I-

.n 
(CUBIC Pm3m> 

~ 
600 

I 

400~~--~--~ __ ~-J __ -L~\~~ __ ~1 __ ~ 
o 20 40 60 290 300 310 

PRESSURE (kbar) 

. FIGURE 3. Partial phase diagram for sodium chloride 

u 
o 
w 
a:: 
::::> 

1600 

1400 

1200 

~IOOO a:: 
w 
0-
::! 
l1..I 
I-

800 

600 

LIQUID 

I 
(CUBIC Fm3m) 

NcBr 

o [154] 
--- [45] 

400~ ____ ~~ ____ ~~ ____ -L ______ -L __ ~ 

o 40 

FIGURE 4. Melting curve for sodium bromide 

1600 Na I 

0[154] 
-~- [45] 

1400 

1200 

u LIQUID 
,,/' 

o , ,,-
LIJ / 

/ 

0::: 
/ 

.I' 

::::> 
~ 1000 / 

/ 

0:.: / 
/ 

LIJ 
/ a. 

::! /. I /. 
LIJ 

(CUBIC Fm 3m) l-
h 

/o 800 b 
A 

600 

400~----~7-----~7-____ -=~ ______ L-~ 
o ~ 

FIGURE 5. Melting curve for sodium iodide 

J. Phys. Chem. Ref. Data, Vol. 6, No.4, 1977 



1226 LEO MERRILL 

4. Potassium Halides 

4.1. Potassium Fluoride 

There are no known high pressure phases in potassium 
fluoride. 

4.2. Potassium Chloride 

The room temperature high pressure transition point in 

potassium chloride has been investigated by two different 
groups. In Bridgman's [29J original work, he placed the tran­
sition pressure at 19.52 kilobars, while in later work [34], he 
revised this to 19.67 kilobars at 25°C. Kennedy and La Mori 
[108) arrived at the value of 19.23±0.21 kilobar for the KCI 
transition pressure. This work was preformed in the piston 
cylinder device, using the piston rotation method to reduce 
friction. In selecting the best value for the pressure of this 
transition, two values have been averaged, giving that of Ken­
nedy and La Mori a weight of 4, and obtaining 19.30±O.30 

kilobars. High pressure x-ray examination of KCI by Weir 
and Peiomarine [205] and Nagasaki and Minomura [37] 
verify the NaCI-CsCl type transition. 
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FIGURE 6. Phase Diagram tor potassium chloride 

4.3. Potassium Bromide 

High pressure studies of potassium bromide only involve 
examination of the KBr(I)-KBr(II) phase boundary. No 
melting studies have been undertaken. Bridgeman's [29] first 

J. Phys.~Chem. Ref. Data, Vol. 6, No.4, 1977 

measurements of the KBr transition place it at 18.92 kilobars 
at 25°C. However, in his later work [34], which he considered 
more accurate, this value was revised to 18.05 kilo bars at 
25°C. No error flags were given in this work. On the basis of 
three separate experiments in the piston cylinder apparatus, 
Kennedy and La Mori [118] obtained the value 17.88 ± 0.06 
kilobar for the transition pressure. 

Weir and Piermarine [205] confirm that KBr(II) has the 
cesium chloride type structure on the basis of powder x-ray 
diffraction. studies, using the diamond anvil pressure ap­

paratus. 
Measurements of the KBr(I)-KBr(Il) phase boundary from 

room temperature to approximately 200°C have been 
published by Bridgman [29] and Pistorius [158,159]. It was 
noted by Pistorius that at low temperatures, the alkali halide 
transitions are quite sluggish, and consequently, unless one 
waits for an unreasonably long time between piston advances, 
the transition pressure may be displaced toward higher 
pressures. This appears to be evident in the room temper­
ature points of both Pistorius and Bridgman, and is probably 

also true for Kennedy and La Mori's value. The best values 
can be found from an extrapolation of the higher temper­
ature points where the sluggishness has diminished. The best 
fit 'to the KBr(I)-KBr(lI) phase boundary is represented by 
Pistorius' data, giving a room temperature transition 
pressure of 17.43±0.10 kilobars. 

4.4. Potassium Iodide 

At room temperature, Bridgeman [34) obtained the value 
of 17.84 kilobars (18.7 kilobars at -78°C) for the pressure of 
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the potassium iodide transition. Kennedy and La Mori [108] 
obtained a value of 17.485±0.240 kilobars at 25 °C. From 
high temperature measurements, Pistorius [159] obtained an 
extrapolated value of 17.343±0.045 kilobars. In this work, it 
was shown that potassium iodide is sluggish like potassium 
chlordie at. room temperature. Above 50 °c, this sluggishness 
disappeared, permitting greater accuracy in the determina~ 
tion of the phase boundary. On the basi!) of this work, it is 
suggested that 17.35±0.1O kilobars be accepted as the best 
value for this transition pressure. Weir and Piermarini [205] 
identified the potassium iodide(II) phase as cesium chloride 
type. 

5. Rubidium Halides 

Polymorphism in the alkali halides at elevated pressures 
was first discovered by Slater [187] in RbBr and RbI. Bridg­
man subsequently studied these transitions [29,37], and ob­
served the corresponding transition in RbCl. The transitions 
for the rubidium halides occur at approximately 5 kbar. 

Since the alkali halides crystallize in both the NaCI and 
CsCI type structures, it was assumed that at high pressure, 
alkali halide crystals with the NaCI-type would transform to . 

the CsCI type phase. The first confirmation of this assump­
tion was published by Jacobs [82,83] in 1938 for RbI. 
Employing x-ray diffraction techniques, he studies RbI ~p to 
a pressure of 4500 kg/cm2 (4.4 kbar), and showed that RbI(II) 
was simple cubic (CsCI-type), with a lattice constant a=4.33 
A. Piermarini and Weir [149] discovered RbF was also con­
verted to a CsCI-type structure with a lattice constant a=3.27 
A. In a later work, Weir and Piermarini [205] published the 
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30 

results of a study in which all the rubidium halide high pres­
sure phases were examined and shown to be of the CsCI-type. 

An experimental determination of the Rbl(I)-RbI(II) phase 
boundary [167] revealed a negative slope. A later study (153) 
of the melting curve indicates the existence of a triple point 
at approximately 30 kbar which is interpreted as the coex­
istive point between RbI(L), RbI(I), and RbI(II). This suggests 

that the phase boundary has a positive slope. 
The melting curve of RbCI was determined by Clark [45] 

up to approximately 12 kbar. Temperatures were determined 
with Pt-Pt 10% Rh thermocouples and melting or freezing 
was detected by chang~s in the'rate of heating or cooling, and 
also by DTA. The thermocouples were calibrated against the 
melting points of NaCI (800.5 eC) and KCI (770 eC). The ther" 
mocouple correction of Birch [18] was used to correct for the 
effect of pressure on the emf. The magnitude of this correc­
tion at the maximum pressure and temperatures is 8°C, com­
pared to 6 °C predicted by the more recent calibration of Get­
ting and Kennedy [76]. 

6. C~sium Halides 

6.1. Cesium Fluoride 

Bridgman failed to fi~d any evidence for the polymorphism 
of CsF at high pressure from either of his compressibility 
studies in the range to 42 kbar at room temperature and 56 
kbar at 137°C [158]; Wei.r and Piermarini [205], however, 
reported a transition at approximately 20 kbar, detected both 
visually, and by x-ray diffraction techniques, using a diamond 

J. Phys. Chern. Ref. Data, Vol. 6, No.4, 1977 

anvil pressure ceI1. The normal NaCI-type sturcture trans­
forms to the CsCI-type structure. 

The CsF(l)-CsF(II) phase boundary was measured by Pis­
torius and Snyman [167] up to 173.5 °C in a piston cylinder 
type apparatus. Pressures were corrected for friction by tak­
ing the mean transition pressures on the increasing and de­
creasing pressure cycle, assuming friction is symmetrical. 
Temperature was measured by means of a thermocouple in a 
well outside the pressure chamber near the sample. Tempera­
ture measurements were corrected for the thermal gradients 
by calibrating the reading I}.gainst a thermocouple in the sam­
ple position in a blank run. The pressure effect on the ther­
mocouple junction was not considered in this calibration, nor 

was it stated what kind of thermocouple was used. 
Aroom temperature transition pressure of I9.7±l.5 khar 

was determined in good agreement with Weir and Piermarini 
[205J. The slope of the phase boundary is 

6.2. Cesium Chloride 

CQmpr-essibility studies of cesium chloride at room tem­
perature indicate that there arc no polymorphic tranBition up 

to 45 kilobars [196]. The melting curve has been measured at 
a pressure range up to 15 kilobars at approximately 1150 °C 
by DT A techniques [45]. A cusp in the melting curve in­
dicates the presence of a new high temperature phase which 
probably is the NaCl-type structure. 

These measurements were made in a pressure cell designed 
by Birch (19), which utilized nitrogen as the pressure trans­
mitting medium, with sample chamber large enough to con­
tain a furnace. Pressures were determined by a manganin 
wire manometer, and temperature with a Pt-Pt 10% Rh ther 

mocouple. The temperature was corrected for the effect of 
pressure on the thermal emf. The temperature was measured 
with a Pt-Pt 10% Rh thermocouple, and a correction for the 
effect of pressure on the thermocouple was applied. The cor- ' 
rection is given by T+0.7xlO-6 PT, where P is the pressure in 
bars, T is the centigrade temperature, and the maximum Tis 
approximately 18°C. The correction was determined by a 
linear extrapolation of Birch's measurement [18], and gives a 
correction factor higher than that of Getting and Kennedy 
[11]. In view of the experimental techniques employed, pub­
lished uncertainties of ±5 °C in temperature are probably 
good in range up to 10 kilobars, but not reliable above that, 
due to the temperature correction term, which is approxi­
mately 6 °C too higH at the upper end of the melting curve. 
The pressure published in this work are considered to be very 
accurate. 

1. Ammonium Halides 

The high pressure transformations in the ammonium ha­
lides were originally studied by Bridgman [28] and the phase 
boundaries were experimentally determined by Ste'venson 
[193]. Garland et al. [69, 70, 71, and 72] has made numerous 
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investigations of both NH4CI and NH4Br by ultrasonic tech­
niques, and has obtained very accurate data for the phase 
boundaries as a function of temperature and pressure. 

7.1. Ammonium Fluoride 

The phase diagram of ammonium fluoride is fairly com­
plex. NH4F(I), the normal room temperature, I-bar-pressure 
phase is interesting because of its close structural relation to 
water. Ammonium fluoride(I) and Ice(I) are iso-structural and 
their lattice parameters and bond distances differ only by 
about 4%. Stevenson [193] performed the initial high-pres­
sure studies on NH4F, and detected the NH4F(I)-NH4F(II) 
phase transition at 3.8 kbar and room-temperature from the 
28% volume change. Subsequently, Swenson and Tedeschi 
[196] reported an additional room-temperature transition at 
11.5 kbar, with an additional volume change of 11 % of the 1 
bar volume. This phase is designated NH4F(III). In this same 
study, a high temperature pahse designated NH4F(IV) was 
also discovered. Melting curves and complete phase diagrams 
for NH4F have been reported by Kuriakose and Whalley 
[112], and Pistorius [155]. 
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The crystal structure of both NH4F(II) and ND4F(II) were 
indexed by Morosin and Schirber as tretagonal, with nearly 
identical lattice constants [133]. In a study of the quenched 
phases of· NH4F(II) and NH4F(III) [134], several new reflec­
tions were obtained in the NH4F(II) diffraction patterns 
whcih were not consistent with the previous tetragonal index­
ing, and were too complicated to be soived by powdered 

methos. The crystal system of NH4F(III) is cubic with a struc­
ture which is described as • 'essentially, but not exactly of the 
cesium chloride type." The diffraction pattern of NH4F(IV) is 
consi,ent with a sodium chloride-like structure with a = 5.77 
± 0.04 A at 180 ± 20, and approximately 4 kbar [40]. 

In studying the quenched NH4F phases, three new phases 
were detected upon heating to room temperature. As the 
quenched phase of NH4F(II) was heated from 77 K, a transi­
tion to NH4F(V) was detected between 220 K and 240 K [134]. 
This phase could be indexed on the basis of a wurtzite-like 
structure. A study of quenched phase III revealed two new 
metastable phases NH4F(VI) and N~ F(VII), which appeared 
at approximately 115 K and 200 K, respectively, upon 
heating from 77 K to room temperature [134]. Neither of 
these phases could be unambiguously identified. 

7.2. Ammonium Chloride 

Ammonium chloride undergoes an order-disorder phase . 
transformation involving the relative orientation of the 
tetrahedral NH4+ions. In both phases, the crystal has a CsCI 
cubic structure. However, in the disordered phase, the NH4+ 
ions are distributed at random. with respect to two equivalent 
orientations in the cubic unit cell, while in the ordered phase, 
all NH4 + ions have the same orientation. At 1 bar (241.9 K), a 
small first order transition is superimposed on a general 
lambda-like behavior. This· first order discontinuity at the 
transition diminishes as the pressure is increased, and at a 
tricitical point near 256 K and 1492 bar, the transition 
becomes continuous. 
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7.3. Ammonium Bromide 

Ammonium bromide has at least four solid phases. The 
high temperature NH4Br(IV) has the CsCI type disordered 
cubic unit cell, and undergoes two different disorder-order 
transformations of the A-type to NH4Br(II) and NH4Br{III). 
The NH4Br(II)-NH4Br(I) is of first order, and NH4Br(1) has 
the CsCI-type cubic structure with the ordering of NH4+ 
almost certainly corresponding to the parallel arrangement 
which is observed in NH4Cl. The structure of the ordered 
phase NH4Br{Il) is cubic Pm3m,and N&Br(III) is not known. 
The phase diagrams of the deuterated ammonium bromide 
and ammonium iodide [193] are both similar to that of am­
monium chloride. 

7.4. Ammonium Iodide 

Ammonium iodide exists in at least 4 solid forms. The low 
temperature phase diagram contains three phases and is very 
similar to ammonium bromide and deuterated ammonium 
bromide [193] in its behavior. The melting curve has been 
determined from SOO-900 °C and up to 4.0 khar_ Tt~ hehavior 

is analogous to NH4CI and NH4Br. The region from -40°C 
to 500°C has not been investigated at high pressure. 
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8. Copper Halides 

8.1. Copper Chloride 

The phase diagram of copper chloride has been deter­
mined to 160 kbar by a combination of techniques. The phase 
boundaries in the region up to 40 kbar and 700°C was deter­
mined by DT A [170] techniques. The phase boundaries up to 
400°C and 160 kbar [64] were determined by shifts of the op­
tical absorption edge. Investigations by Chu et al. [43] in­
dicate the presence of an insulator-metal transition at 40 kbar 
and room temperature. 

8.2. Copper Bromide 

The phase diagram of CuBr has been determined in the 
region 200-900 °C and 0-40 kbar by Rapoport and Pisorius 
[170] with DT A techniques, while the region 0-300 °C and 
40:-80 kbar was determined by Edwards and Drickamer [64], 
whose work was based upon pressure shifts of the optical ab­

sorption edge. The phase diagram of CuBr is very similar to 
that of CuCl. 

The high pressure x-ray studies of CllBr were performed by 
Meisalo and Kalliomaki [123], who reported that CuBr(III) is 
stable up to 50 kbar-. At this pressure, they detected a strongly 
birefringent phase in agreement with Van Valkenburg, if one 
takes into account the difference in pressure scales. The 
stability region of CuBr(IV) is so narrow that it was impos­
sible to produce a single phase region or to detect x-ray dif-
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fraction lines assignable to it. Pressure calibration in this 
work is based upon Decker's [53] NaCI scale. 

Very close to the CuBr III-IV boundary, CuBr(V) was 
detected. It is strongly amber colored, and weakly bire­
fringent. The indexing of this phase was based upon a 
tetragonal unit cell with lattice parameters a=5.40 A, c=4.75 
A,andZ=4. 

At room temperature and atmospheric pressure CuBr(III) 
has the zincblende structure which is stable up to 379-400 
°c, depending upon the purity of the sample. CuBr(II) has 
the wUlt:t.ite structure, and is stable up to 470°C. Between 

470 °c and the melting point at 483°C, CuBr(l) is the stable 
modifiction. It has the a-AgI structure (33.4), which is a 
defect b.c.c. structure. Meisalo and Kallimaki [121] detected 
a pale yellow phase at about 48 kbar and 120°C. At 50 kbar 
and 140 °c they were able to obtain only one diffraction line 
with d=2.981 A. Assuming this to be the CuBr(l) phase, they 
tentatively suggest this reflection may correspond to (110) 
and a cubic lattice parameter a 4.22 A. 

This transition from CuBr(V)-CuBr(VI) is very sluggish, 
and occurs at approximately 66 kbar. X-ray diffraction pat­
terns taken at 75 kbar and room temperature suggest the 
NaCI-type structure with a=5.140 A. 

8.3. Copper Iodide 

The behavior of copper iodide has been studied extensively 
. .mder high pressure/high temperature conditions. The very 
first studies were Bridgman's [33] compressibility studies in 
1916, in which he determined the volume discontinuity at 
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CuBr 

10-15 kbar associated with the CuI(III)-CuI(IV) transition 
over the temperature rap.ge 120-200 °c. In 1937 [32]' he ex· 
tended this measurement to -100°C. In 1963, Van Valken· 
burg [200] reported two new phase transitions, on the basis of 
optical observations up to 125 kbar, one at 4 kbar, and one at 
5 kbar. Edwards and Drickamer [64] studied the effect of 
pressure on the optical absorption edge in CuI, and reported 
two new phases transitions at 41 kbars and 80 kbars. No evi­
dence for the transitions at 4 and 5 kbars was'reported. Neu­
haus and Hintze [137] studied CuI up to 20 kbar, using both 
optical absorption and electdcal resistivity measuremellt5. 

They report detecting the 4, 5, and 14 kilobar transitions. 
Later results of high pressure high temperature studies on 
the polymorphism of CuI by Yang. Schwartz. and La Mori 
(211) also confirm these findings. 

When CuI is heated to 100-200 °C at an approximate pres­
sure of 75 khar, a new phase (VI') can be identified, which 
has be~n tentatively indexed as simple cubic with a tetramo­
lecular unit cell (122). X-ray data of CuI(VI') give a lattice 
constant a=5.627 A. CuI(VI') can be retained metastably at 
room temperature and high pressure for long periods of time. 
When CuI(VI') was heated to high temperature at a pressure 
90-100 kbar, a new phase designated CuI(VIII) is detected. 
The data are marginal and on the basis of 3 lines it fits the 
NaCI-type structure with a=5.15 A at 120 kbar and room 
temperature. 

The most complete study of the phase boundaries of CuI is 
that of Rapoport and Pistorius [170]. This work confirms the 
14 kbar and 40 kbar room-temperature transitions. This 
study,. based on DTA techniques (chromel-alumel thermo-
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CuI 

couples) covers the range 0-900 °C and 0-40 kbars. Correc· 
tions were made for the effect of pressure on the thermal emf. 
The phase diagram was the result of six separate runs. Fric· 
tion corrections were made by averaging the results from the 
increasing and decreasing pressure cycles. The points plotted 
along the solid·solid .phase boundaries represent the mean 
value of the heating and cooling cycle, while points along the 
solid.liquid boundaries are the melting signals. It is felt that 
the published uncertainty in temperature of ±2°C is realis­
tic, while the uncertainty in pressure of ±0.5 kbar probably 
reflects experimental reproducibility only, since some sources 
of systematic error were not considered, the principal one be­
ing the effect temperature has on pressure. 

One of the principal difficulties in drawing conclusions 
about high pressure phases of the copper halides is the lack 
of agreement on crystal structure data. At atmospheric pres­
sure CuI(lII) has the zincblende structure, and is stable up to 
369 aC. CuI(II) has the wurtzite form alld is stable between 
369°C and 407 °C. CuI(I), which exists from 407°C to the 
melting point at 602°C, has a disordered zincblende struc­
ture [128]. In their x-ray examinations of the room 
temperature high pressure phases, neither Moore et al. [131] 
or Meisalo and Kalliomaki [123 and 124] found evidence for 
the existence of the 4 and 5 k.har phase transitions. 

Moore et al. [132] reported the 14 kbar CuI transition to be 
very sluggish and not completely transformed until a pres­
sure of 30 kbars was attained. In their x-ray patterns, they 
observed a set of strong z~ncblende lines, plus a set of new 
lirles which were weak, but reproducible. They further sug­
gest that the strong zincblende lines indicate that the basic 
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cubic close packing of the iodine atoms is preserved and the 
structural changes result only from a redistribution of copper 
atoms. Moore et ale [132J propose a cubic indexing which is 
based upon a super cell of the zincblende structure, i.e. a 

. doubling of the lattice constant. 
Meisalo and Kalliomaki [123, 124] conclude that CuI(IV) is 

rhombohedral with a=7.216 A and a=33.5° (a=4.164 A and 
Chex=20.41 A) at 16 kbars and room temperature. According_ 
to their observations, CuI(IV) is definitely birefringent. The 
observed- intensities were approximated by varying the atom· 
ic position parameters of 1(000, 00u) and Cu(OOv, OOv+u) 
yielding the values u=0.535 and v=0.14. Values of u=5/S and 
v=Vs would describe th'e original zincblende structure. More 
reliable intensity data would be necessary for a refinement of 
the structure. The volume change at the transition is approx­
imately 4 percent. 

Moore et al. [132] located the CuI(V) phase at 53 kbar, and 
also indexed it, on the basis of a supercell of the zincblende 
phase. Meisalo and Kalliomaki [123] observed this phase at 
42 khar and proposed a tetragonal <tanti 71 litharge (red rbO) 

structure with lattice constants a=4.02 A and c=5.70 Aat 
about 65 kbar and room temperature, and u=0.28. The 
tetragonal CuI(V) phase appears to be stable at pressures ex­

ceeding 100 kbar at room temperature. 

9. Silver Halides 

There have been two principal experimental investigations 
of the melting curve of the silver halides up to a pressure of 
58 kilobars. The original work by Eaton in 1965 [52J was per­
formed in a tetrahe~ral anvil device, the phase transitions be· 
ing monitored by differential thermal conductivity analysis. 
Chromel-alumel thermocouples were used for temperature 
measurement, and no correction was made for the effect of 
pressure of the thermal emf. The author estimated tempera­
ture to be accurate to 1.5 % and pressure to ±0.5 kilobar 
below 20 kilobars. The sources and purities of the silver 
halides used were as follows: (1) silver chloride from Baker 
Chemical Company, stated,to be 99.7% pure; (2) silver bro­
mide from Fisher Scientific Company, stated to be purified; 
(3) silver iodide from Fisher Scientific Company, stated to be 
chemically pure. The pressure calibration of the tetrahedral 
press, was based upon the following fixed points: Bi(l-II) at 
25.4 kbars, TI(II-III) at 37 kbars, and Ba(l-II) at 59 kbars. 

The work by Akella et al. in 1969 r2] was performed in a 
piston-cylinder apparatus in which the melting curve was de­
tected by differential thermal analysis up to a maximum pres­
sure range of 68 kilobars. 

Boron nitride, fired at 480°C for 48 hours serves as the 
pressure transmitting medium. The samples were contained 
in a stainless steel capsule with a silver lining. Chromel· 
alumel thermocouples were used to measure the melting 

temperatures. The melting and freezing at every pressure 
point was measured at least four times and reproducible to 
±1 °c. The thermocouple correction of Getting and Kennedy 
[76J was used. Measurements were made on both the com­
pression and decompression cycle. The pressure calibration 
is based upon force per unit a~ea corrected for friction. 
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9.1. Silver FluoridEf 

The high pressure region of AgF has been studied by both 
x-ray diffraction [97, 180] and piston cylinder techniques [2]. 
AgF(I) is cubic NaCl-type, and undergoes a phase transition 
at '25 kbar to the CsC} type structure. A determination of the 
tran~itIon pressure has been made by Haleck and Jamieson 
[97), whose value of 25.14±0.04 khar represents the average 
of the transition pressure on the upstroke and downstroke. 
Vaidya and Kennedy [199] determined a value of 24.8 kbar 
for the equilibrium tr~nsition pressure, but do not present 
any error flags. The estimated uncertainty for this transition, 
based upon both equation of state and instrumental consid­
eration is 0.4 kbar. The best value of 25±0.4 kbar is based 
upon an average of the two published values. The slope 
dT IdP of the AgF(I)-AgF(II) phase boundary is 37 °C/kbar, 
,and the relative volume change at the transition is 10%. 

A new phase formed from AgF(II) on decreasing pressure, 
found by Vaidya and Kennedy [199] was studied by x-ray dif­
fra.ction by Jamieson et al. [86]. AgF(III) was indexed as hex­

agonal with c=6.226A, a=3.246A, and Z=2. It is probably an 
inverted NiAs structure. Its formation pressure is highly 
dependent upon the history of pressure variation of the sam­
ple. All three phases, BI, B2, and hexagonal, gave x-ray pat­
terns with each line split into two lines of equal intensity. 
This phenomenon has been interpreted as arising from a 
decompOSItion into two non-stoichiometric phases, one Ag­
rich and the other F-rich [86]. 

C1.2. Silver Chlorld~ 

The high pressure room temperature transition in silver 
chloride' was first discovered by' Bridgman [27] by 
dilotometry (88 kilo bars). In a later work, Montgomery 
published a value of 76±2 kilobars (130) for this transition. 
In his work he measured compression of AgCI simultaneously 
with the electrical resistance of bismuth, and demonstrated 
that the AgCl transition O,ccurred at lower pressure than the 
Bismuth III·V transition. In calibration o'f the pressure, the 
bismuth I-II and III·V fixed points were used and a linear 
pr~ssure-Ioad relation used. It is now known that the 
pressure-load relation. is not linear in this region and it is 
estimated the transition point fo~ AgCl should have been 
about 82±2 kilobars (bases upon Bi III-Vat 88,kbars). A 
measurement was made in which the molar volume of AgCl 
was measured as a function of pressure using NaCI as an in­
ternal standard. Using this method to correct Bridgman's 
pressures, a transiton pressure of 74±3 kilobars is calculated. 

Studies of the melting curve of Agel have been reported by 
Akdla et aI. [2] anu Dealon [52]. The (e!;uiL:s of Akdla el al. 
[2] are recommended, du~ to the corrections made.in ex­
perimental data. 

9.3. Silver Bromide 

The melting curv'eof Akella et al. [2) is preferred for the 
reasons discussed in the section on silver chloride. The room 
temperature high pressure phase of AgBr was first detected 
by Bridgman [27], who placed the transition at 84 kilobars. 
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FIGLRE 19. Melting curve for silver chloride 

According 10 our presently accepted NaCl pressure calibra­
tion, this transition pressure would have to be revised to ap­
proximately 70 kilobars. 

The structure of AgBr(II) was studied by Schock and 
Jamieson [183], who described it as an analogue of HgS (cin-, 
nabar). The hexagonal lattice constants are a=4.0 A, c=7.5J: 
A with c/a= 1.79. This corresponds to a compression at the 
transition of AV;/Vo=17%, compared to Bridgman's value 
of 1.1 %. In view of the previous discussion of AgCI(II), some 
doubt exists on the correctness of this result. It is recom­
mended that the AgBr(II) crystal structure be re',examined, 
and the AgBr(I)-AgBr(II) room temperature transition 
pressure be calibrated against the NaCI scale [53]. 

9.4. Silver Iodide 

Silver iodide can exist in at least six polymorphic modifi­
cations. At room temperature and atmospheric pressure the 
wurtzite phase AgI(II) is the thermodynamically stable form 
(39). This phase is readily converted to the metastable 
sphalerite-type phase AgI(II') by grinding in a moner or by 
pressing and above 80°C (below 146°C) readilyreverts to the 
wurtzite form. Above 146°C, the high temperature phase 
AgI(I) has a disor~ered body centered cubic structure [194). 

The high pressure polymorphism of AgI was first in­
vestigated by Bridgman [27], who discovered the 3 kbar tran-' 
siton. The crystal structure of the high-pressure phase, 
AgI(IlI), was determined by Jacobs [82] to be NaCl-type by 
x-ray diffraction under pressure. This deter~ination has also 
been confirmed by Piermarini and Weir [149]. Van Valken-
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burg [200] used the polarizing microscope to study the high 

pressure phases of silver iodide, llnd found a new strongly 

birefringent polymorph at approximately 3 kbar, separating 
the wurtzite and rock salt phases. This new phase, designated 
AgI(lV), was examined by Davis and Adams [51J, using 
powder x-ray diffraction techniques, who found their pat­
terms could be indexed as hexagonal, tetragonal, or or­

thorhombic, each with a large unit cell (Z= 12), In a later 

study, Moore and Kasper [131J were able to index AgI(V) as 
tetragonal with n=4.58 A. c=6.00 A and Z=2. AgI(V). which 
occurs above 97 kbar, was first detected by Rigglenan and 
Drickamer (178) by measurements of elecrtical resistance vs. 

pressure. Attempts to index powder x-ray diffraction patterms 
of this phase have not been successful [14j. In addition, 

Bassett and Takehashi [14] also made a fairly detailed in­
vestigation of the phase boundaries and triple points in the 
low pressure region. The lower triple point occurs at 3.1±O.4 
kbar and 65±2 °c, while the higher triple point occurs at 
3.1±0.4 kbar and 98±2 °C. 

Melting curves for AgI have been published by both 

Deaton [52] and Akella et al. [2]. The experimental technique 
is identical to that reported for the other silver halides. 
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10.1. Thallium Fluoride 

The phase behavior of the thallous halides is much more 
diverse than observed for the alkali halides. Under normal 
conditions, TIF(II) crystallizes with an orthorhombic 
distortion of the NaCl-type structure. The space group is 
Fmmm and the unit cell contains four molecules. The 
TIF(II)-Tlf(I) phase transition was reported by Cubicciotti et 

al. [49J to occur at 82 °c at 1 har pressure. Pistorius and, 
Clark [165] have proposed this structure belongs to space 
group 14Jmmm on the bllr.;:ir.;: of powrlpr Y-r::ly rliffrM·tion 

studies. 

The melting curve and phase boundaries of TIF were also 

investigated by Pistorius and Clark [165] in the region up to 
40 khar. Pressures were generated in a piston cylinder device 

and phase changes were detected by means of differential 
thermal analysis, using chromel-alumel thermocouples below 
950· °C and Pt-Pt 10% Rh· thermocouples at higher 
temperature. Corrections were' made for the effect of pressure 
on the thermocouple emf. Each phase boundary was based ori 
three separate runs. The points plotted represent the mean of 

heating and cooling in the solid-solid transitions, and melting 
melting temperatures for solid-liquid phase changes. Inves­
tigation of the melting curve up to 41.5 kbar showed no 
eVIdence for further phase transitions. The crystal structure 
of TIF(III) has not been determined. 

10.2. ThaUium Chloride 

Both TICI and TIBr crystallize in the CsCI-type structure at 
atmospheric pressure. Since this structure, with a co­
ordi.nation of eight, represents the most stable configuration 
for ionic crystals, no further pressure induced phase tran-
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sitIons were expected, and none have been observed. The 
melting curve for TICI was measure<;l by Pistorius and Clark 
[165] ,and the experimental details are identical to those 
discussed for TIF. 
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10.3. Thallium Bromide 

Thallium bromide also crystallizes in the CsCI-type 
structure and has no known high pressure phases. The melt­
ing curve for. TlBr was measured by Pistorium and Clark 
[165]. The experimental details are the same as discussed for 
TIF. 
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10.4. Thallium Iodide 

Thallium iodide crystallizes normally in the orthorhombIc 
(Cmcm) structure and transforms to a CsCI-type cubic 
structure, either with increasing pressure or temperature 
[24]. Measurements of the TlI(I)-TlI(II) phaGe boundary were 

made by monitoring the pressure and temperature depend­
ence of the dielectric constant [179] and the temperature 
dependence of the isothermal compression D821 curves. The 
melting curve and phase boundaries of TIl were also deter­
mined by DTA techniques [165]. 

11. Cyanides 

Ionic crystals which consist of spherical cations and rod 
shaped anions usually undergo phase transitions which in­
volve a change in the orientation of the anions, with one or 
more phases being disordered. At sufficiently high tem­
peratures, these substances will tend to adopt one of the 
typically ionic AB-type structures, such as NaCI, due to the 
large rotational disorder of the anion. 

J. Phys. Chem. Ref. Data, Vol. 6, No.4, 1977 



1236 LEO MERRILL 

1000 

800 

u 
~ 600 
a;; 
::::> 
!;;i 
a:: 
w a.. 
~400 
I-

200 

LIQUID 

f), [24] 
0[165] 

]I 

(CUBIC Pm 3m) 

I 
(ORTHORHOMBIC Cmcm) 

TI I 

20 I 30 40 
PRESSURE (k bar) 

FIGURE 25. Phase diagram for thallium iodide 

11.1. Cesh.'m Cyanide 

The sodium, potassium, and rubidium cyanides are cubic 
at room temperature 1 bat pressure with space group Fm3m. 
This structure allows the cyanide ion to be oriented at 
random along the four body diagonals of the unit cell with a 
configurational entropy of Rln8. CsCN(I) at atmospheric 
pre:o;:;ure aud rovm LemperaLure, LdvIlg~ Lv the t:uLit: :;pat:e 

group Pm3m and transforms at -80°C to CsCN(II) with the 
rhombohedral space group R3m and has a configurational 
entropy of Rln2. The CsCN(I)..CsCN(II) phase boundary was 
studied up to 35 khar [168], and the experimental points were 
-fit by the polynomial 

11.2. Gold Cyanide 

The effect of high pressure on the electrical conductivity of 
CuCN, AgCN, and AuCN was measured by Bradley et al. 
[25]. using a Bridgman anvil apparatus. The conductivity of 
AuCN showed a sharp increase by 5 powers of 10, starting at 
a pressure of 20 kbar. It is not known whether AuCNunder­
goes a polymorphic phase transition or whether it just 
undergoes a continuous change to the metallic state. 

11.3. Potassium Cyanide 

The polymorphic behavior of KCN is somewhat similar to 
NaCN, although much more complex. There are five known 
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solid phases up to 40 kilobars. These have been investigated 
by Pistorius et al. [166], who determined the melting curve 
and solid-solid phase boundaries by DT A techniques. On the 
basis of heat capacity measurements [195] at 1 bar, it has 
been shown that KCN undergoes two .A-type transitions at low 
temperature. At 168.3 K, the cubic NaCl phase transforms to 
an orthorhombic phase with an entropy change approximate­
!j" ::y'ual to R In 4. By temperature cycling around 168 K, a 
new monoclinic phase appears, which transforms to ortho­
rhombic by lowe~ing the temperature through 158 K, or 
transforms directly back to cubic at 166 K. In the region of 
the KCN(I)-KCN(II) phase boundary determined by Bridg­
man [32], the strengths of the DTA signals were weak and 
erratic, depending upun previuu~ thermal hi~lury uf lhe 

sample [167], consequently, this boundary has not been 
included in the phase diagram. There are also discrepancies 
in the literature on the atmospheric pressure KCN(I)-KCN(V) 
transition temperature with two values of 212 K [17 and 167J 
and two others at 168 K [123 and 192],with more recent work 
favoring the latter point. The second.\ transition occurs at 83 
K. 

The KCN(I) phase is cubic, of the NaCI-type, with CN dis­
order [64 and 169] which is not yet understood. KCN(V) is 
oltliodJOwLic ~p(1ce group Illllll. In thi~ I)tructuJe, it is sug· 

gested that CN ions lie along a direction closely related to the 
110 in the cubic phase [169]. 

KCN(III) has been investigated by both x-ray diffraction' 
(I71] and neutron diffraction studies [56]. It is cubic, CsCI­
type, with disordered CN orientations randomly distributed 
over the 8 diagonal configurations [53]. 

1200 

LIQUID 

1000 

u 
~ 800 
~ I 
!;:( I 
a:: I 
~. I 
~ 600 I I 
I- (CUBIC Fm3m) I 

200 4 

o 

./' METASTABLE ~ 
""""'--A KCNlI A 

~(RHOMBOHEDRAL)I 

4 
'5l. I 

(MONOCLINIC ce) J ..-"---' --..- , 

o [166] 
f), [32] 

KeN 

:n:r 
(CUBIC Pm3m) 

-200~ ____ -J~ __ ~~ ______ ~ ______ ~~ 

o 

FIGURE 26. Phase diagram for potassium cyanide 



AB.TYPE COMPOUNDS AT HIGH PRESSURES AND TEMPERATURES 1237 

KCN(IV) was studied with powder-x-ray-diffraction tech­
niques by Pistorius [79], who assigned it space group R3m, 
which is a slight distortion of the high temperature KCN(III) 
CsCI-type phase. A study by Decker et al. [56] using neutron 
diffraction techniques assigns KCN(IV) as monoclinic space 
group Cm. As a result of the greater resolution' of the neutron 
diffraction spectrum, it was shown that the d-values of several 
reflections did not fit the rhombohedral structure; also, sev­
eral intensities did not fit the calculated intensity profile. In 
KCN(IV), the· CN ions are ordered and lie nearly along the 
body diagonal of a slightly distorted cube of K+ ions. 

11.4. Potassium Thiocyanate 

The phase diagram of KSCN has five solid phases up to 40 
kbar [166], and 'is closely analogous to KN02 • The original 
work on thiS system was by Bridgman [31], who measured the 
KSCN(I)-KSCN(II) phase boundary up to 4 kbar, and the 
melting curve to 2 khar. The results of Bridgman [31] and 
Pistorius (166] are in excellent agreement. 

KSCN(I) is tetragonal space group 14/mcm (d~~), while 
KSCN(II) is orthorhombic,Pbcm (DH). The structure of the 
three high temperature high pressure ph~ses have not been 
determined. 
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FIGURE 27. Phase diagram for potassium thiocyanate 

11.5. Rubidium Cyanide 

Rubidium cyanide has a high pressure phase transition at 
5.6±0.5 kbar at 24.5 °c, which has been determined by both 
piston displacement and DT A techniques [44]. The volume 

change at the transition is 2.6 cm3 /mol and the slope of the 
RbCN(I)-RbCN(II) phase boundary is dTldP-165 °C/kbar. 
No evidence of an order-disorder transition could be 
observed in the range of study. RbCN(I) has the NaCl-type 
structure, and it is assumed RbCN(II) has a CsCI-type 
structure. 

11.6. Silver Cyanide 

The high pressure modification of AgCN was discovered by 
Bridgman [32], who determined three, points along the 
AgCN(I)-AgCN(II) phase boundary, up to 147 °C by 
dilatometric techniques. A more complete determination of 
the phase diagram, including the melting curve, was made by 
Pistorius [156], using a simple piston-cylinrler device. Phase 
transitions were detected by electrical resistance changes. 
There is no information on the crystal structure of the high 
pressure phase AgCN(II). 

11.7. Sodium Cyanide 

At high temperature NaCN adopt~ an NaCI-type structure, 
due to the rotational disorder of the anion. At 172.1 K, there 
is a transition to an orthorhombic form, with space group 
Imm, 1222, or ImmTll [164]. The structure below 172.1 K is 
not known. At 287 K, a first order transition occurs to the 
NaCl-type cubic structure. Cubic NaCN(I) melts at 563.7 °C. 
NaSCN has no know polymorphism up to the melting point. 

The . phase diagrams for NaCN and NaSCN have been 
studied up to 40 kbar by differential thermal analysis [164]. 
The melting curves of both substances have been fitted to a 
Simon curve. 

11.8. Sodium Thiocyanate 

The crystal structure of NaSCN is orthorhombic [164], 
with either space group Pnma (D1~) or its acentric 
counterpart Pn21a (CL). No known high temperature or high 
pressure solid phases are known to exist for N aSCN. 

12. Platinum Boride 

Platinum boride wa~ first ~ynthpsi7.ed at atmospheric 

pressure in alumina crucibles which were inserted in 
evacuated silica tubes [5] The powder photograph of PtB 
suggested the anti-NiAs (B8) type. structure space group 
P63 /mmc. With this assumption, good agreement between 
observed and calculated intensities was obtained. The 
platinum atoms are in special positions 2(c), while the boron 
atoms are in 2(a). 

13. Carbides 

13.1. Molybdenum Carbide 

A high pressure polymorph of molybdenum monocarbide 
[47] was synthesized from an equiatomic mixture of 
molybdenum and carbon, at pressures and temperatures in 
the range 40-70 kbarand 1800 °C-2500 °C, respectively. 
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MoC(II) was retained metastably at atmospheric pressure. An 
x-ray diffraction examination identified its structure as cubic, 
space group Fm3m with an average lattice constant a=4.27 

A. 
13.2. Rhenium Carbide 

Rhenium carbide was synthesized at high pressure and 
high temperature (~60 ~bar; ~800 0c) by Popova and Boiko 
[168]. Chemical analysis indicate that it is probably the 
monocarbide or rhenium. It has the structure of y' -MoC-type, 
space group P6/mmc with the following parameters~ a=2.840 
A, c=9.85 A, and Z=4. At atmospheric pressure, rhenium car­
bide decomposes at 1500 °C into a rhenium-carbon solution. 

14. Boron Nitride 

The successful synthesis of cubic boron nitride from the 
hexagonal form was first reported by Wentorf [206]. As a 
re::;ult of the close analogies between the structures of hex­
agonal BN and graphite, much early work was devoted to the 
problem of the synthesis of the cubic form, principally along 
the lines followed for the synthesis of diamond. In the initial 
attempts, pure boron nitride powder and various mixtures of 
boron and nitrogen compounds were studied with the dia­
mond forming catalysts. All such experiments produced only 
the hexagonal form of boron nitride, even at the high tem­
peratures and pressures. The first successful catalyst was 
magnesium, and further experimental study showed that the 
alkali metals, and alkaline earth metals and antimony, tin, 
and lead were successful catalysts [207]. 

The cubic boron nitride formed with cubic catalysts tended 
to be black in color with a few clear white crystals occasional­
ly seen. The apparent reason for this was the inclusion of ex­
cess boron in the cubic BN, coloring it black. The use of 
magnesium, lithium, or calcium nitrides as catalysts suc­
cessfully overcame this problem, while producing high yields 
of cubic BN at much lower pressures [207]. 

The behavior of nucleation and growth rates depends pri­
marily on the teInperatures and pressures at which the 
reaction is carried out. For synthesis conditions along the 
cubic hexagonal equilibrium line, the crystal growth rates are 
the highest, while at points well away from the equilibrium 
boundary in the cubic phase, the nucleation rate increases 
rapidly, resulting in large variations in crystal quality. 

The direct conversion of boron nitride was first accom­
plished by Bundy and Wentorf [38], using a Drickamer type 
apparatus [6]. When pure boron nitride samples were 
compressed at room temperature, it was found that a trans­
formation to a more dense phases began at pressures above 
125 kbar (106 kbars on NaCI scale). Samples held in this 
pressure range for several minutes were found to transform to 
the wuttzite form instead of the zincblende form. At high 
temperature and high pressures, the region for direct· 
conversion is approximately by P>95 kbar, and 1>2000 K. In 
this range, the cubic zincblende phase is formed. There is 
still immfficiellt Jata Lu establish a phase boundary between 
the stability regions of the wurtzite and zincblende types. In 
the direct conversion of these solid phases, the resulting 
crystallite size is very small, of thp. order of a micron or less. 
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FIGURE 32. Phase diagram for boron nitride. 

Phase transformation in boron nitride under the action of 
shock waves was first reported by AI'tshuler et al. [3] and 
Dremin and Breusov [62]. These two groups obtained very 
similar shock adiabats with inflections at pressures of 120 
and 130 kbar and calcul*ted temperature of approximately 
230 °C. The resultant dense phase had the wurtzite like 
structure. 

A cntlcal compIlatIon of the crystallographic, mechanical, 
optical, electrical, thermal, and thermodynamic properties of 
BN has been published by De Vries [57]. This review also 
contains a comprohensive list of references. 

In the boro.n nitride phase diagram, it is not possible to 
determine equilibrium phase boundaries in the same manner 
as previously discussed for other systems. Successful syn­
thesis of the high pressure phases occur in the PT regions 
noted, but the determination of a thermodynamic equi­
librium boundary is not possible. 

15. Phosphides 

15.1. Boron Phosphide 

Boron phosphide is a simiconductor with a band gap of 
2e V [4], and high thermal. conductivity [23]. The melting 
point of BP is above 3000 °C, but it decorpposes to B6 P and P 
at 1200 °c and 1 bar pressure [98]. As a result, the synthesis 
of BP is very difficult, since the reaction temperature must be 
kept below 1200 "C. Successful synthesis of BP crystals can 
be obtained either from nickel metal solution or from vapor­
phase transport reactions, but high purity crystals have not 
been produced by these methods. 
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Boron phosphide has been successfully synthesized by high 
pressure techniques (107] in the pressure-temperature range 
of 5-25 kbar and 500-2500 °C. The reactants were mixed 
stoichiometrically, and reacted for 100 minutes. The product 
was crystalline powder of less than 100 lAm diameter. BP;syn­
thesized at 15 kbar and 1500 °C is zincblende-type, with 
iattice constant a=4.54 A, which is the same as reported in 
the literature [147]. This method results in a significant 
reduction in impurities over other synthesis techniques. 

Van Vechten [201] predicted that BP wo~ld undergo a 

ransition to the metallic state at about 400 kbar. Resistivity 
measurements by Bundy [38a] up to approximately 550 kbar 
exhibited no unusual behavior. 

15.2. Gallium Phosphide 

In the original studies on GaP, Minomura and Drickamer 
[126] found no evidence for a phase transition up to a 
pressure of 420 kbar. Onodera et al. (142] using a double 
staged split sphere apparatus, were able to dctcct a dis­

continuous change 'in the electrical resistance of GaP by five 
orders of magnitude. The transition pressure is reported to 
be in the vicinity of 500 khar. Masaki et al. [1201 adopt the 
v;>l,,~ VJ. ,*vO kbars, as a temporary value for the transition 
pressure. 

In a study of the Raman scattering in GaP to 128 kbar, 
Weinstein and Piermarini [203, 203a] found that two of the 
T A modes were pressure dependent. In extrapolating in fre­
quency of these modes to zero phonon frequency, possible 
transition pressures of 370 and 400 kbars are obtained. For 
strong first-order transitions, such as occur in GaP, the fre­
quency of the modes responsible for the phase transition 
never does go to zero frequency continuously, but becomes 
unstable at some finite frequency. This would suggest' a 
transition-pressure well below 400 khar. Piermarine and 
Block studied the GaP transition pressure using the ruby 
fluorescence calibration and obtained a value of 220 kbar 

[l51]. Van Vechten [201] calculated a transition pressure of 
216 kbar for GaP. 

Bundy [38a] noted that the resistance drop of GaP was very 
sharp and occurs at approximately 240 kbar. Bundy's ap­
paratus is calibrated to the a-Eo transitions points in Fe-V and 
Fe-Co alloys obtained from shock compression studies by 
Loree et al. [117a]. Homan et al. [80a] reported a transition 
pressure Hnear 220 kbar" for GaP. This value is based upon 
a calibration which assigns 212 khar as the transition 
pre::,::,ure uf Fe-20Cu. A Leller value fur the Fe-20Cu a-~ 

transition is 180 khar from shock data [1l7a]: This 
calibration point would drop Homan's value of the GaP tran­
sition from 220 kbar to about 180 khar. The comparison 
between the (t-E: transition of the Fe-Co alloys and the NaCl 
scale has not been determined, so it is not possible to com­
ment on this low value for the GaP transition pressure. It is, 
however, in poor agreement with the result of Bundy [38a]. 

15.3. Germanium Phosphide 

The reaction of german~um and phosphorous yielded a 
tetragonal phase of GeP [69]. The synthesis was carried out 
at 800°C and 65 kbar, fo·Howed by 3 hours of cooling to 400 
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°C and quenched. The product contained four regions. Black 
crystals on the end showed a GeP3 -type pattern. In the center, 
there was an unidentified, poorly crystallized phase with 
excess Ce. In between the central and end region, large black 
crystals were present,. which could be indexed on the basis of 
a tetragonal cell with a=3.544 A and c=5.581A. The most 
probable space group is 14 mm and the measured and cal­
culated density are 4.73 g/cm3 and 4.90 g/cm3

, respectively. 
Electrical measurements on a single crystal show metallic 

conductivity and Mei:s:sner effect mea:surement:s :show a :super­

conducting transition between 1.5 and 4.2 K. 

15.4. Indium Phosphide 

The high pressure polymorphic transition in indium 
phosphide InP was first studied by electrical resistance 
techniques [126]. At approximately 130 kbar, a sharp discon­
tinuity of several orders of magnitude was observed in the 
electrical resistance trace. The crystal structure of the new 
high pressure form is NaCI-type with a".-.,5.514 A [85], while 

the atmospheric pressure form has the zincblende structure. 

15.5. Silicon Phosphide 

A form of SiP with the zincblende structure was synthe­
sized in the region 1700-1800 °C and 40 kbar [143]. X-ray 
analysis at atmospheric pressure and room temperature gives 
the unit cell dimension a=5.241 A and a calculated density 
Qc=2.73 g/cm3

• 

15.6. Tin Phosphide 

Under ordinary atmospheric-pressure room-temperature 
conditions, tin phosphide crystallizes in a hexagonal struc­
ture [l05]. Osugi et al. [144] report the formation of a 
sphalerite phase of SnP at 1600-1800 °C and 40-50 kbar. In 
a similar study, Donahue [58] reported the synthesis of two 
high-pressure polymorphs in a reaction at 1200 °C and 65 
kbar, as well as 900°C and 15 kbar. In each case, there were 
two phases present, a major tetragonal phase and a minor 
cubic phase. The cubic phase was indexed as NaCl-typeon 
the basis of the intensity data. The unit cell dimension is 
a=5.535±0.0001 A. 

It is not dear which high-pressure phase of SnP is the more 
stable at 65 khar. When mixtur~s of the two phases are 
heated in air between 100-200 °C, the tetragonal phase 
revelts Lo the cubic phase. TIlt: cakulalt:u uemsiLY of the cubic 

phase is 5.86 g/cm\ while that of tetragonal SnP is 5.68 
g/cm3

• One would expect the mo~e dense cubic phase to have 
a higher stability region. Part of the cuhic phase may revert 
to tetragonal, upon quenching. The transformation from 
cubic to tetragonal upon heating at 1 bar is unusual since it 
involves a transformation to a more dense structure. 

Both SnP(II) (Tetragonal phase) and SnP(III) (cubic phase) 
are metallic conductors. The cuhic form SnP(III) is super­
conducting~ with a transition temperature between 2.8 and 
4.8K. 

The crystal structure of the tetragonal,phase was shown to 
be similar to that of high pressure GeP and GeAs. The struc­
ture is closely related to the NaC} type by a small displace-
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ment of atoms. If the diagoI.1al in the basal plane equalled the 
c axis and z=0.5, the structure would be NaCI-type. The 
atoms are in a distorted octrahedral arrangement. The pow­
der pattern could be indexed with unit cell dimensions 
a=3.831±O.001 A and c=5.963±0.001 A. 

16. Oxides 

16.1. Barium Oxide 

The physical properties of the alkaline earth oxide, MgO 
and CaO are o(interest to geophsicists, since it has been sug­
'gested that the simple oxides may be prevalent in the earth's. 
lower mantle. Since there are no known high pressure phases 
of MgO and CaO in the static pressure domain, it was 
thought that a study of BaO under pressure might shed light 
on the behavior of the other members of this group. 

The oxides of the alkaline earth metals (Mg, Ca, Sr, Ba) 
crystallize in the NaCl-type structure. BaO was selected for 
thio experiment, since it would be expected the member of 

the series with the greatest cation/anion radius ration wou:ld 
transform at the lowest pressure. 

The first evidence of a high pressure phase was from op­
tical observations of a sample under pressure [114). Further 
examination of this phase, BaO(III) by x~ray diffraction in­
dicates that it is tetragonal with the PH4I-type structure. The 
lattice constants are a=4.397 A and c=3.196 A at 180 kbar. 
The intensities are compatible with space group P4/nmm 
with oxygen atoms in special positions 2(a) and barium atoms 
in 2(c). The PH4I-type structure is a distorted CsCI-type struc­
ture. The BaO(III) phase persists from 140 kbar up to 290 
khars, which is the maximum pressure of the study. 

A study of BaO in the pressure range of 90-180 kbar has 
revealed an intermediate ceyatal structure, BaO(lI). The x­
ray pattern of this phase can be indexed as tetragonal with lat­
tice parameters a=4.549 and c=3.606 at 100 kbar [116]. A 
~lru(.;Lun: lype fur Lhi~ phaoe i~ 11ul knuw11. 

The BaO(I)-BaO(II) and BaO(II)-BaO(III) tr~nsitions occur 
at a pressure of 92±3 khar and 140±5 khar, respectively. The 
transitions are reversible with volume changes of approx­
imately 5 and 7%. Pressureswere determined from compres­
sion measurements of Ag mixed with BaO as an internal 
standard. No points in the high temperature region of the 
BaO phase diagram have been determined. . 

16.2. Europium Oxide 

In a study of the pressure-volume relationship of europium 
oxide, by x-ray diffraction techniques, two pressure induced 
transitions were detected in the region of 300 kbar and 400 
khar, respectively [88]. The first transition at 300 kbar is a 
collapse of the NaCl-type structure to NaCI~ Within a narrow 
pressure interval, the pressure drops, rather abruptly, by 
about 4%, suggesting the transition may be of first order. 
The transition is attributed to an electronic collapse in the Eu 
ion, involving the promotion of a 4/ electron to the 5d state, 
resulting in a change in valence to the trivalent state. It is 
assu.med that this transition is from the semiconductor .to the 
metallic state, similar to the pressure transitions in the rare 
earth monochalcogenides. 

Near 400 khar, the EuO(II) phase transforms to the cesium 
chloride structure. The volume change at this latter transi­
tion is 6.6%. The total compression of EuO, up to 400 khar, is 
approximately 31 % of the original volume. 

Pressure calibration was performed to 400 kbar with silver 
as an internal standard. Pressures were computed from the 
data of Liu and Bassett [116], who compared Ag compression 
with the NaCI scale up to 300 kbar. The bulk modulus 
Bc= II 30 kbar and its pressure derivative Bo'=3.75 were used 
in the Birch equation to extrapolate the pressure scale ahove 
300 kbar. The uncertainties in pressure are±20 kbar above 
300 kbar and ± 10 khar below 300 kbar. 

16.3. Iron Oxide (Wustite) 

Stoichiometric Fel.oO was synthesized at high pressure 
above 36 khar at 770°C, by a reaction between FeO.95 
(Wustite) and metallic iron [104]. The cell dimension of 
wustitp if': J.1pproxim::ltPly 4 .. ~12 A. while FeO i~ 4.323 A. Sili· 

. con powder was used as a standard in determining the x-ray 
diffraction line positions. 

16.4. Sodium Hydroxide 

The phase diagram of sodium hydroxide is closely related 
to the alkali cyanides. At high temperatures, these structures 
tend to ad"apt the ionic AB-type structure, due to the large 
rotational disorder of the anion. The low temperature 1 bar 
form of NaOH(II) has an unusual structure. It is orthorhom­
bic, Cmcm with an average coordination of 7, and the struc­
ture is a disorted compromise between NaCI and CsCI types. 

The phase diagram of NaOH was studied to 40 khar by 
means of differential thermal analysis and volume displace­
ment [160]. A new high pressure phase NaOH(IV) appears at 
8.4 kbar. The NaOH(II)-NaOH(I) transition splits into two 
transitions above 0.8 kbar, resulting in phase boundaries with 
abnormal curvature. The structures of the high-temperature 
high-pressure phases III, IV, and V are not known. 

16.5. Strontium Oxide 

The x-ray diffraction patteras of SrO are consistent with 
the NaCl-type structure up to 70 khar at 23°C. At pressures 
from 70 to approximately 307 kbar, there is a splitting of 
some of the diffraction lines [1171, consistent with a tetrag­
onal indexing. Volumes calculated on the basis of this index­
ing show no discontinuity at the phase boundary within ex­
perimental error. The tetragonal lattice parameters of 5rO(II) 
at 175 kbar are a=4.912 A and c=4.949 A. 

An unusual feature of this experiment was that at a pres­
sure above 307 kb~rs, the tetragonal splitting disappeared 
and the cuhic symmetry reappeared. The authors stated that 
a re-examination of BaO powder patterns showed some evi­
dence for this splitting at pressures just below the' phase 
transformation to BaO(l1). 

As in the case of BaO, all pressures were determined from 
the compression of Ag, which was mixed with SrO as an inter­
nal standard. 
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FIGURE 33. Phase diagram for sodium hydroxide 

16.6. Tin Oxide 

Under ordinary conditions, tin oxide has the tetragonal 
PbO-type structure, space group P4lnmm. At' approximately 
40 kbar, SnO undergoes a reversible polymorphic phase tran­
sition with a 7% volume change [204]. X-ray diffraction pat­
terns of SnO(II) taken at 60 kbar can be indexed as wurtzite­
type with a=3.42±0.02 A, c=S.62±0.04 A, and Z=2. The cia 
ratio of SnO(I) decreases with increasing pressure up to the 
transition. 

16.7. Zinc Oxide 

Zinc oxide, which has the hexagonal wurtzite-type struc­
ture at room temperature and pressure, transforms to a 
NaCI-type phase in the region of 100 kbar and 200 °C [16]. 
The crystal structure of the high-pressure phase of ZnO was 
identified by iu; x-ray powder pattern. CUIlver::;iuu lu lhi::; 
phase could be accomplished only with ammonium chloride 
as a catalyst. The rate of conversion was slow, and usually 36 
to 48 hours reaction time was required to produce an app're­
ciable amount of the new phase (30 percent). 

ZnO(II) showed no tendency to revert to the wurtzite phase 
after standing several weeks at room temperature. However, 
i,t does revert to the wurtiite form at a temperature of 120°C 
in 3 weeks time. There is insufficient experimental data to 
present a reliable phase boundary. 
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17. Sulfides 

17.1. Cadmium Sulfide 

Cadmium sulfide commonly occurs in two modifications, 
one having the wurtzite structure, which is the stable form, 
and the 'other form has the sphalerite structure. The sphaler­
ite phase can be derived from the wurtzite, by the application 
of a shear stress, for example, by grinding it in a murtar. In 
the structure change, the material changes color from yellow 
to red. 

The pressure-induced phase transition in cad~ium sulfide 
was first discovered by Drickamer [64, 65], whor~oted a shift 
in absorpiton-edge spectrum towards the longer wavelength 
region. 

A single determination of the melting curve of CdS up to 
SO bars has been reported [136]. At this pressure, CdS melted 
at 1370 °C measured by W:SRe-W:26Re thermocouples. The 
pn;::;SUlt: lllt:diulll was Argon: 

Numerous x-ray studies of CdS [49, 68, 98, 118, 146] have 
confirmed the high pressure structure as cubic NaCl-type. 
Most of these studies were performed in situ. while in two. it 
was possible to recover the high pressure phases at low tem­
perature and x-ray then at atmospheric pressure [68, 146]; 
confirming the high-pressure results. There .is a 24% volume 
change associated with the CdS wurtzite-to-NaCI phase tran­
sition. Lattice parameters have been measured up to 90 kbar. 

In most instances, no serious attempt was made to calibrate 
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.ne CdS(I)-CdS(II) transition pressure, due to the extreme 
sluggishness of the transiton. Kaminskii et al. [101] measured 
the hysteresis associated with the transition, and made an ap­
proximation of the CdS(I)-CdS(II) phase boundary up to ap­
proximately 500°C, where the width of the hysteresis was 
only 4 kbar wide. The phase boundary was approximated by 
selecting the midpoint of the hysteresis interval and extrapo­
lated to atmospheric pressure. 

17.2. Iron Sulfide 

Troilite is the polymorph of FeS stable below the transition 
that occurs at 140°C at I bar and has the NiAs-type struc­
ture. Above 140°C, hexagonal pyrrhotite with the hexagonal 
B-3 structure is the stable phase. The orginal differential 
thermal analysis data [1111 on the boundary of the troilite 
phase up to pressures of 19 kbars indicated that the transi­
tion temperature lowered with pressure by 2.2 °C/khar. Cal­
culations of the slope on the basis of Taylor's [194] value of 
the volume change at 1 bar and !JJ from Robie and Wald­
baum [173] predict a positive value of dP/dT-2.3 °C/khar. 
It was suggested that this discrepancy could be explained by 
the presence of a new high pressure polymorph of FeS [197]. 

X-ray diffraction patterns and optical observations by 
Taylor and Mao [198] indicate that there is a new high tem­
perature high-pressure polymorph between the Troilite and 

. pyrrhotite phases. X-ray diffraction patterns at 120±40 kbar 
at 22°C and 50±20 khar at 30°C have been published, but 
could not be indexed [198]. The room-temperature phase 
transition from Troilite to the new high-pressure form occurs 
at approximately 55 kbar. This transformation is very rapid, 
and the high-pressure phase could not be quenched by the 
techniques employed. 

17.3. Lead Sulfide 

Lead sulfide transforms from the NaCI type structure to an 
orthorhombic structure with space group Pnma, at approx­
imately 25 khar [118]. The PbS(I)-PbS(II) transformation is 
very sluggi:sh, and no further attempt has been made to deter­
mine its transition pressure. 

17 . .4. MAr~ury SulfidA 

A phase transition in HgS, from the zincblende structure to 
the cinnabar [119] structure was induced by high pressure, 
using a diamond anvil pressure cell. The high pressure phase 
was characterized by x-ray diffraction techniques. No attempt 
was made to accurately determine the transition pressure. 

17.5. Nickel Sulfide 

NiS [79] is metallic above its Neel temperature (T ,v=230K) 
and antiferromagnetic below, as opposed to NiO, which is an 
insulator, both above and below TN [188]. At the transition, 
there. is a discontinuous increase in both the lattice parame­
ters of the hexagonal NiAs structure [190] and an increase in 
the electrical resistance by a factor of 50. The temperature 
coefficient of resistivity is negative, just below TN. 

The crystal structure of the antiferromagnetic phase is not 

known. It is assumed that in the phase transition the NiAs 
structure P~/mmc- (Dth) loses its center of symmetry, trans­
forming to P63mc (Ctv). Low temperature x-ray diffraction ex­
periments, ho.wever, cannot distinguish between the centric 
and acentric models. 
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17.6. Samarium Sulfide 

Samarium sulfide undergoes a discontinuous semicon­
ductor-medal transition at approximate pressure of 6.5 kbar 
[91]. Both the resistivity and the lattice constant abruptly 
decrease at the transition pressure without any change in 
crystal structure. The transition is associated with the promo­
tion of a 4f electron in the 5d band, changing the valence 
from Sm2+ to Sm3+ [89]. The crystal structure is NaCI type on 
both sides of the transition, and the volume change is approx­
imately 24%. Measurements of the slope of the phase bound­
ary indicates a high negative dT IdP. At the transition, the 
lattice constant changes from a=5.97 Ato a=5.70 A in the 
high pressure collapsed phase. 

Since the lattice constant of GdS (5.563 A) is substantially 
smaller than that of SmS (5.97 A), Gd substitution may b~ ex­
pected to have the same effect as applying pressure. Jay~ra­
man et al. [89] found that Gd substitution lowers the transi­
tion pressure and that concentrations in excess of 15 atomic 
percent Gd stabilizes the collapsed metallic phase at atmos­
pheric pressure. The lattice parameter decreases abruptly to 
5.68 A near this concentration. 

Samples which have Gd concentrations greater than 15 
atomic percent, exhibit a golden-yellow metallic reflectivity. 
Samples whose concentration lies between 15 and 22 atomic 
percent undergo a temperature induced fins! o'rder transition 

at low femperatures. 

17.7. Zinc Sulfide 

On the basis of room-temperature high-pressure electrical­
resistance measurements, ZnS undergoes two pressure­
induced polymorphic 'phase transitions [120, 181). The 
'reported pressures of these transitions based upon Orick­
amer's revised values are 185 kbar and 420 kbar [120). On 
thp. ha~j~ of the ruby fluorescence technique Piermarini and 

Block [151] obtained a value of 150±5 kbar for the lower ZnS 
transition. The transition was detected visually by th,e ap­
pearance of an opaque phase. Yagi and Akimoto [210a] 
'determined a transition pressure of 162±4 khar for the ZnS 
tran~ition. The pressure was detected by measurement of the 
electrical resistance of the sample. At the transition point, the 
pressure was calculated from the x-ray powder patterns of 
NaCl based on Decker's equation of state. In order to com­
pare these two values it would be necessary to also know the 
transition pressure at which ZnS(II) reverts to its normal 
phase. The transition pressure in ZnS may he affected signif­
icantly hy nonhydrostatic stresses. 

18. Antimonides 

18.1. Gallium Antimonide and Aluminum Antimonide 

Pressure-induced phase transformations were first de­
tected in GaSh and AlSb hy discontinuities in the electrical 
resistance [126), and were reported to occur in the pressure 

. rangft 80-100 kbar and 115-125 kbar, re-spectively. The large 
discontinuity in electrical resjstance is suggestive of a change 
from semiconductor to metallic behavior. Both of these com­
pounds have the zincblende structure at 1 bar which ~hanges 
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to the tetragonal white tin type structure at high pressure 
[102]. These results are based upon an x-ray examination of 
the samples under pressure. The original determinations of 
the transition pressure are upstroke values and the pressures 
are high, since these materials are very sluggish. In a later 
work, Drickamer [63] has revised his original scale 
downward~ which would correct the reported values for GaSb 
to 60-80 khar and AlSb to 90-105 khar. The equilibrium 
values may he even lower. 

18.2. Indium Antimonide 

Considerable attention has been given to the nature of the 
high pressure phases of indium antimonide, and it has re­
quired fairly extensive investigation to arrive at a characteri­
zation . which is consistent with the varied experimental re­
sults. The transition under pressure to a phase showing 
metallic conductivity was first found to Gebbie et al. [73], 
employing electrical resistance measurements. The observa­
tion of a resistance drops of several order of magnitude led 
Drickamer [63] to assume that the transition was one from 
the semiconducting to the metallic state. 

A pha:se tliagnlm wa:s initially wurked uut by Jayaraman et 
al. [92], which illustrated the details of the. melting curve and 
InSb(l}lnSh(lI) phase boundary. It was also suggested in this 
work that the hieh pressure phase of TnSh po~~es~p.rt thetet­

ragonal white tin structure, since tin lies between indium and 
antimony in ·the periodic table,· and InSh at atmospheric 
pressure has the zincblende structure analagous to the dia­
mond structure of grey tin. This assumption was later con­
firmed by Smith and Martin [183], who performed an x-ray 
analysis of InSb at high pressure. 
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Several subsequent x-ray examinations of InSb at high 
pressure gave r~sults which indicated that the high pressure 
region was much more complex than a single phase. Rooy­
mans [176] proposed that InSb(II) had the rock salt structure 
[7, 11, 85, 103, 183]. This structure is also retained in 
quenching experiments at low temperature upon the release 
of pressure. 

The first evidence for additional phases in the InSh system 
was presented in the work of Kasper and Brandhorst [l03]. In 
most of their experiments at 30 kbar and room temperature, 
they observed a pattern consistent with an orthorhombic unit 
cell with only two atoms placed at 000 and 0112112. Occasional­
ly, they obtained a few lines of a pattern analagous to the 
Beta-Sn phase. In a later work, Banus and Levine [10, 11] 
found evidence of a high-temperature high-pressure transfor­
mation in the neighborhood of 37 khar and 300°C desig­
nated InSb(III), giving evidence for at least for at least three 
distinct high-pressure phases. 

The results of superconductivity measurements, x-ray dif­
fraction experiments, and electrical re5i:stance mea:surement5 

were used to obtain an overall picture of the phase diagram. 
Minomura et al. [128] observed a phase transition by elec­

trical resistance at 80 khar, and Mc Whan et al. (121) detected 
a change from the Beta-tin phase to the orthor40mbic phase 
at 60 kbar. Geller et al. [75] reported a superconducting 
temperature of T=2.1 K for the Beta-tin phase, InSb(lI) and 
Mc Whan et al. 1I35] reported a 1'=3.4 K for the orthorhom­
bic phase, InSb(IV). They also found that the average Tc for 
InSb samples was 4.1 K. 

The kinetics of the InSb(I) InSb(II) phase boundary was 

studied by Omel'chenko et al. [139] in a hydrostatic system 
and the phase-transition pressure at 23°C is 24.6 kbar. This 
figure is based upon an extrapolation of the mean of the up­
stroke and downstroke transition pressure in the range 100-
300°C. 

19. Arsen ides 

19.1. Boron Arsenide 

lJoron arsenide BAs is very difficult to synthesize' in the 
pure form at atomospheric pressure [209]. Under high 
temperature high-pressure conditions, however, both BAs 
and B13As2 are formed. The crystals of BAs have the cubic 
zincblende structure with a lattice constant of 4.777 A, while 
B13As has a rhombohedral structure with lattice constant 
5.319 A anda=70.5°. The optimum conditions for the forma­
tion of BAs are a pressure of 2-3 kbar and 1300 DC [143]. 
BAs, which is the dense form, was produced under a lower 

. pn:::s:sure than th~ B l3As product. It is expected that at some 
pressure, probably above 50 kbar, the transformation to BAs 
will predominate. 

19.2. Gallium Arsenide and Indium Arsenide 

The polymorphic transitions in GaAs and InAs were first 
detected by· electrical resistance measurements [126]. In 
GaAs the transition occurs in the range 185-190 kbar, and is 
associated with' a large decrease in the resistance by a factor 

of 1<r-l0s. The resistance levels off for about 10 kbar beyond 
this point, and then again drops sharply by a factor of about 
10-20. In indium arsenide, there is a single discontinuity in 
the electrical resistance with a decrease in resistance by a fac­
tor of 1()6. In both of these arsenides, the transformation is 
undoubtedly from the semiconducting to the metallic state. 

X-ray examination [85J has been successfully carried out 
for InAs. It transforms from the zincblende structure at at­
mospheric pressure to the NaCl-type structure above 100 
kbar. The NaCI phase has a lattice constant a=5.514' A, but 
the pressure is not known accurately. The GaAs seminconduc­
tor metal transition was studied by Yagi and Akimoto [210a] 
using X-ray diffraction techniques. The transition was deter­
mined by electrical resistance measurements and pressure 
determined by the lattice spacing of NaCI. The transition 
pressure was determined at 193±5 kbar. Van Vechten [201] 
calculated a value of 153 kbar for this transformation. 

19.3. Germanium Arsenide 

Germanium arsenide, GeAs, was synthesized from the reac­
tion of Ge+3As at 900°C and 65 kbar [60]. The product·was a 
multiphase sample of which x-ray powder patterns of the cen­
tral region could be indexed on the basis of a tetragonal cell 
similar to that of GeP. The unit cell dimensions of tetragonal 
GeAs are a=3.712 A and c=5.832 A with Z=2: The measured 
and calculated densities are 6.06 g/cm3 and 6.10 g/cm\ 
respectively. . 

Crystals of GeAs show metallic conductivity and Meissner­
effect measurements show a 5uperconducting trau:5itiou be­

tween 3 and 3.5K. 

19.4. Manganese Arsenide 

At atmospheric pressure, hexagonal NiAs-type (B8) MnAs 
undergoes a first-order transition at the ferromagnetic Curie 
temperature ]'=44 °c to the orthorhombic MnP-type (B31) 
structure. At 127°C, there is a second order B31-B8 transi­
tion. The B31 structure is derived from the B8 structure by a 
displacement of the mangane:5e atolll:5 out of the cenler uf 

symmetry of the a.r:senide interstices [77]. 
The pressure dependence of Tc has a. negative slope for in­

creasing pressures up to 4.6 kbar above which the B31 phase 
is stable at all temperatures down to absolute zero. There is a 
very -large hysteresis associated with the first order B31-B8 
transition which obscures the true thermodynamic equilibri­
um transition pressure. Below -134°C, the B31 phase can be 
retained metastably at atmospheric pressure. 

20. Selenides 

20.1. Cadmium Selenide 

Cadmium selenide occurs under normal conditions in two 
modifications, on.e having the hexagonal wurtzite structure, 
and the other having the cubic zincblende structure, the 
former being the more commonly observed structure. It has 
been shown by optical absorption spectra [64], electrical re­
sistance [128, 175], and volume measurements [46, 90], that 
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CdSe undergoes a phase transition in the region 20-30 kbar. 
There is a large discontinuous red shift in the optical.absorp­

tion edge, and a corresponding decrease by several orders of 
magniture in the electrical conductivity. layaraman et al. 
[90] reported a volume decrease of about 9% at the transi­
tion,while Cline and Stevens [46] reported about 16% on a 
single-crystal sample. 

Melting experiments were carried out by layaraman et al. 
[90], and the melting curve is nearly flat up to the triple 
point at 13± 1 kbar and 1252 °C. Melting was detected by 
DT A and temperatures were measured with chromel-alumel 
thf'rmo~ollrlp.~ Dllf' to prnhlp.ms ':'If rlf'tp:rlor::ltlon of thf' thf'r­

mocouples, only a few data were· successfully obtained above 
1100-1200°C. 

The CdSe{I)-CdSe{II) solid-solid phase boundary was inves­
tigated by the volume discontinuity method [140], and by the 
electrical resistance behavior [90]; giving room temperature 
transition pressures of 24.7 and 23 kbars, respectively. Other 
reported values uf the transitiun are 34 kbar by Miuumula et 

al. [128], 23 kbar by Rooymans [175],21.3 kbar by Cline and 
Stevens [46], and 27 kbar by Edwards and Drickamer [64]. 
The best valuf' for thii\ tr:lni\ition ii\ takf'n as 25.4 kbar. the 
av.erage of the above values. 

X-ray examination of the CdSe(II) has b~en reported by 
Rooymans [175] and Mariano et al. [118]. The transition is 
from the wurtzite B4 type structure to the NaCI-B 1 type struc­
ture with a lattice constant of .5.49 A at approximately 32 
kbar. 
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20.2. Indium Selenide 

The normal form of InSe is hexagonal P61 /mmc (Dth) with 
lattice constants a=4.05 A and c= 16.93 A. InSe(II) has b~en 
synthesized at about 40 kbar and 520°C, producing a 
pulycrysLalline proJuct [202]. The Jiff1i:LctiuJl paLLellHs have 
been published, but could not be indexed. This may suggest a 
mixture of phases present. . 

20.3. Lead Selenide 

Lead selenide, which crystallizes in the NaCI-type struc­
ture, trall:5fOllU:5 ::.luggi::.hly to the orthorhombic Pnma struc­

ture at approximately 42 khar. This transition has been 
studied by volumetric methods [140] and electrical resistivity 
measurements. The volume change at the transition is from 
one to two percent. The determination of the crystal structure 
of PbSe(II) was from powder x-ray diffraction studies [1181 
employiI?g a diamond-anvil pressure device. 

20.4. Manganese Selenide 

MnS and MnSe both crystallize in the NaCI-type structure 
at room temperature and atmospheric pressure, while MnTe 
has the NiAs-type structure. X-ray-diffraction experiments at 
high pressure [421 confirm a high-pressure modification of 
MnSe to the NiAs type modification. X-ray data at 90 kbar 
and room temperature give the hexagonal unit cell dimen­
sions a=3.63 A and c=5.9 A. 
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20.5. Mercury Selenide 

The HgSe(I}HgSe(II) transition was first studied by 
Bridgman [34], who detected a sharp change in the compres­
sibility near 7.5 kbar. He suggested that this transition corre­
sponded to a change in crystal structure from the cubic zinc­
blende form to the hexagonal form of I:IgS. 

The transition was also studied by the measurement of 
electrical resistance which was observed to increase discon­
tinuously by 6 orders of magnitude [100J in the region above 
7.5 kbar. When the high-pressure phase was cooled below 170 
K it could be retained metastably upon release of the pres­
sure. X-ray examination of this phase confirmed that 
HgSe(II) adopts the hexagonal cinnabar-type structure. This 
structure is further confirmed by Mariano and Warekois, who 
performed an x-ray analysis of HgSe(1I) while under pressure. 
This study was made using a diamond anvil pressure cell giv­
ing hexagonal lattice constants- a=4.32 A and c=9.68 A, 
which are in good agreement with the values a=4.32 A and 
c=9.62 A, obtained by Ka.falas et al. [119J. The volume 
change at the transition is approximately 8.6%. 

20.6. Zinc Selenide . 

The metallic high-pressure phase of zinc selenide was first 
reported to occur at 165 khar [l8I} indicated by a large drop 
in electrical resistance. On the ruby (NaCl) fluorescence scale 
this phase transition occurs at 137± 3 kbar on the com­
pression cycle [151]. 
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21. Tellurides 

21.1. Cadmium Telluride 

Cadmium telluride crystallizes under normal conditions in 
the cubic zincblende structure represented by space group 
F43m. It has been shown by optical absorption measurements 
[64], relative volume determination [90], x-ray diffraction 
[22, 119, 146, IB9], and electrical resistance measurements 
[IBl], that CdTe undergoes a phase transition from the zinc­
blende to the NaCl structure under a pressure of 30-35 khar. 
A second polymorphic transition was reported to occur at ap­
proximately 90 kbar on the basis of an abrupt drop of the 
electrical resistance by several orders of magnitude [IBl] and 
x-ray diffraction results [146]. 

The CdTe(I)CdTe(II) transition haG been published by 

several different researchers and their transition pressures 
are listed below: 

Pressures of the zincblende to NaCI transition in CdTe 

Pressure (kbar) Method Ref. 

Onodera 33.3±l.B el. res. 141 
Samara and 

Drickamer 30 3l. res. 181 

layaraman et al. 33 vol. 90 
Cline and Stephens 31.B±0.5 vol. 46 
Edwards and 

Drickamer 35 opt. abs. 64 
Owen et al. 30 x-ray diffr. 146 
Borg and Smith 32 x-ray diffr. 22 
Average 32.2±l.B 

The above average is probably a fair approximation to the 
equilibrium pressure and agrees well with the work of 

layaraman et aL [90], who took compression and decompres­
sion values and correCted for friction. It is also in good agree­
ment with the work of Onodera [141], who determined points 
along the CdTe(I}CdTe(II) boundary up to BOO °c. A linear 
fit to these high temperature points gives P=33.3 kbar at 
25°C. 

The melting curve for CdTe was studied by layaraman et 
al. [90] to a maximum pressure of 30 kbar. From a melting 
point of 1092 °c, the slope of the melting curve is -5 °C/kbar 
up to lht: lriplt: point at about 19.2 kbarand 996 "C. The 
slope of the melting curve above the triple point is about 
10 °C/kbar. The melting curve was detected by DTA. Tern· 
ppratnre!'l werp mp31'mrpd with r.hromp aJume! thermocoup!p<::, 

and melting temperatures were determined to ±3 °c. The 
CdTe(I}CdTe(I1) phase boundary [141] extrapolates to the 
triple point in the high temperature region. 

21.2. Europium Telluride 

The compression data for europium telluride obtained 
from high-pressure x-ray-diffraction studies represents a nor­
mal compression curve up to 100 kbar, showing decreasing 
compression with pressure [87]. The discontinuity at 100 
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kbar is due to a phase transition from the NaCI to the CsCI 
structure. The associated volume decrease in EuTe at this 
transition is about 16% in contrast to 24% observed in 
SmTe. 

21.3. Germanium Telluride 

At atmospheric pressure and T=400 °C GeTe undergoes a 
first-order phas,e transition from the As-type (A 7) to the NaCl­
type structure. At room temperature this transition occurs at 
a pressure of 35 kbar [99]. GeTe and SnTe form a solid­
solution series, which, depending upon composition, has ei­
ther the A7 or NaCI-type structure. At atmospheric pressure, 
alloys having less than 65% SnTe have the rhombohedral 
structure, while those in excess of 65% SnTe have the cubic 
structure [96]. 

Rooymans [177] also investigated EuTe by high-pressure 
x-ray-diffraction techniques, and reported a discontinuous 
isostructural transition at about 10, kbar, which was attrib­
uted to a change in the valence state of the europium ion. 
More recent studies [K/, IHO] do not substantiate this elec­
tronic transition. 

21 . .4.. Indium Tellurido 

In the InTe system, a pressure-induced NaCI-type phase 
exists for the range of composition Ino.so Te to In1.15 Te. 
Superconductivity exists for the whole range with the max­
imum transition temperature occurring for the stoichiometric 
InTe. The high pressure NaCl-type phase of InTe was first 
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synthesized by Banus et al. [9], and reported to have elec­
trical conductivity in the metallic range. Initially, InTe was 
synthesized by the fusion of semiconductor elements at 40-50 
kbar and about 1000 °C. It has also been obtained at pres­
.sures above '28 khar and temperature above 150°C from the 
stoichiometric tetragonal InTe(l) phase prepared at atmos­
pheric pressure [8]. When samples are cooled to room 
temperature, the high pressure phase is readily recovered at 
atmospheric pressure, but slowly transforms to InTe(l). In 
this transformation, however, an intermediate phase InTe(I!') 
appears, which can be indexed as tetragonal. 

Darnel et al. [50] proposed a simple cubic structure for 
InTe(II) with lattice constant a=3.07 A and a density of 6.69 
g/cm\ which was later shown to be in error. Actually, the 
calculated density should have been 13.8 g/cmJ

• Banus et al. 
[8] prop9sed the NaCl-type structure for InTe with a 
calculated density of 6.92g' em and a lattice constant a=6.S4 
A. The above density agrees well with measured values of 
6.82 g/cm. The superconducting transition temperature was 
reported to be 3.5 K [71] and not 2.18 K, as previously 

reported by Bommel et al. [21]. 

The InTe(I)·InTe{II) phase boundary has bee.n determined 
by electrical resistance methods in the range of 150 °C-700 
°C. The melting curve for InTe{lI) has been studied by DTA 
in the region 18 kbar-40 kbar. It is estimated that the triple 
point occurs at 718°C and II kbar [12]. 

In studies of the inversion rate ot InTe(Il}-lnTe(l} at room 
temperature, a new ~transitory' intermediate phase has been 
discovered which can be indexed on the basis of a tetragonal 
cell [181')' Within 60 days, the x-ray powder pattern of 
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InTe{II), stored at room temperature, shows a change in 
which three low angle lines appear that are not correlated to 
InTe{I). Within 140 days, the InTe{lI) has completely trans­
formed to the new phase designated InTe{II'). 

21.5. Lead Telluride 

A polymorphic transition in lead telluride has been studied 
by Bridgman [30, 34, and 36], Samara and Drickamer [180], 
and Minomura et al. [127]. Bridgman reported the transition 
to occur at 40.4 kbar with about a I % volume decrease. 
Studies of the behavior of the electrical resistance with pres­
sure show an initial rapid drop, followed by a sharp increase 
by a factor of 6-8 in the region around SO khar. The resist­
ance of the high-pressure phase drops by a factor of 10 be-
tween 90 and 200 kbar, . 

Minomura et al. [127] measured the lattice parameters in 
PbTe up to 90 kbar by x-ray-diffraction techniques. Pressures 
were determined with a NaCI internal standard, which was 
scaled to Bridgman's P-V data. The phase transition occured 

near SO kbar, with approximately a 2% volume change, and 
appears to be displacive in nature. 

21.6. Mercury Telluride 

The polymorphism of mercury telluride was first studied by 
Bridgman [34], who reported a volume discontinuity of 8.4% 
at 12.S kbar and room temperature. This transition was also 
studied by Blair and Smith [20], who studied the behavior of 
electrical resistance vs. pressure. At a pressure of about IS.S 
kbar, an abrupt increase in the resistivity was observed. The 
resistance changed by a factor of 104 -105 and was essentially 
reversible~ On the down cycle, the reverse transition occurs at 
about 11.6 kbar, so the equilibrium value lies somewhere in 
between. Using volumetric methods, layaraman et al. [90] 
determined four points along the HgTe(I)-HgTe(II) phase 
boundary from room temperature up to 160°C. The transi­
tion pressure for all four points was 14 kbar, which is an 
average of the up and downstrok~ values. 

The crystal structure of HgTe{I) is of the zincblende-type, 
while HgTe(lI) has the cinnabar(B9) structure [90J. The lat­
tice constants for HgTe(II) at a pressure of approximately 20 
kbar is a=4.S1 A and c= 10.13 A. 

The fusion curve for HgTe has been determined by 
layaraman et al. [90] over the pressure interval 0-27 kbar by 
DT A. The melting studies were carried out using molyb­
denum and tantalum containers. The DTA signals were of 

poor quality and the data were taken from the best out of S 
runs. For a normal melting point of 670°C, the melting slope 

. of the zincblende polymorph is about -4.6 °C/kbar up to the 
triple point near 61S °c and 12 kbar. The melting slope of the 
cinnabar phase is about II.SoC/kbaT up to about 27 kbar. 

21.7. Praeseodymium Telluride 

In the case of praeseodymium telluride, where the praese­
odymium ion is in the trivalent state, the NaCI phase' has a 
much smaller compressibility, compared to the NaCl phases 
of SmTe and EuTe. The compression for PrTe up to 90 kbar 
is 4.5%, compared to 11-1S% for EuTe and SmTe [93, 186]. 

Praeseodymium telluride undergoes a first order transition 
[186] at about 90 kbar, from the NaCI to the CsCl-type struc­
ture. The volume change associated with the transition is 
I1.S%. 

21.8. Samarium Telluride 

Rooymans has studied samarium telluride by high-pressure 
x-ray diffraction techniques [168], and reported an isostruc­
tural transition which was attributed to a change in the 
valence state of samarium to the trivalent state. Additional 
experimental evidence by Jayaraman and co-workers [87,93] 
shows that the shape of the compression curve is anomalous 
in the 30-4S kbar region. In this region, the slope of the com­
pression curve increases with increasing pressure. There is 
not change in crystal structure up to 110 kbar which suggests 
that the anonalous compressIOn must involve a contraction of 
the ionic radius with pressure. The anomalous compression is 
attributed, therefore, to a change in the valence state' with 
pressure due fo a 1f-5d electronic transition. There is a 

volume discontinuity at 110 kbar, due to a phase transition of 
the electron collapsed NaCl phase to the CsCI structure. 

21.,9. Tin T ellunae 

Tin telluride is an NVBvI compound analogous to PbS, 
PbSe, and PbTe. At atmospheric pressure, these four com­
pounds have a cubic crystal sturcture of the NaCl-type. The 
electrical resistance of tin telluride was measured up to SO 
kbar, showing a gradual decrease below 18 kbar. At 18 kbar, 
however, there is a rapid 360% increase in resistance, after 
which the resistance drops smoothly with increasing pressure 
[101]. This behavior is completely reversible, suggesting the 
possibility of a polymorphic transition. 

The existence of the transition at 18 kbar was confirmed 
from x-ray diffraction studies. The x-ray patterns were ob­
tained by using a diamond anvil pressure cell [10 1] to main­
tain the sample in its high-pressure phase. Powder patterns at 
20 kbar show that tin telluride has an orthorhombic structure 
(space group Pnma), analogous to the structure of the 
atmospheric-pressure phase of SnS and SnSe [138]. The lat­
tice constants of the high-pressure phase are a= I1.S9 A, and 
c=4.48 A, corresponding to a calculated density of 7.21 
gicm:l with four molecules to i1 unit cell. There is a net in-
increase in density of 7% at the NaCl orthorhombic 
transition. 

The pressure calibration for the electrical resistance trace. 

in this study, was based on the following fixed point values; 
bismuth I~II-2S kbar; thallium 11-111-37 kbar; and barium 1-
II-S9 kbar. It is assumed that the stated pressures in the x-ray 
examination were estimated, since no mention of internal 
standards was made. 

21.10. Ytterbium Telluride 

Ytterbium telluride has been studied .by x-ray diffraction 
techniques in the pressure range up to 300 kbars. Up to 150 
kbar, the compression curve appears to represent normal 
behavior. Between ISO and 180 kbar, the volume decrease is 
anomalous [93 and 186], and is similar to the behavior of 
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SmTe. The anomalously high compression in YbTe is attrib­
uted to a 4f-Sd electronic transition. There is no indication of 
a NaCl to CsCI-type transition up to maximum pressure of 

the study. 

21.11. Zinc Telluride 

Zinc telluride undergoes a polymorphic transition in the 
region of 125 kbar [181]. Associated with the transition isa 
drop in the electrical resistance by a factor of about 105

• No 
other pressure studies on ZnTe have been reported. 

References 

[1] Akella, J., Vaidya, S. N., and Kennedy, G.C., Phys. Rev., 185, 1135-1140 
(1969). 

[2] AkelIa, J., Vaidya, S. N., Kennedy, G. C., J. Appl. Phys., 40,2800-2805 
(1969). 

[3] Al'tshuler, L. V., Pavlovskii, M. N., Drakin, V. P., Z. Eksperim. i Teor. 
Fiz., 52, 400 (1967). 

[4] Archer, R. J., Koyama, R. Y., Loebner, E. E., Lucas, R. C., Phys. Rev. 
Lett., 12, 538 (1964). 

[5] Aronsson; B., Stenberg, E., Aselius, J., J. Acta Chern. Scand., 14, 733 
(1960). 

[6] Balchan, A. S., Drickamer, H. G., Rev. Sci. Instr., 32,308-311 (1961). 
[7] Banus, M. D., Hannaman, R. E., Mariano, A. N., Appl. Phys. Lett., 2, 35 

(1963). 
[8] Banus, M. D., Hanneman, R. E., Strong, H. M.; Cohen, K., Science, 142, 

662-663 (1963). 
[9] Banus, M. D., Kafalas, J. A., Hannaman, R. E., Gatos, H. C., Solid State 

Research Report, Lincoln Laboratory, MIT No.3, 18 (1962). 
(10) Banus, M. D., Lavine, M. C., J. App!. Phys., 38,2042-2046 (1967). 
[11] Banus, M. D., Lavine, M. C~, J. App!. Phys., 40, 409-413 (1969). 
[12] Banus, M. D., Robinson, P. M.,J. App!. Phys.,37, 3771-3774(1966). 
[13] Barnett, J. D., Block S., Piermarini, G. J., Rev. Sci. Instrum., 44, 1-9 

(1973). 
(14) Bassett, W. A., Takahashi, T., Amer. Mineral., 50, 1576-1594 (1965). 
[15] Bassett, W. A., Takahashi, T., Mao, H. K., Weaver, J. S., J. App!. Phys., 

39, 319-325 (1968). 
[16] Bates, C. H., White, W. B., Roy, R., Science, 137,993 (1962). 
[17] Bijvoet, J. M., and Lely, J. A., Rec. Trav. Chim., 59, 908 (1940). 
[18J Birch, F., Rev. Sci. Instr., 10,137-140 (1939). 
[19] Birch, F., Robertson, E. E., Clark, S. P., Ind. Eng. Chern., 49, 

1965-1966. (1957). 
(20) Blair, J., Smith, A. C., Phys. Rev. Lett., 7,124 (1961). 
[21] Bommel, H. E., Darnell, A. J., Libby, W. F., and Tittmann, B. R., Sci­

ence,139, 1301-1302 (1963). 
(22] Borg, I. Y., Smith, D. K.,J. Phys. Chern. Solids, 28, 49-53 (1967). 
[23] Borom, M. P., Slack, G. A., and Szymasgek, J. W., Am Ceram. Soc. 

Bull., 51, 852 (1972). ' 
[24] Bradley, R. S., Grace, J. D., and Munro, D. C., Z. Krist., 120,349-358 

(1964). 

[25] Bradley, R. S., Munro, D. C., and Spencer, P. N., Faraday Soc. Trans., 
65, 1920-1926 (1969). 

[26] Bradley, R. S., Munro, D. C., Spencer, P. N., Phys. Stat. Sol., 36, K51 
(1969). 

[27] Bridgman, P. W., Am. Acad. Arts Sci., 76,1-7 (1945). 
(28] Bridgman, P. W., Phys. Rev., 38, 182-191 (1931). 
[29] Bridgman, P. W., Phys. Rev., 48,893-906 (1935). 
L30J Bridgman, P. W., Phys. Rev., 57, 237-239 (1940). 

'[31] Bridgman, P. W., Proc. Am. Acad. Arts Sci.,SI, 55-124(1915). 
[32] Bridgman, P. W., Proc. Acad. Arts Sci., 72,45-136 (1937). 
[33] Bridgman, P. W., Proc. Acad. Arts Sci., 52,91-187 (1916). 
[34] Hridgman, P. W., Proc. Acad. Arts Sci., 74,21-51 (1940). 
[35] Bridgman, P. W., Proc. Am. Acad. Arts Sci., 76,1-7 (1945). 
[36] Bridgman, P. W., Proc. Am. Acad. Arts Sci., 76, 55-70 (1948). 
[37] Bridgman, P. W.,Z. Krist., 67,,363-376 (1928). 

J. Phys. Chem. Ref. Data, Val. 6, No.4, 1977 

[38] Bundy, F.P., and Wentorf, R. H., J. Chern. Phys., 38,1144-1149 (1963). 
[38a] Bundy, F. P:, Rev. Sci. Instrum. 46,1318-1324 (1975\ 
[39] Burley, G.,J. Phys. Chern., 68, 1111-1114(1964). 
[40] Calvert, L. D., and Whalley, E., J. Chern. Phys.,S3, 2151-2155 (1970). 
[41] Cannon, J. F.,J. Phys. Chern. Ref. Data, 3, 781-824 (1974). 
[42] Cermic, L., and Neuhaus, A., High Temp.·High P.ress.,4, 97-99 (1972). 
[43] Chu, C. W., Early, A., Geballe, T. H., Rusakov A., and Schwall, R. E., J. 

Phys. C.: Solid State Phys., 8, L241-L244 (1975). 
[44] Clark, J. B., and Pistorius, C. W. F. T., Solid State Commun., 7, 

787-789 (1969). 
[45] Clark,S. P.,J. Chern. Phys.,31, 1526,...1531 (1959). 
[46] eline, C. F., and Stephens, D. R., J. Appl. Phys.,36, 2869-2873 (1965). 
[47] Clougherty, E. V., Lothrop, K. H., and Kafalas, J. A., Nature, 191, 

1194-1195 (1961). 
[48] Coree,J~ A.,J. Appl. Phys., 35, 3032-3033 (1964). 
[49] Cubicciotti, D., and Eding, H., J. Chern. Eng. Data, 10, 343 (1965). 
[50] Darnell, A. J., Yencha, A. J., and Libby, W. F., Science, 141, 713-714 

(1963). 
[5I] Davis, B. L., and Adams, L. H., Science, 146, 519-521 (1964). 
[52] Deaton, B. C.,J. AppL Phys.,36, 1500-1501 (1956). 
[53] Decker, D. L.,J. Appl. Phys., 42,3239-32440971). 
[54] Decker, D. L., Pure and Appl. Chern., 2, 133-146 (1975). 
[55] Decker, D. L., Bassett, W. A., Merrill, L., Hall, H. T., and Barnett, J. D., 

J. Phys. Chern. Ref. Data, 1, 773-836 (1972). 
[56] Decker, D. L., Beyerlein, R. A., Roult, G., and Worlton, T. G., Phys. 

Rev. BI0, 3584-3593 (1974). 
[57] DeVries, R. C., Report No. 72CRD178, Avail. Gen. Electric Co., 

Schenectady, New York 12305 (1972). 
[58] Donohue, P. C., Inorg. Chern., 9, 430-432 (1970). 
[591 Donohue, P. C., Inorg. Chern., 9,335-337 (1970). 
[60) Donohue, P. C., and Young, H. S., J. Solid State Chern., 1, 143-149 

(1970). 
[61] Donnay, J. D. H., and Ondik, H. M., Crystal Data Determinative Tables, 

Third Edition, Vol. II, Inorg. Compounds, Publ. jointly by U.S. 
Dept. of Commerce, NBS and Joint Committee on Powder Diffrac­
tion Stds. (1973). 

(62] Dremin,A. N.,and Brensov,O. N., Usp. Khim.,36,898 (1968). 
[63J Drickamer, H. G., Rev. Sci. Instrurn., 41, 1667-1668 (1970). 
[64] Edwards, A. L., and Drickamer, H. G., Phys. Rev., 122, 1149-1157 

(1961). 
[65] Edwards, A. L., Slykhouse, T. E., and Drickamer, H. G., J. Phys. 

Chern. Solids, 11,140-148 (1959). 
[66] Elliott, N., and Hastings,J., Acta Cryst., 14,1018 (1961). 
[67] Evdokimova. V. V., and Vereshchagin, L. F., Zh. Eksperirn. i Teor Fiz., 

43,1208-1212 (1962), English Trans., Sov. Phys. JETP, 16, 855-859 
(1963). 

[68] Gale, K. A., J. Phys, Chern. Solids, 28, 1233 (1967). 
[69] Garland, C., and Choo, K., Phys. Rev. B, 8,5143-5152 (1973). 
[70] Garland, C., and Pollina, J., J. Chern. Phys., 58, 5002-5008 (1973). 
[71J Garland, C., and Enard, R., J. Chern. Phys., 45, 763-766 (1966). 
[72} Garland, C. W., and Young, R. A., J. Chern. Phys., 49, 5282-5293 

(1968). 
[73] Gebbie, H. A., Smith, P. L., Austin, J. G., and King, J. H., Nature, 188, 

1095-1096 (1960). 
[74] Geller, S., Jayaraman, A., and Hull, G. W., J. Phys. Chern. Solids, 26, 

353-361 (l965}. 
[75] Geller, S., McWhan, D. 8., and Hull, G. W., Jr., Science, 140, 

3562-3563 (1963). 
[76] Getting, I. C., and Kennedy, G. C., J. App!. Phys., 41, 4552-4562 (1970). 
[77] Goodenough, J. B., and Kafalas, J. A., Phys. Rev., 157, 389-395 (1967). 
[78] Hanneman, R. E., and Strong, H. M., J. Appl. Phys.,37, 612-614 (1966). 
[79] Haygarth, J. c., Getting, I. C., and Kennedy, G. C., J. App!. Phys.,38, 

4557-4564 (1967). 
[80] Haygarth, J.C., Luedemann, H.D., Getting, I.C., and Kennedy, G. C., J. 

Phys. Chern. Solids, 30,14.17 -1424 (1969). 
[80a] Homan, C. G., Kendall, D. P., Davidson, T. E., Frankel, J., Solid State 

Commun., 17, 831-832(1975). 
[81}· International Committee of Weights and Measures, The International 

Practical Temperature Scale of 1968, Meteologia, 5,35-44 (1969). 
[82] Jacobs, R. B., Phys. Rev., 54,325-331 (1938). 
[83] Jacobs, R. 8., Phys. Rev., 54,468-474 (1938). 



AB-TYPE COMPOUNDS AT HIGH PRESSURES AND TEMPERATURES 1251 

[84] Jamieson, J. C., P·hysics of Solids at High Pressures, C. T. Tomiguka 
and R. M. Eurrieb, Eds., (Academic Press Inc., New York, 1965), p. 

444(1965). 
[85] Jamieson,J. C., Science, 139, 845-847 (1963). 
[86] Jamieson, J. C., Halleck, P. M., Roof, R. B., and Pistorius, C. W. F. T., 

J. Phys. Chern. Solids, 36, 939-944 (1975). 
[87] Jayaraman, A., Ind. J. Pure Appl. Phys., 9,983-985 (1971). 
[88] Jayaraman, A., Phys. Rev. Lett., 29, 1674-1676 (1972). 
[89] Jayaraman, A., Butcher, E., Dermier, P. D., and Longinotti, L. D., Phys. 

Rev. Lett., 31, 700-703 (1973). 
[90] Jayaraman, A., Klement, W., and Kennedy, G. C., Phys. Rev., 130, 

2277-2283 (1963). 
[91] Jayaraman, A., Narayanamurti, V., Bucher, E., and Maine3, R. G., Phys. 

Rev. Lett., 25,1430 (1970). 
[92] Jayaraman, A., Newton, R. C., and Kennedy, G. C., Nature, 191, 

1288-1290 (1961). 
[93] Jayaraman, A., Singh, A. K., and Chatterjee, A., Proc. 'of the 9th Rare 

Earth Research ConL, Vol.1. (1971). 
[94] Johnson, D. P., and Heydemann, P. L. M., Rev. Sci. Instrum., 38, 

1?94-1~OO 

[95] Johnson, Q., Science, 53, 419-420 (1966). 
[96] Kabalkina, S. 5., Serebryanaya, N. R., and Vereshchagin, L. F., Sov. 

Phys., Solid State, 9, 2527-2529 (1968). 
[97] KabaH:.ina, S. S., Shcherbalc.ov, M. 0, and VpJ'Pllh"hagin, L F, Snv 

Phys. Dolk., 15, 751-754(1971). 
[98] Kabalkina, S. 5., and Troitskaya, Z. V., Sov. Phys. Dokl., 8, 800-802 

(1964). 
[99] Kabalkina, S. S., Vereshchagin, L F., and Serebryanaya, N.R., Sov. 

Phys. JETP, 24, 917-919 (1967). 
[100} Kafalas, J. A., Gatos, H. C., Lavine, M. C., and Banus, M. D., J. Phys. 

Chern. Solids, 23,1541-1544 (1962). 
[101} Kafalas, J. A., and Mariano, A. N., Science, 143, 952 (1964). 
[102] Kaminskii, E. Z., Omel'chenko, A. V., and Estron, E. I., Sov. Phys. 

Solid State, 12, 2697-2698 (1971). 
[103] Kasper, J. S., and Brandhorst, H., J. Chern. Phys., 41, 3768-3772 

(1964). 
[104] Katsura, T., Iwasaki, B., and Kimura, S., J. Chern. Phys., 47, 

4559-4560 (1967). 
[105] Katz, G., Kohn,J. A., and Broder,J. C., Acta Cryst., 10, 607 (1957). 
[106] Katz, G., and Broder, J., Acta Cryst., 10, 607 (1957). 

[107] Kelley, K., U. S. Bureau of Mines BulL, 393, 166 (1936). 

[lOBi Kennedy, G. C., and La Mori, P. N., J. Geophys. Res., 67, 851-856 
(1962). 

[109] Kabayashi, T., Susa, K., and Taniguchi, S., Mat. Res. Bull., 9, 625-632 
(1974). 

[110] Konyaev, Yu. 5., Prik. Tekh. Eksp., 1961, 107-9 (1961), English trans­
lation, Instrum. Exp. Tech. (USSR), 1961, 728-731 (1961). 

[111] Kullerud, G., Bell, P. M., and England, J. L, Carnegie Inst. Washing­

ton Yearbook, 64, 197(1965). 
[112] Kuriakose, A. K., and Whalley, E., J. Chern. Phys., 48, 2025-2031 

(1968). • . 

[113] Larson, D. R, Keeler, R. N., Kus6ubov, A., and Hord, B. L, J. Phys. 

Chern. Solids, 27, 476-478 (1966). 
[114] Liu, L., J. Appl. Phys., 42, 3702-3704 (1971). 

[U5] Liu,L., and Bassett, W. A., J. Appl. Phys., 44,1475-1479 (1973). 
[116] Liu, L., and Baasett, W. A., J. Gcophys. Rca., 77,4934-3937 (1972). 

[117] Liu, L., and Bassett, W. A., J. Geophys., Res., 78, 8470":'8473 (1973). 

L1l7a] Loree~ T. ·R., Fowler, C. M., Zukas, E. G., Minshall, F. S., J. App!. 
. Phys., 37, 1918-1927 (1966). 

[118] Mariano, A. N., and Chopra, K. L., Appl. Phys. Lett., 10, 282-284 
(1967). 

[119] Mariano, A. N., and Warekois, E. P., Science, 142, 672-673 (1963). 

[120] Masaki, K, Sawamoto, H., Ohtami, E., Kumazawa, M., Machida, M., 
Mizukusa, S., and Nakayama, N., Rev. Sci. lnstrum., 46,84-BS 
(1975). 

[121] McWhan, D. B., and Marezio, M., J. Chern. Phys., 45, 2508-2511 
(1966). 

[122] McWhan, D. B., Marezio, M., Remeika, J. P., and Dernier, P. D., Phys. 
Rev. B., 5, 2552-2555 (1972). 

[123J Meisalo, V., and Kalliomaki, M., High Temp.-High Pressures,S, 
663-673 (1973). 

[124] Meisalo, V., and Kalliomaki, M., Phys. Stat. So!. A, 7, K95-K97 (1971). 

[125] Messer, C. E., and Siegler, W. T.,J. Am. Chern. Soc., 63, 2703 (1941). 
[126] Minomura, S., and H. G., Drickamer, J. Phys. Chern. Solids, 23, 

451 '-456 (1962). 
[127] Minomura, S., Nagasaki, H., and Wakabayashi, I., Symp. on the Accu­

rate Characterization of the High-Pressure Environment, Oct. 14..: 
18 (1968), U.S. Dept. of Commerce, Nat 'I. Bureau of Stand.,Gaith­
ersburg, Md., E. C. Uoyd ed., NBS Spec. Publ.,326, 159 (1971). 

[128] Minomura, 5., Samara, G. A., and Drickamer, H. G., J. Appl. Phys., 33, 
3196-3197 (1962) . 

. [129] Miyake~ 5., Hoshino, 5., and .Takenaka, T., J,. Phys. Soc. Japan, 7, 19 
(1951). 

[130] Montgomery, P. W., ASME Paper #64-WA/PT -18 (1964). 
[131] Moore, M. J., and Kasper, J. S.,J. Chern. Phys., 48,2446-2450 (1968). 
[132] Moore, M. J., Kasper, J, 5., and Bundy, F. P., J. Solid State Chern., 1, 

170-:172 (1970). 
[133] Morosin, B., and Schirber, J. E., J. Chern. Phys., 42,1389-1390 (1965). 
[134} Nabar, M. A., Calvert, L. D., and Whalley, E., J. Chern. Phys., 51, 

1353-1356 (1969). 
[135] Nagasaki, Hiroshi, and Minomura, Shigeru, ]. Phys. Soc. Japan, 19, 

1496-1497 (1964). 
[136] Narita, K., Watanabe, H., and Wada, M.,Japan. J. Appl. Phys., 9,1278 

(1970). 
[137] Neuhaus, Von A., and Hintze, E., Ber. Bunsengesellschaft, 70, 1073-

1080 (1966). . 

[138] Okazaki, A., and Ueda, I., J. Phys. Soc. Japan, 11, 470 (1956). 
[139] Omel'chenko, A. V., and Estrin, E. I., Sov. Phys. Solid State, 12, 2746-

2747 (1971). . 
[140] Onodera, A., Rev. Phys. Chern. Jpn.,39, 65-77(1969). 
[141] Onodera, A., Rev. Phys. Chern. Jpn., 39, 78-92 (1969). 
[142] Onodera, A., Kawai, N., Ishizaki, K., and Spain, l. L., Solid State Com-

mun., 14, 803-806 (1974): . 
[143] Osugi, J., Namikawa, R., and Tanaka, Y., Nippon Kagaku Zasshi, 87, 

1169-1173 (1966). 
[144] Osugi, J., Namikawa, R" and Tanaka, Y., Rev. Phys. Chern. Jpn., 37, 

81 (1967). 
[145] Osugi, 1., Shimizu, K., and Tanaka, Y., Nippon Kagaki Zasshi, 1032-

1035 (1966). 
[146] Owen, N. B., Smith, P. L., Martin, J. E., and Wright, A. J., J. Phys. 

Chern. Solids, 24, 1519-1524 (1963). 
[147] Perri, J. A., LaPlaca, S., and Post, B., Acta Cryst., 11, 310 (1958). 
[148] Petrunina, T. I., and Estrin, E. L, Sov. Phys. Dokl., 13, 1243-1245 

(1969). 
[149] Piermarini, G. J., and Weir, C. E., J. Chern. Phys., 37, 1887-1888 

(1962). 
[150] Piermarini, G. 1., and Weir, C. E., J. Res. Nat. Bur. Stand., 66A, 

325-331 (1964). 
[l51] Piermarini, G. J., and Block,S., Rev. Sci. Instrum., 46, 973-979 

(1975). 
[152] Piermarini, G. J., Block,S., Barnett, 1. D., and Formau, R. A., J. App!. 

Phys., 46, 2774-2780 (1975). 
[153] Pistorius, C. W. F. T.,J. Chern. Phys., 43, 1557-1562 (1965). 
[154] Pistorius, C. W. F. T.,J. Chern. Phys., 45, 3513-3519 (1966). 
[155] Pistorius, C. W. F. T., J. Chern. Phys., 50,1436-1442 (1969). 
[156] Pistorius, C. W. F. T., J. ~norg. Nucl. Chern., 19, 367-370 (196l). 
[157] Pistorius, C. W. F. T., 1.Phys. Chern. Solids, 25,1477-1481 (1964). 
LI58J Pistorius, C. W. F. T., J. Phys. Chern. ~olids, 26,1543-1548 (1965). 
[159] Pistorius, C. W. F. T.,J. Phys. Chern. Solids, 26, 1003-1011 (1965). 
[160] Pistorius, C. W. F. T., J. Phys. Cehm. Solids, 32, 2761-2763 (1971). 
[161] Pistorius, C. W. F. T., Nature, 204, 467-468 (1964). 
[162} Pistorius, C. W. F. T., Z. Phys. Chern. Neue Folge,65, 51-61 (1969). 
[163] Pistorius, C. W. F. T., and Admiraal, L. J., Nature, 201,1321 (1964). 
[164] Pistorius, C. W. F. T., and Boeyens, J. C. A., J. Chern. Phys., 48,1018-

1022 (1968). 
[165J Pistorius, C. W. F. T., and Clark, J. B., Phys. Rev., 173, 692-699 

(1968). 
[166] Pistorius, C. W. F. T., Clar,k, J. B., and Rapoport, Eliezer, J. Chern. 

Phys., 48,5123-5131 (1968). 
[167] Pistorius, C. W. F. T., and Snyman, Hendrik C., Z. Physik. Chemic 

Neue Folge, 43,1-10 (l964). 
[168J Popova, S. V., and Boiko, L. G., High Temp.·High Pressures, 3, 238-

239 (1971). 

J_ Phys. Cham. Ref. Data, Vol. 6, No.4, 1971 



1252 LEO MERRILL 

[169] Price, D. L., Rowe, J. M., Rush, J. J., Price, E., Hinks, D. G;, and 
Susman, S., J. Chern. Phys., 56,3697 -3702 (1972). 

[170} Rapoport, E., and Pistorius, C. W. F. T., Phys. Rev., 172, 838-847 
(1968). 

(I7l) Richter, P. W., and Pistorius, C. W. F. T., Acta Cryst., B28, 3105 
(1972). 

[172} Richter, P. W., and Pistorius, C. W. F. T., J. Chern. Phys., 54, 5436-
5437 (1971). 

[I73] Robie, R. A., and Waldbaurn, D. R., U. S. Geol. Survey Bull., 1259 
(1968). 

[174J Rooyrnans, C. J. M., Ber. Bunsenges Phys. Chern., 70, 1036-1041 
(1966). 

[175] Rooyrnans, C. J. M., J. Inorg. Nucl. Chern., 25, 253-155 (1963). 
[176] Rooymans, C. J. M., Phys. Lett., 4,186-187 (1963). 
[177] Rooymans, C. J. M., Solid State Commun., 3, 421-424 (1965). 
[170] RuggkllliUJ, D. M., and Ddckamel, II. G., J. Chem. Php., .38,2721-

2724 (1963). 
[179} Samara, G. A., Phys. Rev., 165,959-969 (1968). 
[180) 'Samara, G. A., and Drickamer, H. G., J. Chern. Phys., 37, 1159-1160 

(1962). 
{l81] Samara, G. A., and Drickamer, H: G., J. Phys. Chern. Solids, 23,457-

461 (1962). 
[182] Samara, G. A., Walters, L. C., and Northrop, D. A., J. Phys. Chern. 

Solids, 28,1875-1883 (1967). 
[183} Schock, R. N., and Jamieson, J. C. J. Phys. Chern. Solids, 30, 1527-

5133 (1969). 
(184] Sclar, C. B., Carrison, L. C., and Schwartz, C. M., Science, 147,1569-

1571 (1965). 

(185) Sense, K. A., U. S. Atomic.Energy Comm., Batelle Mem. Inst., 1199 
(1957). 

(186] Singh, A. K., Jayaraman, A., and Chatterjee, A., Solid State Comrnun., 
9,1159 (I97l). 

{187] Slater, J. c., Phys. Rev., 23, 488 (1924). 

J. Phys. Chem. Ref. Data, Vol. 6, No.4, 1977 

[188] Smith, P. L., and Martin, J. E., Nature, 196, 762-763 (1962). 
(1891 Smith, P. L., and Martin, J: E., Phys. Lett., 6, 42 (1963). 
(190) Sparks, J. T., and Komoto, T., J. App!. Phys., 38,715 (1968). 
[191} Sparks, J. T., and Komoto, T., Rev. Mod. Phys.;40, 752 (1968). 
[l92] Stevenson, Richard,]' Chern. Phys., 34, 346-347 (1961). 
[193] Stevenson,"R.,J. Chern. Phys.,34, 1757-1762(1961). 
[194] Strock, 1. W., Z. Physik. Chern., 25, 441-459 (1934). 
[195] Suga, Hiroshi, Matsuo, Takasuke, and Seki, Syuzo, Bull. Chern. Soc. 

Japan, 38, 1115-1124 (1965); 
[196] Swenson, C. W., and Tredeschi, J. R., J. Chern. Phys., 40, 1141-1143 

(1964). 
[197] Taylur, L. A., Carnegie Imil. WU1:ihiliglull Yt:uILuuk,68, 259 (1970). 

[198] Taylor, L. A., and Mao, H. K., Science, 170, 850-851 (1970). 
[199) Vaidya, S. N., and Kennedy, G. C., J. Phys. Chern. Solids, 32,951-964 

(1971). 
[200] VUH Valkt:nLul!:\, A.;J. Rt:1:i. Nul. DUI. SIJ., 68A, 97-103 (1964), 

[20q Van Vechten,J. A., Phys. Rev., B7, 1479-1507 (1973). 
[202] Vezzoli, G. C., Materials Res. Bull., 6, 1201-1204(1971). 
{203] Weinstein, B. A., and Piermarini, G. J., Phys. Lett., 48A, 14-16 (1974). 
[204] Vereshchagin, L. F., Kabalkina, S. S., and Lityagina, L. M., Sov. Phys. 

Dokl., 10, 622-624 (1966). 
[205J Weir, C. K, and Piermarini, G. J., J. Res. Nat. Bur. Stds., 68A, 105-

111 (1964). 
[206] Wentorf, R. H., J. Chern. Phys., 26, 956 (1957). 
[207] Wentorf, R. H., J. Chern. Phys., 34, 809-812 (1961). 
[208J Whitney, E. D., and Giesse, R. F., Nature, 197,1298-1294 (1963). 
[209] Williams, F. V., and Reuhrwein, R. A., J. Am. Ceram. Soc., 82, 1330 

(1960). 

[2101 Wyckoff, R. W. G., Crystal Structures, 2nd Ed., Vol. 1,469 pp. Inter­
science, NY, (1963). 

[210a] "Yagi, T., Akimoto, S., J. App\. Phys.,47, 3350-4 (1976). 
[211] Yang, W., Schwartz, L. H., and LaMori, P. N., J. Phyo. Chern. Solidc, 

29,1633-1639 (1968). 


