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Behavior of the AB2 Type Compounds at High Pressures and High 
Temperatures 

Leo Merrill* 

Department of Chemistry, Brigham Young University, Provo, Utah 84602 

Data on the polymorphic phase transformations of known compounds and new syn
tlu:::tk compounds of the type AD2 have been compiled amI evaluated. All available pres
sure studies have been included and referenced. Pressure-temperature phase diagrams 
showing first order solid-solid phase boundaries and/or melting curves showing the best 
fit to the experimental data are included. For some materials which can be produced only 
by chemical syrithesis techniques at high pressures and high temperatures, reaction-pro
duct diagrams have been employed to estimate the region of thermodynamic stability. 
Crystallographic data of all the known phases of each material have been tabulated and 
evaluated. This review covers 168 compounds and 332 phases including the room tem
perature atmospheric pressure phase for each compound when it exists. 

Key words: AB2-type compounds; calibration; critically evaluated data, crystallographic data; experimental 
melting curves; p, T phase diagrams; polymorphism; solid-solid phase boundaries; high pressure; high tempera
ture. 
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AB2-TYPE COMPOUNDS AT HIGH TEMPERATURES AND HIGH PRESSURES 1007 

1. Introduction 
This review of the behavior of the AB2-type compounds 

is the third in a series of papers on the subject of material 
phases at high pressures and high temperatures. The two 
preceding papers were· concerned with the pressure-tem
perature induced modifications and the phase diagrams for 
the elements [64] and AB-type compounds [172]. This paper 
will follow a similar format and will emphasize thermodyna
mic parameters of the solid-state equilibrium phase boun
daries and melting curves. For most of the high pressure 
phases discussed within the context of this review, crystallo
graphic data are reported. The results of the crystallographic 
investigations are evaluated and the numerical data are pre
sented in table 2. 

In comparing this review to the previous two it will be 
noted that there are fewer phase diagrams even though more 
compounds are discussed. The materials studied may be 
classified in three principal groups in regard to the prepara
tion of the high pressure phases. 

1. Materials whose kinetics are relatively rapid not al
lowing high pressure phases to be retained metastably at at
mospheric pressure: In such compounds P, T phase boun
daries are measured in situ by differential thermal analysis or 
by the detection of discontinuities in certain physical or 
transport properties such as measurement of compression or 
electrical resistance respectively. Crystallographic data of 
high pressure phases must be collected at pressure. 

2. Materials whose kinetics are relatively sluggish al
lowing high pressure-high temperature phases produced to 
be retained metastably at atmospheric pressure and room 
temjJt:ndure: High jJre~ure phases in this category may be 
produced by static or dynamic pressure experiments. The 
crystallographic data is collected at room temperature atmo
spheric pressure conditions. For this type of material it is 
much more difficult to obtain a phase diagram~ Generally, 
what one attempts to do is to obtain enough points on a 
reaction product diagram to make a reasonable evaluation of 
the phase diagram. The limitation isthat this procedure has 
been carried out for very few materials. Another problem is 
based on the objective of the experiment. . Some researchers 
desire only to produce the new phase and unfortunately are 
not concerned about its stability field. Another limitation for 
the reviewer is the limited number of experimental data for 
good intercomparison. 

3. Compounds which hitherto did not exist; This type of 
compound especially typified by various series such as the 
rare earth di-antimonides RSb2: R = Dy, Ho, Er, Tm, Lu, 
Y), the cubic rare earth iron Laves phases RFe2 R = Pr, Nd, 
Sm, Gd, Tb, Ho, Yb, Lu), and numerous di-chalcogenide 
compounds. For this class of compounds which can only be 
synthesized at high pressure, the successful synthesis may be 
due to one of the following factors [15]. 

(a) The size ratio of the atoms might be unfavorable at 1 
bar and the differential compressibilities may be such that at 
h~gher pressure the radius ratios will improve. This point of 
View apparently holds for the rare earth di-tellurides. This 
series RTe2 _ x was known for R = La, Ce, Pr, Nd, Sm, Gd, 
Th, Dy and Yb. With high pressure synthesis the added 

_members YTe2 -x' HoTe2 _ x' ErTe2 _ x were also synthe
size<:i. since Te- is more compressible than the RE compo
ncnt, the radius ratio r(R)/r(Tc) for the smaller rarc earth 
elements should be comparable to that of the larger rare 
earth element. 

(b) At atmospheric pressure the vapor pressure of one 
component in the system might be too high at the synthesis 
temperature, and very high pressure would be necessary to 
contain it. 

(c) Pressure might alter the phase diagram such as oc
curs in the Ni-C system [247] making possible the synthesis 
of diamond in a region where diamond and Ni-liquid coexist, 
which is not part of the normal atmospheric pressure phase 
(T ,x) diagram. Such phenomena are most likely to occur inP, 
T, x diagrams. 

Since the majority of the compounds discussed in this 
report fall into the classification (2) and (3) above relatively 
few phase diagrams are possible. These data range from a 
single data point to fairly extensive reaction product dia .. 
grams. A few ofthe characteristic reaction product diagrams 
have been included but those with fewer than 5 data points 
have been omitted. 

The scope of this review includes 168 AB2-type com
pounds representing some 332 separate phases. A fairly 
complete compilation of crystallographic data for these 
phases has been included in Appendix A {Table 1: (Crystallo
graphic Data for AB2- Type Compounds)). The pressure 
(kbar) and temperature (OC) headings of columns 2 and 3, 
respectively, of the crystallographic tables refer to the pres
sure-temperature conditions under which the data were ana
lyzed. The temperature and pressure at which a particular 
phase was prepared or its stability can be found in the text. 
Those phases for which either the crystal system and/or unit 
cell dimensions are not known are indicated by an asterisk in 
the particular column. 

Discussions of pressure calibration can be found in pre
vious reports by Decker et a1. [91] and Merrill [172]. Table 1 
contains a list of the presently accepted best values of the 
fixed pressure transition points for the recommended pres
sure calibration standards up to 80 kbar. The recommended 
SI unit of pressure is the pascal (newton/meterZ). Since the 
bar (lCP pascal) has been used almost exclusively in the high 
pressure literature as. the unit of pressure, the units "bar" 
and "kbar" have been used throughout this report. For ease 
in converting to GPa (giga pascal) from kbar use the follow
ing conversion: 1 GPa = 10 kbar. 

Transition 

Hg(L-I) 
Hg(L-I) 
Bi(I-II) 
Tltll-1H) 
Ball-II) 
Bi(III-V) 

TABLE 1. Pressure fixed points 

Pressure (kbar) at R T Reference 

7.57(0°C) 172 
12.55(25°C) 172 
25.5 172 
36.1 172 
5.5.3 172 
76.7 172 

J. Phys. Chem. Ref. Data, Yol.11, N.o. 4,1982 
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Table 2 

COMPOUND Plessure 

(kbar) 

Antimonides 

LaSb 2 (I) N 

CeSb 2 (I) N 

PrSb 2 (I) N 

NdSb Z (I) N 

SmSb 2 (1) N 

GdSb Z (I) N 

GdSb Z (II) N 

TbSb Z (I) N 

TbSb 2 (II) N 

DySb 2 (I I) N 

HOSb Z (I I) N 

ErSb Z (II) N 

CRYSTALLOGRAPHIC DAfA 

TemperatuTe Crystal Structure a. 

(oC) 
, 

System Type (~) 

R Orthorhombic LaSb Z 6.314 

R Orthorhombic LaSb 2 6. Z95 

R Orthorhombic LaSb Z 6.230 

R Orthorhombic LaSb Z 6.2J7 

R Orthorhombic LaSb Z 6.151 

R Orthorhombic LaSb Z 6.157 
R Orthorhombic HOSb Z 3.373 

R Orthorhombic LaSb Z 6 ~ 123 
R Orthorhombic HoSb 2 3.359 

R Orthorhombic HoSb 2 3.350 

R Orthorhombic HOSb Z 3. 3~3 

R Orthorhombic HOSb Z 3.337 

~ c Angle Z 
0 

(I) (0) (A) 

6.175 18.56 8 

6.124 18.21 8 

6.063 17.89 8 

6.098 18.08 8 

6.051 17.89 8 

5.986 17.83 8 
5.986 7.926 Z 

5.969 17.72 8 

5.817 7.887 Z 

5.802 7.86Z 2 

5.790 7.842 2 

5.780 7.820 2 

Space Density 

Group (g lem3
) 

Cmca 7.00 

Cmca 7.25 

Cmca 7.56 

Cmca 7.53 

Cmca 7.83 

Cmca 8.10 
CZ22 8.52 

Cmca 8.25 

CZ22 8.67 

C22Z 8.8Z 

C222 . 8.94 

C222 9.04 

-

Ref. 

Z58 

183a 
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Z60 
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66 

96 
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66 

66 

66 
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Table 2 

COt:fPOUND 

Antimonides(Cont'd) 

TmSb 2 (II) 

LuSb 2(II) 

YSb 2 (II) 

Arsenides 

CdAs 2 (I) 

CdAs 2(II) 

MnZAs(I) 
MnZAs (I I) 

NiAs 2 (I) 

NiAs 2 (II) 

SiAs 2 

ZnAs 2 (I) 

AnAs 2 (II) 

Borides 

5mB? 

Pressure Temperature Crystal 

(kbar) (oC) System 

N R Orthorhombic 

N R Orthorhombic 

N R Orthorhombic 

N R Tetragonal 

* 

N R Tetragonal 
N R Tetragonal 

N R Orthorhombic 
N R Cubic 

N R Cubic 

N R Monoclinic 

* 

N R Hexagonal ----

CRYSTALLOGRAPHIC DATA (Continued) 

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

HoSb 2 3.330 5.768 7. 807 

HoSb 2 3.321 5.752 7.780 

HoSb 2 3.362 5. S23 7.876 

7.96 4.67 

Cu 2Sb 3.769 6.278 
Fe 2P 6.363 3.678 

Anomalous 4.78 5. i 8 3.53 
marcasite 5.77 Pyrite 

Pyrite 6.023 

9.28 7.68 8.03 102.3 

AIE2 3.310 4.019 

Z Space Density 

Group (g fcm 3 ) 

2 C222 9.13 

2 C222 9.35 

2 C222 7.16 

4 14122 5.8 

2 P4/rnmm 6.88 

3 P62m 7.13 

2 Pnnm 7.10 

4 Pa3 7.21 

4 Pa3 5.41 

8 P2]/ c 5.1 

1 P6/nmm 14.04 

Ref. 
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Table 2 

COllPOUND 

Carbides 

TbC 2 (I) 
TbC Z (II) 

DyC 2 (I) 
DyC z (I I) 

HOCZ(I) 
HoC 2(II) 

ErC Z (I) 
ErC Z (I 1) 

TmC Z (I) 

TmC 2 (II) 

YbC Z (I) 

YbCZ(II) 

LUCZ(I) 
LuC 2 (II) 

YC Z(I) 

YC Z(II) 

Pressure Temperature Crystal 

(kbar) (oC) System 

N R Tetrag::mal 

N R Orthorhombic 

N R Tetragonal 

N R Orthorhombic 

N R Tetragonal 

N R Orthorhombic 

N R Tetragonal 

N R Orthorhombic 

N R Tetrag:mal 

N R Orthorhombic 

N R Tetragonal 

* 

N R TetragDna1 

N R Orthorhombic 

N R Tetragonal 

N R Orthorhombic 

-

CRYSTALLOGRAPHIC DATA (Continued) 

Structure a b c 
0 0 0 

Type (A) (A) (A) 

CaC 2 3.692 6.210 
13.45 27.28 7.16 

CaC Z 3.666 6.162 

13.55 26.97 7.10 

CaC Z 3.644 6.139 

13.07 27.02 7.53 

CaC Z 3.617 6.059 

13.28 27.Z4 7.0Z 

CaC 2 3.60Z 6.01Z 
13.25 26.55 7.36 

CaC Z 3.649 6.133 

Cae 2 3.563 5.964 
1Z.40 27.30 6.87 

Cae Z 3.665 6.169 

13.42 27.64 7.l3 

Angle Z Space 

(0) Group 

2 14/mmm 

64 

Z 14/mmm 

64 

2 14/mmm 

64 

Z I4/mmm 

64 

2 14/mmm 
64 

2 I4/mmm 

2 I4/mmm 

64 

2 14/mmm 
64 

Density 

(g fcm3
) 

7.18 

7.40 

7.48 
7.64 

7.70 

7.55 

7.96 
8.00 

8.21 
7.92 

8.01 

8.73 
9.09 

4.53 
4.54 

Refl 
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Table Z 

C(lofPOUND 

Hali-des 

BaF Z (1) 
BaF Z (II) 

BeF Z (I) 

BeF Z(1I) 

BeFzCIII) 
BeFZ(IV) 

CaFz(I) 
CaFz(II) 

Cd?z(I) 
Cd?Z(II) 

Co? Z (I) 
CO?Z(II) 

EUFZ(I) 
EU?2 0I ) 

MnF Z 0) 

MnF Z (I I) 

MnF2 (I II) 

MnFZ(IV) 

Pressure 

(~bar) 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

Temperature Crystal 

(oC) System 

R Cubic 
R Orthorhombic 

R Hexagonal 

R Tetragonal 
R Cubic 
R Monoclinic 

R Cubic 
R Orthorhombic 

R Cubic 
R Orthorhombic 

R Tetragonal 

R Cubic 

R Cubic 
R Orthorhombic 

R Tetragonal 

R Orthorhombic 

R Orthorhombic 

R Orthorhombic 

CRYSTALLOGRAPHIC DATA (Continued) 

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

CaF Z 6.196 
aPbC1 Z 4.039 6.705 7.911 

aQuartz 4.74 5.15 

aCristobalit ~ 6.60 6.74 
eCristobalit ~ 7.16 

Coesite 6.88 11.92 6.88 

CaF z 5.462 
aPbC1 Z 3.581 5.959 7.009 

CaF Z 5.388 

aPbC1 Z 3.368 5.690 6.454 

Rutile 4.54 3.3Z 

CaF Z 4.91 

CaF2 5.808 
aPbC1 Z 3.803 6.324 7.435 

Rutile 4.873 3.310 

5.03 5.03 5.28 

aPbC1 Z 3.25 5.54 6.88 

aPbO Z 4.96 5.80 5.359 
'-

Z Space Density 

Group (g lem3 ) 

4 Fm3m 4.89 

4 Pbnm 5.49 

3 P3121 2.34 

8 P4 121 2.13 

8 Fd3m 1. 70 

16 C2/c 2.55 

4 Fm3m 3.18 

4 Pbnm 3.77 

4 Fm3m 6.39 

4 Pbnm 8.08 

2 P4 Z/mnn 4.70 
4 Fm3m 5.44 

4 Fm3m 6.49 
4 Pbnm 7.06 

3 P4 Z/mnm 3.92 

4 4.62 

4 Pbnm 4.98 

4 Pnab 3.99 

-

Ref. 
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373 
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273 
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Table 2 

COMPOUND 

Halides (Cont'd) 

MnF 2(V) 

NiF 2(I) 

NiF 2(II) 

PbF 2 (I) 

PbF 2 (II) 

SrF 2(I) 
SrF 2(II) 

ZnF 2(I) 
ZnF 2(II) 
ZnF 2 (III) 

ZnF.z(IV) 

FeCl 2(I) 

Fee1 2 (I I) 

HgC1 Z(I) 
HgC1 2(II) 
HgC1 2 (II I) 

Pressure 

(kbar) 

40 

N 

130-150 

N 

N 

N 
N 

N 

110 
80 
N 

N 

6.4 

N 

90 

--

Temperature Crystal 

(oC) Syste~ 

I 
400 Cubic 

R Tetragonal 

R Cubic 

R Cubic 

R Orthorhombic 

R Cubic 
R Orthorhombic 

R Tetragonal 

R Monoclinic 
300 Cubic 
R Orthorhombic 

R Rhombohedral 
R Rhombohedral 

R Orthorhombic 

* 
R * 

CRYSTALLOGRAPHIC DATA (Continued) 

Structure a b c 
0 0 0 

Type (A) (A) (A) 

CaF 2 5.192 

Rutile 4.51 3.30 

CaF 2 4.84 

CaF 2 5.939 

aPbC1 2 3.899 6,442 7.551 

CaF 2 5.794 
aPbC1 2 3.804 6,287 7.469 

Rutile 4.711 3.132 

ZrOZ 5.29 4.96 5.05 

CaF 2 4.92 

aPbC1 2 4.683 5.658 5.166 

CdI 2 3.598 7.536 

FeBr 2 3.585 5.735 

aPbC1 Z 5.963 12.735 4.325 

* 
* 

Angle Z Space 

(0) Group 

4 Fm3m 

2 P4 2/mnn 

4 Fm3m 

4 Fm3m 

4 Pbnm 

4 Fm3m 

4 Pbnm 

2 P4 2/mnn 
4 
4 Fm3m 

4 Pbnm 

3 R'!m 

1 R3m 

4 Pbnm 

Density 

(g fcm3
) 

4.41 

4.78 

5.66 

7.77 

8.48 

4.28 
4.67 

4.94 
5.27 
5.77 
5.01 

3.25 
3.30 

5.45 

Ref. 
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78 
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219 
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219 
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131 
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257 
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Table 2 
---

COMPOUND 

Halides (Cont'd) 

HgBr 2(I) 

HgBr 2 (I I) 
HgBr 2 (II I) 
HgBr 2 (IV) 

ZnBr Z (I) 
ZnBr Z (I 1) 

ZnBrZ(III) 

Hgl 2(I) 

HgIZ(II) 
HgIZ(III) 
HgIZ(IV) 
HgIZ(V) 

GeIZ(I) 
Ge I 2 (II) 

Pressure 

(kbar) 

N 

1.7 
23 

38.7 

N 

25 
80 

N 

N 

6 
5 

75 

N 

zo 

lemperatU1:e Crystal 

(oC) System 

R Orthorhombic 
R :II: 

R :II: 

R :II: 

R Rhombohedral 
R Tetragonal 
R Hexagonal 

26 Tetragonal 
130 Orthorhombic 

R :II: 

375 :II: 

R Hexagonal 

R Hexagonal 
R :II: 

CRYSTALLOGRAPHIC DATA (Continued) 

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

HgBr 2(C24) 6.798 12.445 4.624 
:II: 

:II: 

:II: 

CdCl Z 3.92 18.73 

10.83 21.66 
CdI Z 3.65 5.73 1 

4.39 12.38 
HgBr Z(C24) 7.32 13.76 4.67 

:II: 

:II: 

4.2Z 23.70 

4.13 6.79 
:II: 

Z Space Density 

Group (g fem3) 

4 Bb2 1m 6.08 

3 R3m 4.50 
32 4.71 

1 P3m1 5.65 

2 P4 Z/nmc 6.33 

4 A2 1mc 6.41 

4 P3c1 8.25 

1 P3m1 5.37 

Ref. 

95 
19 
19 
19 

95 
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171 
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95 
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Table 2 

COMPOUND 

Oxides 

AgO Z (1) 

Ag0 2 (II) 

CrOZ 

HZO(lh) 

HZQ(lh) 
H2O(Ic) 

HZO(Ic) 
H2O(II) 

HZO(II) 
H20 (I II) 

HZO(IV) 
HZO(low V) 
HZO(high V) 
H20 (low VI) 

HZO (high VI) 
H20 (VI I) 

HZO(VIII) 
H2O(VIII) 

HZO(IX) 

Pressure 

(kbar) 

N 

115 

N 

N 

N 

N 

N 

N 

3 
2 
5 

N 

5 

N 

8 
2S 

N 

25 

N 

Temperature Crystal 

(oC) System 

R Cubic 

1400 Hexagonal 

R Tetragonal 

-162 Hexagonal 

10 Hexagonal 

-162 Cubic 
-130 Cubic 

'-162 Rhombohedral 

-38 Rhombohedral 

-22 Tetragonal 

-6 
-162 Monoclinic 

-SO Monoclinic 

-162 Orthorhombic 

-SO Tetragonal 

25 Cubic 
-162 Tetragonal 

-SO Tetragonal 
-162 Tetragonal 

--

CRYSTALLOGRAPHIC DATA (Continued) 

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

Cuprite 4.728 

CdI 2 3.07Z 4.941 

Rutile 4.419 2.915 

4.499 7.324 

4.519 7.362 

6.35 
6.352 
7.79 113.1 

7.73 113. 0 

6.674 6.97 

9.ZZ 7.54 10.35 109.2 

9.08 7.42 10.20 109 

6.Z7 6.27 5.79 

6.17 5.70 

3.40 
4.80 6.99 

4.65 6.79 

6.73 6.83 

Z I Space I Density I 
Group (8 lem3

) 

2 Pn3m 7.28 

1 C3rr 9.53 

Z P4 2/mnn 4.90 

4 P6 3/mmc 0.93 

4 P6 3/mmc 0.917 

8 Fd3m 0.93 

8 Fd3m 0.933 

R3 1.18 

R3 1.18 

12 P4 121 1.15 
1. 29 

28 A2/a 1. 23 

Z8 AZ/a 1. Z8 

10 Pn3m 1. 37 

10 P4 Z/ nmc 1. 38 

2 Pn3n 1. 5Z 
8 I4 l / amd 1.49 

8 14 1/ amd 1. 63 

12 P4 121 2 1.16 

Re:i 
I 
I 

95 
I 

130 

I 

196 
I 

138 
I 

138 
138 
138 
138 
138 
138 

138 
138 
138 
138 
138 
138 
138 
138 
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Table 2 

COMPOUND 

Oxides (Cont l <) 

Ge0 2 (I) 

Ge0 2 (II) 
Ge0 2(III) 

Ge0 2 (IV) 

HfOZ(I) 

HfOZ(II) 
HfOZ(III) 
HfO Z (IV) 

~1nOZ (I) 

MnOZ (I I) 
MnOZ (I II) 

MnOZ (IV) 

PbO Z (I) 
Pb0 2 (I I) 

Pb0 2 (II I) 

Pt0 2 (I) 

Pt0 2(II) 

Rh0 2 

Pressure 

(kbar) 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

140 

N 

N 

N 

N 

N 

N 

N 

Temperature Crystal 

(oC) System 

R Hexagonal 

R Tetragonal 

R Orthorhombic 

R Hexagonal 

R Monoclinic 

1920 Tetragonal 

R Orthorhombic 

2750 Cubic 

R Tetragonal 
R Orthorhombic 
R :It 

R Cubic 

R Tetragonal 

R Orthorhombic 

R Cubic 

R Hexagonal 

R Orthorhombic 

R Tetragonal 

---

CRYSTALLOGRAPHIC DATA (Continued) 

Structure a I b I c 
0 (I 0 

Type (A) (A) (A) 

aQuartz 4.972 5.6~8 

Rutile 4.395 2.850 

aPb0 2 
Fe 2N 2.729 4.3L2 

S.25 5.18 5.12 

5.14 5.25 

5.056 5.006 5.224 

CaF 2 5.30 

Rutile 4.386 2.856 

aPbC1 2 4.46 9. :>2 2.85 
11: 

9.868 

Rutile 4.955 3.332 

aPb0 2 5.497 5.951 4.948 

CaF 2 5.349 

3.08 4.19 
Disordered 4.487 4.536 3.137 

Rutile 

Rutile 4.486 3.0&8 

Angle I Z I Space I DenSi~YI 
(0) Group (g /em ) 

3 P3 l 2l 4.28 

2 P4 Z/mm 6.28 

4 Pnab 

1 P3l2 
or p1"1Jl 

99.2 4 PZl/c 10.3 

4 I4 1/amc 10.03 

4 P2 1 2l 2] 10.58 

4 Fm3m 9.39 

2 P4 2/mnn 5.27 

4 Pbnm 4.87 

32 4.81 

2 P4 2/mm 9.56 

4 Pnab 9.81 

4 Fm3m 10.34 

1 P6/mmm 11.1 

2 Pnn2 01 11. 8 
Pnnm 

2 P4 2/mnn 7.16 

Ref. 
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95 
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Table 2 

COMPOUND 

Oxides (Cont'd) 

Si02 (I) 
Si0 2(II) 
Si0 2(IIIa) 
Si0 2(IIIb) 
Si0 2 (IVa) 
Si02 (IVb) 
Si02(V) 
Si0 2 (VI) 
Si0 2(VII) 
Si0 2 (VI II) 

Si0 2 (IX) 

Sn0 2(I) 

SnOZ (II) 
SnOZ(III) 

TeOZ(I) 
TeO Z (II) 

TeOz(III) 
Te0 2 (IV) 

Pressure 

(kbar) 

N 
N 
N 
N 
N 

N 
N 
N 
N 
N 

N 

N 

N 

250 

N 

N 

N 

10.1 

Temperature Crystal 

(oe) System 

R Rhombohedral 

R Hexagonal 
R Orthorhombic 
R Hexagonal 
R Tetragonal 

R Cubic 
R Monoclinic 

R Tetragonal 
R Tetragonal 
R Orthorhombic 

R Hexagonal 

R Tetragonal 

R Orthorhombic 

R Cubic 

R Orthorhombic 
R Tetragonal 
R Tetragonal 
R Orthorhombic 

CRYSTALLOGRAPHIC DATA (Continued) 

-
Structure a b c 

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

IlQuartz 4.913 5.394 

6Quartz 5.01 5.47 
IlTridymite 9.88 17.1 16.3 
6Tridymite 5.03 8.22 

IlCristobalit ~ 4.97 6.92 
6Cristobalit ~ 7.13 

Coesite 7.17 7.17 12.38 

Stishovite 4.179 2.665 
Keatite 7.456 8.604 

IlPb0 2 4.30 4.7C 4.50 

Fe 2N 2.561 4.112 

Rutile . 4.67 3.14 
IlPb0 2 4.719 5.714 S.223 

CaF 2 4.925 

Brookite 5.59 11. 75 5.50 
Rutile 4.79 3.77 

Paratellurite 4.810 7.613 
4.728 4.8Z3 7.58l 

Angle Z Space 

(0) Group 

3 P31 21 
3 P6 Z22 

64 
4 
4 P4 12l 
8 Fd3m 

120 16 C2/c 

2 P4 2/mnlT 
12 P4 121 1. 

4 Pnab 

1 P312 01 
P31m 

2 P4 2/mnn 
4 Pban 

4 Fm3m 

8 Pbca 
2 P4 2/mnm 
4 P4 l 2l 2 

4 P2 121Z1 

Density 

(g lem3) 

2.65 
2.52 
2.32 
2.21 
2.34 
2.20 
2.90 
4.29 
4.39 
4.27 

4.27 

7.26 
7.11 
8.38 

5.83 
6.09 
6.01 
6.13 

Ref. 

219 
95 
95 
95 

219 
95 

199 
242 
219 

109 

160 

95 
248 
159 

95 
95 
95 
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Table Z 

COMPOUND 

Oxides (Cont'd) 

TiOZ(I) 

TiOZ(II) 
TiOZ(III) 
TiOZ(IV) 
TiOZ(V) 
Ti0 2 (VI) 

Z rO Z (I) 
ZrOZ (I I) 

ZrOZ (III) 

ZrOZ (IV) 

Zn:OH)Z(I) 
Zn (-0H) 2 (I I) 

Zn(OH) 2 (II I) 

Zn(OH) Z (IV) 

Zn[OH)z(V) 

Pressure 

(kbar) 

N 

N 

N 

N 

N 

250 

N 

N 

35 

N 

N 

N 

N 

N 

N 

Temperature Crystal 

(oC) System 

R Tetragonal 

R Orthorhomb ic 
R Tetragonal 

R . Orthorhombic 

R Cubic 
R Hexagonal 

R Monoclinic 

R Tetragonal 

800 Orthorhomb i c 

2330 Cubic 

R Orthorhomb ic 

R Orthorhombic 

R Hexagonal 

R * 
R Hexagonal 

CRYSTALLOGRAPHIC DATA (Continued) 

Structure a b c 
0 c 0 

Type (A) U) (A) 

Anatase 3.73 9.37 

Brookite 5.456 9.BZ 5.143 

Rutile 4.589 2.954 

aPb0 2 4.53Z 5. SL 3 4.896 

4.455 

9.22 5.685 

5.164 5.255 5.297 

5.071 5.27 

5.110 5.076 5.267 

5.256 

C3l 8.53 5.15 4.92 

6.73 7.33 8.47 

3.11 7.80 

* 
CdI 2 3.194 4.714 

Angle Z Space 

(0) Group 

4 I4l /amc 
8 Pbea 
Z P4 2/1I1nn 

4 Pnab 

4 Fm311l 

16 

99.2 4 P2 1!c 

4 P4 2/nmc 

4 P2 l 2L21 
4 

4 P2 l 2L21 
8 

3 

1 C3m 

Density 

(g Icm3 ) 

4.05 
4.12 

4.24 
4.34 
6.14 
5.07 

5.77 
6.03 

5.99 

5.64 

3.05 

3.16 

2.40 

3.96 

Ref. 
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Table 2 

COMPOUND 

PhosEhides 

GeP Z 

NbP 1. 70 

SiP 2 

VPl. 75 

ZnP2 (I) 

ZnP 2 (II) 

ZnP 2 (I II) 

COP 2 

Pressure Temperature Crystal 

(kbar) (oC) System 

N R Cubic 

N R Tetragonal 

N R Cubic 

N R Tetragonal 

N R Monoclinic 

N R Tetragonal 

N R Cubic 

N R Monoclinic 

CRYSTALLOGRAPHIC DATA (Continued) 

Structure a b c Angle 
0 ~ <) 

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

5.619 

PbFC1 3.339 7.649 

Pyrite 5.7045 

PbFCl 6.3237 7.U,71 

8.85 7.29 7.56 102 

5.08 18. S9 

5.322 

P.rsenopyri te 5.610 5.591 5.64 116.8 

Z Space 

Group 

4 

2 

4 Pa3 

8 P4m2 

8 P2 1/C 
8 P4 1 21 2 

or 
P4 3212 

4 

4 P2 1/c 

Density 

(g lem3
) 

5.04 

5.65 

3.22 

4.81 

3.S5 

3.S5 

5.C9 

Ref. 

1 88 
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Table 2 

COMPOUND 

Germanides and 

Si1icides 

BaGe 2(I) 

BaGe 2 (I I) 

BaSi 2(I) 

BaSi Z (II) 

CaSiZ(I) 
CaSi 2 (II) 

EuSi 2 

SrSi 2(I) 

SrSiZ(II) 

Pressure '1emperature Crystal 

(kbar) (oC) System 

N R Orthorhombic 

N R Tetragonal 

N R Orthorhombic 
N R Rhombohedral 

N R Rhombohedral 

N R Tetragonal 

N R Tetragonal 

N R Cubic 

N R Tetragonal 

CRYSTALLOGRAPHIC DATA (Con t inued) 

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

9.05 6.83 11.65 

aThSi Z 4.755 14.73 

8.92 6.75 11. 57 

4.047 5.330 

3.855 30.6 

aThSi 2 4.283 13. S4 

aThSi 2 4.304 13.65 

6.535 

aThSi 2 4.430 13.83 

Z Space 

Group 

Pnma 0 

8 Pna2 1 
4 1411 all 

Pnma 01 

8 Pna2 l 
1 P3ml 

6 R3m 

4 14 1 / ame 

4 I 411 arne 

4 

4 14 1/ am( 

Density Ref. 

(g fem3) 

5.21 102 

d 5.63 102 

3.69 95 

4.25 100 

2.46 169 

2.47 169 

5.47 101 

3.42 95 

3.51 101 
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Table 2 

COMPOUND 

Sulfides 

AgzS (I) 

Ag2S(II) 

AgZS (III) 
AgzS (IV) 

BiS z 

CSZ (I) 

CS2 (I) 
CS2 (I) 

Cu2S(I) 
Cu2S(II) 
Cu2S (I I I) 

CUr..96S(I) 
CuI. 96 S (II) 

CuS 2 

Pressure 

(ltbar) 

N 

N 

N 

20 

N 

N 

N 

20 

N 

N 

N 

N 

N 

N 

Temperature Crystal 

(oC) System 

R Monoclinic 
189 Cubic 

600 Cubic 

R oJ 

R * 

-114 Orthorhomb ic 
-214 Orthorhombic 

R Orthorhomb ic 

R Orthorhombic 

152 Hexagonal 

456 Cubic 

R Tetragonal 
220 Cubic 

R Cubic 

-

CRYSTALLOGRAPHIC DATA (Con Lnued) 

Structure a b c Angle 
(I 0 0 

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

Acanthite 7.87 6.91 4.Z3 99.6 

Argentite 4.870 

High Argenti e 6.26<; 

* 

d-va1ues 

3.11(100) 
2.97(60) 
2.62(65) 
1.88(70) 
1.81(70) 
1.504(60) 

6.455 5.596 8.939 
6.215 5.404 9.280 

6.16 5.38 8.53 

13.491 27.323 11.881 
Cha1cDcit Ie 3.961 6.722 

5.725 

3.996 11.287 
'II 5.6 

Pyrite 5.796 

Z Spate 

Group 

4 P2. In -
2 Im3m 

4 

4 Cmca 

4 Cmca 

4 Cmca 

96 Ab2m 
2 P6 3Jmmc 
4 F , 

4 P4 3 21 2 

4 Paj 

Density 

(g Icm3) 

7.Z5 
7.12 

6.68 

1. 566 
1. 623 
1. 79 

5.79 

5.74 

5.63 

5.86 

4.44 

Ref. 

95 
95 

95 

76 

10 
10 

263 

95 
95 
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Table 2 

COMPOUND 

Sulfides (Cont'd) 

GeS 2 (I) 

GeSZ(I1) 

IlZS (I) 
H2S(II) 

HZS(III) 

HZS (IV) 

HZS(V) 

IrSz(I) 
I rS Z (I 1) 

MoS 2 (r) 

MoSZer I ) 

NbSZ(1) 
NbS 2(II) 

NbS Z (I I I) 

PdS Z (I) 

PdSZ(II) 

SiSZ(I) 

SiSZ(II) 

Pressure 

(kbar) 

N 

N 

N 

N 

N 

6 

8 

N 

N 

N 
20 

N 

N 
N 

N 

N 

N 

N 

Temperature Crystal 

(oC) System 

R Orthorhombic 

R Tetragonal 

-120 * 
-160 * 
-175 * 
-140 * 
-lZ0 * 

R Orthorhomb i c 
R Cub:"c 

R Rhombohedral 

R * 

R Hexagonal 

R Rhombohedral 

R Hexagonal 

R Orthorhombic 

R Orthorhombic 

R Orthorhombic 

R Tetragonal 

CRYSTALLOGRAPHIC DATA (Continued) 

-

Structure a b c 
c 0 

(A) Type (A) (A) 

C44 11. (6 22.34 6.86 

S.4CO 9.143 

* 
oJ; 

.;. 

oJ; 

i< 

IrSe Z 19. i8 5.624 3.565 

Pyrite 5.68 

3R 3.15 12.33 
i< 

2B 3.31 11. 8~ 

CdC1 2 3.33 17.83 

4H-TaSe Z 3.33 23.8 

5.5L 7.53 5.46 

5.51 7.16 5.56 

5.60 9.55 5.53 

5.420 8.718 

Angle Z Space 

(0) Group 

24 FddZ 

4 142d 

8 Pnam 

4 Pa3 

Z P6 3/mmc 

Z P6 3/mmc 

3 R3m 

4 P6 3/mmc 

4 Pbca 

4 

4 Ibam 

4 I4Zd 

Density 
3 

(g leA ) 

3.03 

3.30 

8.59 

9.2Z 

4.98 

4.62 

4.57 

4.56 

4.95 

5.16 

2.06 

Z.37 

Ref. 

9S 

198 

240 

240 

240 

240 

9 

121 

179 

9S 

54 

9S 

95 
151 

95 

180 

9S 
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Tab Ie Z 

COMPOUND 

Sulfides (Cont'd) 

SrS Z 

ZnS Z 

Rare Earth Sulfide~ 

LaS Z (I) 

LaSZOI) 

CeSZ(I) 
CeSz(II) 

FrS Z 

?\dS Z 

GdS 2 (1) 

GdS 2 (I I) 

1bS 2 (1) 

IbS 2 (II) 

Eressure Temperature Crystal 

(kbar) (oC) SY9tem 

N R Tetragonal 

N R Cubic 

N R Te tragonal 

N R Cubic 

N R Te tragona1 

N R Cubic 

N R Cubic 

N R Cubic 

N R Tetragonal 

N R Cubic 

N R Tetragonal 

N R Cubic 

CRYSTALLOGRAPHIC DATA (Con :inued) 

Structure a b c Angle Z 
0 0 

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

CUA1 Z 6.095 7.616 4 

Pyrite 5.954 4 

8.Z3 8.13 8 

8.Z0 8 

8.115 8.115 8 

8.1Z 8 

8.08 8 

8.011 8 

LaS Z 7.796 7.196 8 

7.88Z 8 

LaS Z 7.754 7.864 8 

7.845 8 

Sp:tee Density 

GrDUP (g fern3) 

I4!mcm 3.56 

Pa3 5.56 

P4!nmm 4.90 

4.90 

5.08 

5.67 

5.16 

5.38 

6.7Z 

6.96 

6.27 
6.14 

===t 
Ref. 
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Table 2 

COMPOUND 

Rare Earth Sulfide~ 

DyS2 (I) 

DyS2 (I I) 

YS Z (I) 

YS 2(II) 

HOS Z (I) 

HoSZ(II) 

ErSZ(I) 
ErS 2(II) 

TmS Z (I) 

TmS Z (I 1) 

YbSZ(I) 
YbS Z (I 1) 

LUS Z (I) 

LuS 2 (II) 

Pressure 
, 
: Temperature 

(kbar) ; (DC) 

(Cont'd) I 

N R 

N R 

N R 
N R 

N R 

N R 

N R 

N R 

N R 

N R 

N R 

N R 

N R 

N R 

CRYSTALLOGRAPHIC DATA (Continued) 

Crystal Structure a b c 
0 () ~ 

System Type (A) (A) (A) 

Tetragonal LaS Z 7.696 7.861 

Cubic 7.809 

Tetragonal LaS Z 7.720 7.846 

Cubic 7.797 

Tetragonal LaS'2 7.649 7.339 

Cubic 7.784 

Tetragonal LaS Z 7.636 7.811 

Cubic 7.745 

Tetragonal LaS Z 7.610 7.784 

Cubic 7.745 

Tetragonal LaS Z 7.578 7.767 

Cubic 7.722 

Tetragonal LaS Z 7.560 7.751 

Cubic 7.687 

Angle Z Space Density 

(0) Group (g fcm3) 

8 6.47 

8 6.3Z 

8 4.348 

8 4.289 

8 6.645 

8 6.45 

8 6.75 

8 6.6Z 

8 6.86 

8 6.66 

8 7.06 

8 6.84 

8 7.17 

8 6.99 

R4!f. 

104 
262 

104 
Z62 

zoz 
26Z 

202 

Z6Z 

262 
Z62 
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Z62 
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Table 2 

CO:1POUND 

Selenides 

AgzSe(I) 
AgzSe (II) 

BiSe 2 

Cd3e 2 

CuZSe(1) 

CuZSe (I I) 

CuZSe(I II) 

CuSe 2(I) 

CuSe 2 (I I) 

FeSeZ(I) 

FeSe Z (II) 

MoSe Z 

ZnSe Z 

NdSe 2(I) 

NdScz(I1) 

NdSe 2 (I II) 
NdSe 2 (IV) 

Pressure 

(khar) 

N 

N 

N 

N 

N 

N 

32 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

Temperature Crystal 

(oC) System 

R Orthorhombic 

173 Cubic 

R * 

R Cubic 

R Tetragonal 

170 Cuhic 

R * 

R Orthorhombic 

R Cubic 

R Orthorhombic 

R Cubic 

R Rhombohedral 

R Cubic 

R Hexagonal 

R Rhombohedral 

R Hexagonal 

R Hexagonal 

CRYSTALLOGRAPHIC DATA (Con tinued) 

Structure a b c 
0 0 0 

Type (A) (A) (A) 

4.344 7.111 7.790 

4.993 

* 
Pyrite 6.615 

8.12 11.17 

Sphalerite 5.852 

* 

Marcasite 5.017 6.198 3.741 

Pyrite 6.123 

Marcasite 4.799 5.714 3.557 

Pyrite 5.783 

3R 3.292 19.392 

Pyrite 6.615 

2H 3.45 12.54 

3R 3.45 18.88 

4H 
P 

3.349 25.188 

4H 
0 

3.46 24.8 

Angle Z Space 

(0) Group 

4 P222 

2 1m3m 

4 Pa3 

16 

4 F43m 

2 Pnnm 

4 Pa3 

2 Pnnm 

4 Pa3 

3 

4 Pa3 

Z P6 3/mmc 

3 R3m 

4 P6 3/mmc 

4 P6 3/mmc 

Density 

(g tem3
) 

8.14 

7.86 

6.20 

7.09 

6.83 

6.32 

6.41 

7.28 

7.34 

6.94 

5.124 

7.75 

7.73 
7.77 

7.80 

Ref. 

82 
82 

229 

33 

95 

95 
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33 
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Table Z 

- -

COID'OUND 

Se1enides (Cont'd) 

SmSe Z 

TmSe Z 

YbSe Z 

LuSe 2 

Tellurides 

Ag Z Te (I) 

Ag 2Te(II) 

Ag Z Te (I I I) 

Ag 2 Te (IV) 

AgzTe(V) 

Ag 2 Te (VI) 

AUTeZ(I) 

AuTeZ(II) 
AuTe Z (I II) 

CuTe Z 

Pressure 

(kbar) 

N 

N 

N 

N 

N 

N 

24 

40 

30 

N 

N 

N 

20 

N 

Temperature Crystal 

(oC) System 

R Tetragonal 

R Tetragonal 

R Tetragonal 

R Tetragonal 

R Monoclinic 

ISS Cubic 

R Te t ragona 1 

R Te tragona1 

300 * 
825 Cubic 

R Monoclinic 

R Orthorhombic 

R Tetragonal 

R Cubic 

CRYSTALLOGRAPHIC DATA (Continued) 

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

LaTe 2 4.110 8.275 

LaTe z 3.961 8.188 

LaTe 2 3.970 8.151 

LaTe 2 3.939 8.147 

8.13 4.48 8.09 112 .9 

Disordered(f cc)6.64 

8.92 6.09 

8.68 6.09 

* 
5.29 

Ca1averi 1 e 7.18 4.40 5.07 90.0 

Krenneri 1 e 16.51 8.80 4.45 

Two poss:'b1e 5.25 5.48 
uni t cells 6.13 3.72 

Pyrite 6.60 

-

Z Space Density 

Group (g fcm3) 

2 P4/nmn 7.32 

2 P4/nmn 8.45 

2 P4/nmn 8.56 

2 P4/nmn 8.86 

4 P2 1/n 8.40 

4 F. 7.79 

8 9.41 

8 9.91 

2 1. 7.70 

2 C2/m 9.38 

8 Pma 9.Z9 

2 9.94 
Z 10.74 

4 Pa3 7.36 

Ref: 
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Table Z 

COMPOUND Pressure 

(kbar) 

Tellurides (Cont'd) 

CoTez (I) N 

CoTez (II) N 

CoTeZ(III) N 

FeTe Z (I) N 
FeTe 2(II) N 

NiTez(I) N 

NiTeZ(II) N 

Rare Earth Te11urid ~s 

YTe
2

_
x N 

HoTe Z_x N 

ErTe
2

_x N 

TmTe Z_x N 

LuTe Z_x N 

Temperature Crystal 

(oC) System 

R Orthorhombic 
R Hexagonal 
R Cubic 

R Orthorhombic 
R Cubic 

R Hexagonal 

R Cubic 

R Tetragonal 

R Tetragonal 

R Tetragonal 

R Tetragonal 

R Tetragonal 

CRYSTALLOGRAPHIC DATA (Continued) 

Structure a b c 
0 0 It 

Type (A) (A) (A) 

Marcasite 5.319 6.319 3.897 

CdI Z 3.784 5. ,03 

6.310 

Marcasite 5.340 6.Z6 3.849 
Pyrite 6.Z92 

CdI 2 .3.385 5.255 
Pyrite 6.374 

Cu2Sb 4.Z91 8.91Z 

CUZSb 4.264 8.872 

Cu2Sb 4.248 8.865 

CUZSb 4.240 8.831 

Cu 2Sb 4.322 8.307 

I 

Angle Z Space Density 

(0) Group (g fem3) 

2 Pnnm 7.96 

1 P3m1 7.74 
4 Pa3 8.31 

Z Pnnm 7.98 

4 Pa3 8.Z9 

2 P3m1 7.73 

4 Pa3 8.05 

Z P4/nmm 6.96 
(6.19)( 

2 P4/nmm 8.65 
(7.86)' 

2 P4/nmm 8.77 
(7.98)' 

Z P4/nnm 8.87 
(8.07)' 

Z P4/nnm 9.10 
(8.29)' 

( )a _ calculated for x = 0.3 

I I I I 

---
Ref. I 

I 

95 
95 
32 

95 
32 
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Table 2 

COMPOUND 

Mixed Cation Transi 

CdO.04CuO.96S2 

CdO.35MnO.6SS2 

CrO.39CoO.61S2 

CUO.76FeO.24S2 

MnO.2SCuO.75S2 

NiO.SOFeO.50S2 

ZnO.50CdO.SOS2 

ZnO.20CuO.80SZ 

ZnO.3SMnO.6SSZ 

CdO.06CuO.94Se2 

CdO.48MnO.S2Se2 

Pressure 

(kbar) 

tion Metal 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

Temperature Crystal 

(oC) System 

Cha1cogen des 

R Cubic 

R Cubic 

R Cubic 

R Cubic 

R Cubic 

R Cubic 

R Cubic 

R Cubic 

R Cubic 

R Cubic 

R Cubic 

CRYSTALLOGRAPHIC DATA (Continued) 

-
Structure a b c Angle 

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

Pyrite 5.089 

Pyrite 6.055 

Pyrite 5.558 

Pyrite 5.702 

Pyrite 5.869 

Pyrite 5.545 

Pyrite 6.125 

Pyrite 5.825 

Pyrite 6.055 

Pyrite 6.i46 

Pyrite 6.511 

Z Space Density 

Group (g lem3) 

4 Pa3 4.24 

4 Pa3 4.16 

4 Pa3 4.66 

4 Pa3 4.51 

4 Pa3 4.12 

4 Pa3 4.69 

4 Pa3 4.42 

4 Pa3 4.62 

4 Pa3 4.16 

4 Pa3 6.42 

4 Pa3 5.71 

Re~ 

34 

34 
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34 
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Table 2 

COMPOUND 

Mixed Cation Transj 

MnO.S6CuO.44Se2 

NiO.60Feo.40Se2 

ZnO.32Cdo.6SSe2 

ZnO.40CuO.60Se2 

ZnO.SOMnO.50Se2 

MnO.67CuO.33Te2 

ZnO.SOMnO.50Te2 

Pressure Temperature Crystal 

(kbar) (oC) System 

tion Metal Chalcogen des (Cont'd) 

N R Cubic 

N R Cubic 

N R Cubic 

N R Cubic 

N R Cubic 

N R Cubic 

N R Cubic 

CRYSTALLOGRAPHIC DATA (Continued) 

Structure a b c Angle 
0 0 0 

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

Pyrite 6.293 

Pyrite 5.890 

Pyrite 6.510 

Pyrite 6.186 

Pyrite 6.360 

Pyrite 6.838 

Pyrite 6.874 

Z Space 

Group 

4 Pa3 

4 Pa3 

4 Pa3 

4 Pa3 

4 Pa3 

4 Pa3 

4 Pa3 

Density 

(g fcm3) 

5.77 

7.01 

6.15 

6.23 

5.63 

6.50 

6.45 

Ref. 
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Table 2 

COMPOUND 

Alloy and Intermet 

AuA1 Z 

AuGa 2 

AulnZ (1) 
Auln Z(1I) 

LaCo 2 

LaOs 2(I) 

LaOsZ(II) 

CeOs 2 (I) 
CeGs 2(II) 

SmRuZ (I) 
SmRu Z (I I) 

NdRu 2(I) 
NdRu Z (II) 

MnAu2(I) 
MnAuZ (II) 

Pressure 

(kbar) 

~llic Comp 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

Temperature Crystal 

(oC) System 

unds 

R Cubic 

R Cubic 

R Cubic 
R 1: 

R Cubic 

R Cubic 
R Hexagonal 

R Cubic 
R Hexagonal 

R Cubic 
R Hexagonal 

R Cubic 
R Hexagonal 

R Tetragonal 
R Tetragonal 

CRYSTALLOGRAPIIIC DATA (Continued) 

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

CaF 1 6.00 

CaF1 6.075 

CaF 2 6.515 
11 

MgCu2 7.449 

MgCu 2 7.743 
MgZn 2 5.419 9.083 

MgCuZ 7.593 
MgZnz 5.355 8.816 

MgCu Z 7.577 
MgAn z 5.298 8.939 

MgCu2 7.612 
MgZnz 5.323 9.004 

CaC Z 3.363 8.592 
1: 

Z Space 

Group 

4 Fm3m 

4 Fm3m 

4 Fm3m 

8 Fd3m 

8 Fd3m 
4 P6 3/mJlc 

8 Fd3m 
4 P6 3/mnc 

8 Fd3m 
4 P6 3/mnc 

8 Fd3m 
4 P6 3/mJlc 

2 14/mJlm 

Density 

(g Icm3
) 

7.12 

9.97 

10.25 

8.25 

14.86 
14.92 

15.80 
15.78 

10.81 
10.81 

10.47 
10.44 

15.33 

Ref. 
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Table Z 

COMPOUND 

Iron Com:Qounds 

PrFe Z 

NdFe Z 

SmFe Z 

GdFe Z 

TbFe Z 

HoFe Z 

YbFe Z 

LuFe Z 

Magnesium Compound 

MgzSi (l) 
MgzSi(lI) 

Mg 2Ge(I) 

MgZGe(II) 

Pressure Temperature Crystal 

(kbar) (oC) System 

N R Cubic 

N R Cubic 

N R Cubic 

N R Cubic 

N R Cubic 

N R Cubic 

N R Cubic 

N R Cubic 

N R Cubic 

N R Orthorhombic 

N R Cubic 

N R Orthorhombic 

CRYSTALLOGRAPHIC DATA (Continued) 

Structure a b c Angle 
0 0 0 

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

MgCu Z 7.467 

MgCu Z 7.45Z 

MgCu Z 7.415 

MgCu Z 7.394 

MgCu 2 7.354 

MgCu Z 7.303 

MgCu Z 7.Z39 

MgCu Z 7.ZZ9 

CaF Z 6.404 

NiZSi 4.48 5.94 8.ZZ 

CaF 2 6.378 

NiZSi 4.57 5.96 8.50 

Z Sp.eee 

GrClup 

8 Fd3m 

8 Fd3m 

8 Fd3m 

8 Fd3m 

8 Fd3m 

8 Fd3m 

8 Fd3m 

8 Fd3m 

4 Fm3m 
4 Pmnb 

4 Fm3m 
4 Pmnb 

Density 

(g tem3) 

8.06 

8.21 

8.54 

8.84 

9.07 

9.43 

9.97 

10.08 

1.94 
2.34 

3.10 
3.47 

Ref. 

61 

61 

61 

61 

61 

61 

61 

61 

9S 
219 

9S 
219 

i 

I 

.-
o 
~ 

J;; 
o 
I: 
In 
:II 
:II 
F .... 



TE.b1e 2 

COMPOUND Pressure Temperature Crystal 

(kbar) (oC) System 

Magnesium Compound ~ (Cont' d) 

MgzSn (I) N R Cubic 
MBZSn(II) N R Orthorhombic 

Manganese Compound~ 

SrrMn Z (1) N R Cubic 
SrrMn Z (I I) N R Hexagonal 

GdMnZ(I) N R Cubic 
GdMn Z (1 I) N R Hexagonal 

TbMn Z (I) N R Cubic 
TbMn 2(I I) N R Hexagonal 

DyMn 2(I) N R Cubic 

DyMnZ(II) N R Hexagonal 

!-

J 
HoMn Z (1) N R Cubic 
HoMn 2 (I I) N R Hexagonal 

i YBMnZ N R Hexagonal 

I 
:'" 

YMnZ(I) N R Cubic 
YMn 2 (II) N R Hexagonal J 

~ =- ----.. 
:& , 
Jt-

i 

CRYSTALLOGRAPHIC DATA (Continued) 

Structure a b e Angie Z 
0 0 0 (0) Type (A) (A) (A) 

CaF Z 6.765 4 

NiZSi 4.8Z 6.25 9.14 4 

MgCu Z 7.79 8 
MgZn z 5.501 8.968 4 

MgCu 2 7.724 8 

\1gZn 2 5.447 8.893 4 

~fgCu2 7.620 8 
MgZn z 5.390 8.786 4 

MgCu Z 7.573 8 

MgZn z 5.356 8.744 4 

MgCU 2 7.507 8 

MgZnz 5.316 8.672 4 

MgZn 2 5.233 8.561 4 

MgCu z 7.678 8 

MgZn z 5.404 8.848 4 

Spaee Density 

Group (g lem3) 

Fm3rn 3.60 
Prnnb 4.03 

Fd3rn 7.31 

P6 3/rnrnc 7.35 

Fd3rn 7.70 

P6/rnmc 7.76 

Fd3rn 8.07 
P6 3/rnrnc 8.07 

Fd3rn 8.33 

P6 3/mrnc 8.32 

Fd3m 8.63 

P6 3/rnrnc 8.59 

P6 3/mrnc 9.25 

Fd3rn 5.83 
P6 3/mrnc 5.87 

9 
Ref. I 

95 
219 

153a 
97a 

264a 
97a 

264a 
97a 

Z64a 

97a 

264a 
97a 

97a 

95 
97a 
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2. Antimonides 
In a series of rare earth compounds RX2 where the rare 

earth element R is varied, it is common to find that com
pounds can be prepared for only a certain range of the ele
ments of the rare earth series. Prior to synthesis studies con
ducted at high pressure, for example, rare earth 
diantimonides were known for the lighter rare earths. The 
first rare earth diantomonide discovered was LaSb2 by Vogel 
and Klose [258]. In 1966, Olcese [183a] reported CeSb2 and 
in 1967 YbSb2, NdSb2, and SmSb2 were reported by Wang 
and Steinfink [260] Wang and Steinfink [260] attempted the 
synthesis of the antimonides of Gd, Dy, Ho, and Er but were 
unsuccessful. By single crsytal x-ray diffraction techniques 
LaSb2, CeSb2, NdSb2, and SmSb2 were found to have an 
orthorhombic structure [26] designated the LaSb2-type. In 
this structure it was found that the SB-Sb bond distance was 
short. suggesting that beyond a certain limit the structure 
would become unstable. 

High pressure high temperature synthesis studies by 
Eatough and Hall [96] have extended the LaSb2-type struc
ture to include PrSb2, GdSb2 and TbSb2• The synthesis of 
these diantimonides takes place at approximately 35 kbar 
and 1200 °C to 1500 0c. A new high pressure phase referred 
to as the HoSb2-type was discovered by Eatough and Hall 
[96] which extends the diantimonide series to include the 
heavier rare earth elements. Synthesis of the HoSb2-type rare 
earth diantimonide has been reported for GdSb2, TbSb2, 

DySb2, HoSb2, TmSb2, LuSb2 and YSb2 • The range of pres
sure and temperature for the synthesis of this series is 4~60 

1500 

o 

Ref [96] 

GdSb2 
(LaSb2 TYPE) 

Cm Ca 

o 

o 

o 

\l \l 

\l NO REACTION 

o~ ______ ~ ________ ~ ________ ~ __ ~ 
o 

PRESSURE (kbar) 

FIGURE 1. Reaction product diagram for Gd + 2Sb. 
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Ref [96,97] 

1500 TbSb+ Sb 1:::.1:::. 

TbSb2 A 

( LaSb2TYPE) TbSb2 
(HIGH PRESSURE 

ORTHORHOMBIC TYPE) 
1;JIOOO 

I:::. 
w 
a: 
:::> 

~ a: w 
Q. 

:E 
w 
~ 

TbSb+ 

• • UNKNOWN PRODUCTS • I:::. 
500 (TYPE I) 

o~ ______ ~ ________ ~ ______ ~~~ 
o 60 

1500 

PRESSURE (kbor) 

FIGURE 2. Reaction product diagram for Tb + 2Sb. 

Ref [96] 

Dy+Sb 

OySbz. 
(HIGH PRESSURE 
ORTHORHOMBIC TYPE) 

f;> 1000 
w 
0:: 
=> 
~ 
a: 
w 
Q. 

:E 

o 

• UNKNOWN 

~ 500 
PRODUCTS 
(TYPE I) 

OL-______ -L ________ ~ ______ ~~--~ 

o 20 
PRESSURE (kbar) 

FIGURE 3. Reaction product diagram for Dy + 2Sb. 
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l500 

~ 1000 
w 
IX: 
:::> 

~ 
IX: 
W 
a.. 
::E 

~500 

o~ ______ ~~ ________ ~ ____ ~~~ __ ~ 
o 40 60 

( kbar) 

FIGURE 4. Reaction product diagram for Ho + 2Sb. 

kbar and 500-1500 °e. The approximate stability fields of 
these phases are shown in figures I through 4. The crystallo
graphic data on the HoSb2-type structure is based on powder 
diffraction studies. Eatough and Hall [96] indexed it as orth
orhombic and Johnson [127] proposed the structure whose 
space group is C222. 

The HoSb2-type structure (Z = 2) is made up ofhexag
onal layers of Ho and Sb atoms with a layer stacking se
quence Ho-Sb( I )-Sb(2). These layers are stacked in such a 
way that the expected hexagonal symmetry is reduced to 
orthorhombic (pseudohexagonal). The Sb atoms of one layer 
are lined up over the midpoint of the lines connecting the 
hexagonal array ofHo atoms in an adjacent layer. If the Sb 
atoms were situated over the center of alternate triangles of 
Ho, the CdI2-type structure would be obtained. The HoSb2-

type structure results in aID percent increase in Sb-Sb bond 
length over the LaSbz-type structure but a 20 percent de
crease in R-R bond length. 

The crystallographic unit cell dimensions of the high 
pressure HoSb2-type compounds prepared by Eatough and 
Hall L 96,97] have been recalculated by Cannon [66] using the 
structure proposed by Johnson [108] and the original x-ray 
data of Eatough and Hall [96,97]. The calculations of Can
non ·[66] confirm that Johnson's HoSb;rtype structure fits 
the experimental data much better than that proposed by 
Eatough and Hall [96,97] and is probably correct. 

3. Arsenides 
3.1. CdAs2 

The CdAs.z phas.e diagram (fig '5) has been investigated 
by Clark and Pistorius [77]. CdAs2 was prepared by direct 

700 

~ 600 
w 
a:: 
::J 

'<i a::: 
w 
(l. 

:E 
~ 500 

LIQUID 

Cd3 AS2 (n)- Cd AS3 (I) 

EUTECTIC 

! 
TETRAGONAL 

14,22 

0(77] 

n 

FIGURE 5. Phase diagram for CdAs2• 

synthesis of stoichiometric quantities of the elements in 
evacuated quartz ampoules which were heated to 850°C and 
cooled slowly. Measurements of the resistance (four wire 
method) of a sliver of CdAs2 as a function of pressure in a 
Bridgman anvil device reveal a phase transition at approxi~ 
mately.60 kbar at 25 "C. The resistance dropped by a factor 
of 30 in separate experiments. At higher temperatures the 
transition was observed by means ofDTA (using Chromel
A lume1 thermocouples) at constant temperature while the 
pressure was cycled through the transition. The CdAs2(I)
CdAs2(II) phase boundary has an approximate slope of 
- 10 K/kbar. It intersects the melting curve at 19.8 kbar 

and 579.5 "'C. 
The melting curve of CdAs2 was studied to 45 kbar. The 

melting of CdAs2(I) yielded sharp and strong DT A signals. 
The melting curve drops with pressure with an initial slope 
of - 1.6 Klkbarfrom 621°C at atmospheric pressure to the 
triple point at 19.8 kbar and 579.5°C. Melting of the denser 
CdAs2(1I) phase initially rises with pressure with a slope of 
1.8 K/kbar, passes through a broad maximum at ,..",30 kbar 
and 591.5 °C and then falls with increasing pressure. Upon 
decreasing pressure the CdAs2(II) melting curve could be 
followed to ~ 5 kbar below the triple point. No metastable 
extension of the CdAs2(I) melting curve could be observed 
on the up cycle. 

The DT A signals of theCdAs2(I) melting curve exhibit 
interesting metastable behavior on the decreasing tempera
ture cycle. The phase boundary initially drops with pressure 
from 610 QC at atmospheric pressure to 589.5 °C, at 5.9 kbar, 
where the slope of the curve sharply changes from - 4.2 KJ 
kbar to 10.4 Klkbar. The initial part of the curve is attribut-

J. Phys. Chem. Ref. Data, Vol. 11, No~ 4, 1982 
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ed to the Cd3As2-CdAs2 eutectic at 610°C at atmospheric 
pressure (56 at. percent As). The abrupt change in the slope 
at 589.5 °C and 8.4 kbar is due to the CdAs2(I)-As eutectic. 

Each phase boundary in this work was based on several 
separate runs. For melting curve determinations, the results 
are believed to be within ± 0.5 kbar and ± 0.5 K. In the 
determinations of the CdAs2(I)-CdAsz(II) boundary the ac
curacy of the pressures are estimated to be within ± 2 kbar. 
Experimental corrections described by Pistorius and Clark 
(194) and Richter and Pistorius [201] have been applied. 

CdAs2(I) is tetragonal, space group 14122 - D10 with 
Cd atoms in 4(b) positions and As atoms in 8(f) positions. The 
structure of CdAs2(II) has not been determined. 

3.2. Mn2As 

Both Cr zAs and MnzAs have been prepared at atmo
ISph~ric pr~lSlSur~ with th~ CU2Sb-typ~ IStructure. In addition, 
CrzAs was synthesized with the Fe-P-type structure by 
quenching from high temperature. The F~P-type phase· of 
Mn2As could not be prepared in this manner but was synthe
sized from samples subjected to simultaneous high tempera
ture and high pressure [126]. 

The CU2Sb-type ofMnzAs was prepared by slowly heat
ing stoichiometric mixtures of the elements to 700 °C in 
evacuated silica tubes. The samples were afterwards held at 
1100 °C for a few hours and then quenched in water. The 
Fe:aP-type modification of Mn:aAs formed at a temperature 
of 1200 °C and pressure of 65 kbar held for 2 hours. The 
ptoduct was allowed to cool to 1100 °C and quenched to 
room temperature under pressure. 

The crystallography of F~P-type Mn2As was deter

mined by standard single crystal techniques. The hexagonal 
unit cell dimensions are a = 6.363 .A, c = 3.678 .A, z = 3 and 
Pc =7.13g!cm3

• The space group in P62m. Mn2As(II) is 
antiferromagnetic with a Neel temperature of 50 ± 10 K. 

3.3. NIAs2 

The pyrite-type crystal structure is exhibited by a wide 
variety of compounds, many of which are of interest because 
of their varied electrical and magnetic properties. The pyrite 
structure (space group Pa3) is in general a densely packed 
arrangement and therefore tends to be formed when synthe
sis is attempted between the transition metals and groups Va 
or VIa elements at high pressure. 

Nickel diarsenide crystallizes in an anomalous marca
site structure which differs from the normal marcasite by 
small angular distortions about the cation octahedra. Since 
the marcasite structure has a less dense packing arrange
ment, a transformation to the pyrite structure should be in
ducedby the action of high pressure. 

The pyrite phase of NiASz was prepared by Munson 
.[179] from the reaction of a mixture of powdered Ni and As 
in a 1: 1.22 mole ratio. The sample in the high pressure 
chamber was held at a temperature of 1400 °C and a pressure 
of 65 kbar ora periOd of one half hour. The presence of the 
pyrite-type NiAs2 was confirmed by powder x-ray examina
tion. Cubic NiAs2 is gray with unit .cell dimension a = 5.77 
A ano oeIll:iili~ISPe = 7.15 g/Clll~ audpc = 7.21 glcm3

• 
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3.4.SiAs2 

Silicon diarsenide has been synthesized with the pyrite
type crystal structure, space group Pa3. This is the only 
known phase of SiAs2 and requires elevated pressure for its 
preparation. Successful syntheses were carried out [94] from 
45 and 65 kbar at 1300 °C with reaction times of one hour, 
then cooled slowly to 1100 °C at the rate 50 °C/h quenched. 
The crystal structure and space group of SiAs2 were verified 
by single crystal techniques. 

Silicon atoms are located in special positions 4(a), while 
arsenic atoms occupy eightfold position 8(c) for which 
x = 0.384. The unit cell data are a = 6.023 A, Z = 4, andpc 
= 5.41 glcm3

• SiAs2, along with SiP2, GeAs2, GeP2 , unu
sual due to the fact that they are the only examples of pyrite 
type compounds of nonmetallic elements~ They are also unu
sual in that silicon isoctahedrally coordinated. The unit cell 
dimension of PtAs2 and PdAs2 (a = 5.965 A and 5.985 A, 
resp~tivc1y) ar~ very close to that of SiAs2 and the bond 
distances of SiAsz are within experimental error equal to 
their counterparts in PtAs2 and PdAs2• 

3.5. ZnAs2 

The phase diagram of ZnAsz has been studied by Clark 
and Pistorius [77] in a piston-cylinder device by means of 
differential thermal analysis using chromel-alumel thermo
couples. The ZnAs2 samples were prepared by direct synthe
sis of stoichiometric quantities of the elements. 

The melting curve of ZnAsz(I) is nearly linear with a 
slope of - 4.7 Klkbar and terminates at the triple point 
which is located at 19 kbar, 679°C. The melting curve of 

o [17] 
800 
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PIOURE 6. PhA$ diagram for ZnAsz. 
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ZnAs2(II) rises with pressure with an initial slope of + 4.0 
K/kbar and considerable curvature. The ZnAs2(II) melting 
curve was determined up to 45 kbar. The experimental un
certainties of the melting point determinations are estimated 
to be ± 0.5 kbar and ± 0.5 K. (fig. 6). 

Resistance measurements in a Bridgman anvil device at 
25°C showed no polymorphic transitions up to an estimated 
pressure of 110 kbar. At higher temperatures the ZnAs2(I)
ZnAs2(II) phase boundary was observed by means ofDT A at 
constant temperature while the pressure was cycled across 
the transition. Using this technique the phase boundary was 
traced from the triple point (679°C) down to 450°C. A linear 
extrapolation of this phase boundary intersects the room 
temperature pressure axis at approximately 70 kbar. The 
failure to detect the transition by electrical resistance meth
ods may be due to poor kinetics associated with this transi
tion at room temperature. 

Along the ZnAs2(I) melting curve metastable behavior 
is observed not identical to that noted in CdAs2(I). The me
tastable phase boundary is due to the ZnAs2(I)-As eutectic. 
No ZnARz(TT)-As entectic wa~ ohservec1 at pressl1re~ ahove 
the triple point. However, signals due to the ZnAs2(I)-As 
reappeared upon lowering the pressure past the triple point. 

ZnAs2(I) is primitive monoclinic, space group P2)/c 
(C~h)' The structure of ZnAs2(II) has not been determined. 

4. Borides 
4.1. 5mB2 

Rare earth borides of the composition RB2 have been 
prepared at atmospheric pressure for all the heavier rare 
earth members from gadolinium through lutetium including 
yttrium and scandium. These diborides are isomorphous 
and have the AIB2-type structure (C32). This structure is 
hexagonal (P6/mmm) and consists of alternating layers of 
metal and boron atoms. Previous attempts to synthesize the 
diborides with rare earth component larger than gadolinium 
have been· unsuccessful.· Cannon et al. [65] suggested that 
since the compressibilities of the lanthanides are greater than 
that of boron, then pressure would tend to make the lanthan
ides behave like the smaller ones. 

Of the seven lanthanid elements which are larger than 
gadolinium, simultaneous high pressure-high temperature 
conditions were successful in synthesizing one new diboride 
phase, 5mB2. 5mB2 was prepared from a stoichiometric ratio 
of the elements reacted at 65 kbar and 1140--1240 °C for 75 
minutes. The AIB2-type cell of 5mB2 has the dimensions 
a = 3.310 A. and c = 4.019 A.. Intensity data from the pow
der x-ray diffraction patterns indicate that the samarium 
atom in 5mB2 is flattened in the c-crystallographk'direction. 

5. Carbides 
The heavy rare earth dicarbides have been shown to 

exist in both cubic and hexagonal modifications and have 
been studied extensively [46,237,238]. In LuC2 a transfor
mation was observed to proceed from cubic to a low order 
symmetry which was tentatively identified as tetragonal 
with an unusually large unit cell. High pressure studies of the 
lanthanum dicarbides were carried out in an attempt to 

synthesize this lattice type. The normal stable modificatior 
of the lanthanum dicarbides of(Tb, Dy, Ho, Er, Tm, Yb, Lu, 
Y:C2) is body centered tetragonal CaC2-type, space group 
I4/mmm. 

Dicarbides of the rare earth metals were prepared by 
arc melting the elements together in a helium atmosphere. 
Synthesis of the possible high pressure phases were carried 
out the in the pressure range 15-34 kbar and temperature 
range 850 and 1200 °C and time intervals of 5 to 30 minutes 
[176a]. While all of the dicarbides listed above could be made 
successfully by high pressure techniques, three of them, 
LuC2, YbC2 and TmC2 were prepared by high temperature 
annealing techniques. Th powder diffraction patterns of the 
high pressure phase were complex containing very many 
lines. The data were fit to the orthorhombic crystal system 
with a large unit cell size (Z = 64). There is no sequential 
trend of the density with increasing atomic number of the 
rare earth metal which casts some doubt on the orthorhom
bic crystal system. 

6. Germanides 

6.1. BaGe2 

At atmospheric pressure BaGez crystallizes in an orth
urhumbic PIlllla (Ul PIla2d structure made of isolated Oe4 

tetrahedra. At a pressure of 40 kbar and temperature of 
1000 °C BaGe2(I) transforms to a tetragonal modification of 
the a-ThSi2-type which can be retained metastably at atmo
spheric pressure [102]. BaGe2(II) is isomorphous with the 
high pressure phase of CaSi2 and SrSi2, while the high pres
sure form of BaSi2 is rhombohedral (space group P3ml). In 
the presence of air and moisture BaGe3(II) decomposes and 
when heated to 350°C it reverts to the atmospheric pressure 
form. The decrease in volume in the GaGe2-BaGe2(II) tran
sition amounts to 8 percent. The tetragonal unit cell dimen
sions of BaGe2(II) are a = 4.755 A., c = 14.73 A with Z = 4 
andpc = 5.63 g/cm3. 

In the BaSi2(I)-BaSi2(II) transformation the isolated Si4 

tetrahedra change so as to appear to lie in wavy Si-layers. 
Actually the Si4 tetrahedra in BaSi2(II) may be described as 
comer shared in a two dimensional array involving only the 
silicon atoms in the basal plane of the tetrahedra. In contrast 
to BaSi2(II) the Si-Iayers in BaGe2(II) are made up to planar 
Si4 groups in which the adjacent layers are rotated by 90°. 
The coordination polyhedra in BaSi2(II) (rhombohedral) and 
BaGez(II) (tetragonal) are very similar. The number of near
est neighbors in each in 9 (6 barium and 3 silicon or germani
um, respectively). 

7 .. Metal Halides 
7.1. BaF2 

Under· the influence of pressure the fluorite phase of 
BaF2 transforms irreversibly to the a-PbCI2-type structure. 
The transformation was accomplished at 400 °C and 30 kbar 
[212]. No further transitions were observed up to 150 kbar. 
The evidence for the a-PbC12 phase is based upon 1 bar x-ray 
data. In an investigation of pressure-induced color centers in 
BaF2, Minomura and Drickamer [174] observed that the 
light was cut off in a 5 kbar range near 30 kbar. This was 
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interpreted to be due to the occurrence of a polymorphic 
phase transitions. Samara [212] measured the capacitance of 
BaF2 up to 30 kbar and detected a sharp discontinuity at 26.8 
kbar in a liquid pressure medium. There is a significant hys
teresis associated with this transition. For example, it has the 
value of 18 kbar at 22°C and 12.5 kbar at 150°C. The aver
age slope dP IdTis 2.6x 10-2 kbar/K. 

The transition is BaF2 is from the cubic-fluorite struc
ture to the orthorhombic a-PbC12 phase. Both phases con
tain four molecules per unit cell. In the a-PbC12 structure, 
each Ba has nine fluorine neighbors, but the distances are not 
all equal. The volume change at the transition is about 11 
percent. The orthorhombic unit cell data is a = 4.035 A.., 
b = 6.676 A.., c = 7.879 A.. and Z = 4. 

In the work of Dandekar and Jamieson [89] the a-PbC12 
phase formed from the simultaneous action of pressure and 
temperature was retained at 1 bar. The experiments of Sama
ra [212] from room temperature up to 150°C indicate the 
transition is readily reversible. 

7.2. BeF2 

The normal phase of BeP2 which is isomorphous with 
quartz, transforms to a new modification having the coesite
type structure at a pressure of 22 kbar and a temperature of 
450°C [85]. 

7.3. CaFz 

The high pressure transformation of CaF2 from the cu
bic fluorite structure to the a-PbC12-type structure has been 
reported by Seifert [186] and German et al. [94a]. Seifert 
[lH6] reported the CaF2(I)-CaF2(II) transformation in the 
region above 100 kbar in a piston-anvil apparatus while Ger
man et al. [94a] employing shock techniques reported a pres
sure of 100 kbar at - 150°C. This transformation repre
sents an increase in coordination number from eight to nine 
and an increase in density of 18.6 percent, based upon atmo
spheric pressure volumes of both phases. 

7.4. COFz 

COF2 undergoes a polmorphic modification from the 
rutile to a distorted fluorite structure [7]. The transition is 
sluggish and occurs in the range 130-150 kbar at room tem
perature. The distortion of the fluorite structure is manifest
ed by a small deviation from the cubic by a cia ratio less than 
1.01. The superlattice reflections (200), (311) and (310) ap
pear in the powder x-ray diffraction pattern. 

7.5. EuF2 

EuF2 which crystallizes in the CaF2-type crystal struc
ture at atmospheric pressure and room temperature, trans
forms to the orthorhombic PbC12-type structure at 114 kbar 
and 400 °C. The high pressure modification, EuF2(II), has 
unit cell dimensions a = 3.803 A.., b = 6.324Aandc = 7.435 
A. The PbC12-type phase of EuF2(II) can be retained metas
tably at atmospheric pressure undergoing an overall volume 
reduction of 10 percent with respect to the normal volume of 
EuF2(I) [219]. 
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7.6. MnFz 

X-ray investigation of MnF2 at high pressure and high 
temperature reveal at least five polymorphic modifications. 
On the basis of simple crystal chemistry considerations, the 
ratio of atomic radii is close to the upper limit of stability for 
the rutile structure and a polymorphic modification ofMnF2 
with coordination number eight would be a reasonable as
sumption [6]. In the early pressure experiments on MnF2' a 
new phase was discovered which is an analogue of the a
PbO .z-type crystal structure also having the coordination 
number six (6). This investigation was carried out with 
quenched phases which made it possible to study the product 
only after its removal from the pressure chamber. In later 
studies [133], which permitted x-ray examination of the 
sample while under pressure, it was shown that the a-Pb02-

type modification ofMnF2 did not form in the high pressure 
region on the loading cycle, but was a metastable phase 
which was formed on the unloading cycle and retained at 
atmospheric pressure. In another experiment it was shown 
that the a-Pb02-type phase of MnF2 used as the starting 
material transforms to the rutile-type structure at approxi
mately 30 kbar and room temperture [133]. 

In experiments in which rutile-type MnF2 is used as the 
starting material three additional polymorphic modifica 
tions are observed at high pressure and temperature. NaC1 
was used as an internal pressure calibrant with an accuracy 
of ± 2 kbar for pressure up to 40 kbar and ± 3 kbar for 
pressure greater than 40 kbar. The error in temperature cali
bration was stated to be less than or equal to± 5 percent. At 
room temperature and P = 33 ± 4 kbar MnF2(I) [256J trans
forms to a distorted fluorite phase MnF2{II) which is stable 
Up to approximately 150 kbar. At 70 kbar MnF2(II) was ini
tially indexed as tetragonal with unit cell parameters 
0= 5.18 A.., c = 5.01 A.., Z = 4 andpc = 4.59 g/cm3. Subse
quent studies have never revealed the presence of additional 
x-ray reflections consistent with an orthorhombic unit cell 
with a = b = 5.03 A.., c = 5.28 A.., Z = 4 and Pc = 4.62 g! 
cm3 [132]. It is assumed that this structure is the same as 
orthorhombic Zr02 [132J which is also a high pressure poly
morph with very nearly the same lattice constants. The ob
served h, k, I of this Zr02 phase are consistent with space 
group P2 12121, however, only powder data are available and 
the structure has not been solved. 

At approximately 150 kbar and room temperature an
other polymorph, MnF2(III) is formed with an increase in 
density of 6 percent at the MnF2(II)-MnF2(III) phase bound
ary [133]. This new phase can be indexed on the assumption 
of an orthorhombic unit cell with a = 3.25 A, b = 5.54 A, 
c = 6.88 A, Z = 4 and Pc = 4.98 g/cm3

• The h, k, I reflec
tions observed in the x-ray diffraction pattern of MnF2(III) 
are in agreement with space group Pmnb (Di~) and may be 
isomorphic with the orthorhombic PbCl2 structure. A simi
lar transition is observed in CaF2, CdF2, SrF2 and BaF2 at 
high pressure and room temperature. 

The investigation of the polymorphism of MnF2 was 
extended to the temperature range up to 400 °C and to a 
maximum pressure of 80 kbar [133]. In this study a cubic 
modification MnF2(V) with the fluorite structure was con
firmed by simultaneous x-ray techniques. At 40 kbar and 
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400 °C the lattice constant of MnF2(V) is a = 5.192 A. 
The pressure-temperature phase diagram of MnFz has 

a triple point with coordinates at 33 kbar and 210°C. These 
values are obtained from an extrapolation of the phase boun
daries due to the experimental difficulty of obtaining data in 
the region of the triple point. In order to determine where the 
MnF2(I)~MnF2(II) phase boundary intersects the tempera
ture axis, a differential thermal analysis of MnFz was made 
at 1 bar. At 710 ± 5 °C a thermal arrest was detected which 
apparently corresponds to the rutile-fluorite phase bound
ary [133]; 

7.7. NiF2 

NiFz undergoes a polymorphic modification from the 
rutile to a distorted fluorite structure [7]. The transition tem
perature decreasedfrom 600 °C at 20 kbar to 375°C at kbar. 
The distortion of the fluorite structure is manifested by a 
small deviation from the cubic by a c/ a ratio of less than 
1.01. The supedattice reflections (020), (311) and (310) ap
pear in the powder x-ray diffraction pattern. 

7.8. PbF2 

In addition to the eight-coordinated cubic fluorite 
phase, PbF2 can also exist at normal conditions in the orth
orhombic PbCl2-type structure which is a quasi nine coordi
nated phase. In both phases there are four atoms per unit 
cell, but there is a 10 percent increase in density when going 
from the cubic to the orthorhombic symmetry. The orthor
hombic phase should be the stable one at high pressure and 
such a transition was reported by Schmidt and Vedam [216] 
to occur at 4.8 kbar at 295°C. Samara [213] reported that the 
transition exhibits strong kinetic effects and initiated 
between 3.93 and 4.75 kbar at room temperature depending 
on how long the pressure is held constant in the vicinity of 
the transition. The 3.93 kbar point was determined by in
creasing the pressure and holding it constant. 

Kessler et al. r 144] reported the Raman spectrum of 
PbFz(II) and confirmed that the structure is orthorhombic 
PbC12-type. Unit cell data [216] are a 3.897 A, b = 6.441 
A, c = 7.648 A, Z = 4 and Pc = 8.48 g/cm3. From neutron 
puwdt::r diffractiun data Boldrini and Loopstra [43] deter
mined the atomic positions and the crystal structure of 
PbF2(II). 

7.9. SrF2 

SrF2 crystallizes in the fluorite-type structure at normal 
temperature and pressure. Seifert [219] reported a pressure 
induced transformation in SrFz above 55 kbar to the orthor~ 
hombic a-PbCI2-type structure. 

7.10. ZnF2 

In some respects the phase diagram ofZnF 2 is similar to 
that ofMnF2. One notable correspondence is the existence of 
ZnF 2(II) which is isostructural with a-Pb02 [129] and is only 
found in samples quenched from the high pressure, high 
temperature conditions P 50 kbar and T = 1500 0c. This 
pha~~ r~v~rt~ to ZnFz(T) ::lft~r? honrs M 400 0C: Th~ tr:msi

tion ZnF2(I)-ZnF2(II) is accompanied by a color change from 

white to dark gray. 
In an x-ray diffraction investigation of ZnFz at room 

temperature up to 130 kbar, a reversible phase transition was 
observed to take place from the rutile-type structure to a 
nonclinic phase ZnF2{III) which is apparently isostructural 
with the monoclinic phase ofZr02• The transition started at 
70-80 kbar and was complete at 110 kbar. The unit cell pa
rameters are a = 5.29 A, b = 4.196 A, c = 5.05 A, f3 = 79.4° 
and Z = 4 [131]. 

Further x-ray investigations at 300 °C in the region 70-
80 kbar revealed a cubic phase, ZnFz(IV} which has the 
CaFz-type structure [131]. In all the experiments in which 
rutile was formed, the quenched product after removal from 
the pressure cell always showed a mixture of the rutile and a
Pb02 type phases. Kabalkina and Popova [129] suggested 
that the a-PbOz phase represents an intermediate structure 
during the transformation from fluorite to rutile. 

7.11. FeCI2 

Anhydrous ferrous chloride FeCl2 exhibits a number of 
interesting properties and has been extensively studies. It 
simulates an anisotropic ferromagnet and has a tricritical 
point. It is quite compressible, has low sound velocities and a 
strong magnon-phonon coupling. As a result of magnetic 
studies at high pressure a phase transition has been detected 
at 5.8 kbar and room temperature [257]. 

The low pressure form of FeClz is rhombohedral and 
crystallizes in a close packed layer structure in which hexag
onal sheets of iron ions are separated by two layers of chlo
rine ions. The halide ions have nearly a cubic close packing 
arrangement. The symmetry is primitive rhombohedral, 
space group R3m and has unit cell data a = 3.598 A.., 
c = 17.536 A, Z = 6 and P = 3.25 g/cm3 indexed on the 
more convenient triple hexagonal unit celL The stacking se
quence for the close packed chlorine ions is BAC ... BAC with 
the repeat distance encompassing six chlorine planes along 
the "c" axis. 

At approximately 5.8 kbars the phase transition in
volved a crystallographic change in which the new c axis 
c* = 1/3c. The sequence of the chlorine layers is CB. .. CB in 
the high pressure phase which has the FeBr:!. structure. space 
group P3m. 

7.12. HgCI2 

Bridgman (51,52) detected a solid-solid transition in 
HgC12 at room temperature near 20 kbar. The HgCI2(I)
HgClz(II) phase boundary was measured more precisely by 
Kalliomaki and Meisalo [135] from 270 "C at 6 kbar at 
140°C at 11 kbar. 

The melting curve of HgClz was originally determined 
up to 22 kbar by Darnell and McCollum [88] in a piston 
cylinder apparatus. A second melting determination by Bar
doll and T okheide [18] up to a maximum pressure of 6 kbar 
resulted in a melting temperature 12 percent higher than 
found by Darnell and McCollum [88]. The discrepancy is 
probably accounted for by a difference in pressure calibra
tion. The cell of Darnell and McCollum used solid pressure 
transmitting medium while Bardon and Tokh~id~ lls~dar
gon. Due to the inherent greater accuracy, the latter method 
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is preferred, 
The melting curve determinations [17,88] of HgC12 

gave no evidence for the existence of a triple point, Extrapo
lating the HgCI2(I)-HgC12(II} phase boundary to the melting 
curve indicates there should be a triple point at about 348°C 
and 2,6 kbar. 

A second solid-solid phase transition at room tempera
ture was found at about 90 kbar by Zahner and Drickamer 
[276). This boundary was followed to about 300 °C by Kal
liomaki and Meisa10 [13'] where the transition pressure had 
decreased to 45 kbar. The phase diagram ofHgC12 is present
ed in figure 7. 

7.13. SrCI2 

Strontium dichloride which crystallizes in the cubic 
(Fm3m) symmetry when prepared at 1 bar pressure under
goes a transformation to an orthorhombic structure under 
the influence of high pressure and high temperature [55]. 
Since BaCl2 has a high temperature cubic phase isostruc
tural with SrCI2(I) and a low temperature orthorhombic 
(Pbnm) phase, it was proposed SrC12(II) might have a similar 
orthorhombic phase at high pressure. 

The sY!lthesis of SrC12(II) was carried out in the region 
of 58 kbar and 800 °C. X-ray diffraction analysis confirms 
that the high pressure phase is orthorhombic with unit cell 
dimensions a + 7.548 A., b + 8.979 A. and c 4.411 A.. The 
space group was determined to the Pnam on the basis of 
powder diffraction data. These data suggest that SrCI2(II) 
may be isostructural with orthorhombic BaCl2 since their 
!)pacc groups represent the same symmetry with different 
axial designations. The calculated density ofSrCI2(II) is 3.52 
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g/cm3 compared to 3.10 g/cm3 for the cubic phase, an in
crease of approximately 12 percent. There is no experimen
tal data on the SrC12(I)-SrC12(II) phase boundary, 

7.14. SrC.2·6H20 

The hexahydrate of SrCl2 melts incongruently at 
61.34 °C and atmospheric pressure according to the relation 
SrC12·6H20 = SrC12,2H20 + 4H20. Pistorius [191aJ inves
tigated the melting curve up to 30 kbar and found it to be a 
linear function of tht: prt:ssurt: t::xpn:;sseu by the equation 
T(OC) = 61.34 + 5.3 P(kbar). 

A pressure induced transformation was detected at 32 
kbar and 22°C by a discontinuity in the electrical resistance 
trace [191a], This behavior was reversible and the phase 
boundary was determined at a number of points between 22 
and 170°C. The phase boundary between SrC12·6H20(I) and 
SrCI2,6H20(II) is a linear function of pressure T = 15.5 
P - 470rC). The invariant point SrC12·6H20(I)
SrCJ2·6H20(II)-SrC12,2H20 is located at P = 53 ± 5 kbaT 
and T = 345 ± 30°C. Pressures are considered accurate to 
± 5 percent and temperatures are within ± 5°C. 

7.15. HgBr2 

Bridgman [52] detected 3 polymorphic transitions 
along the 50°C isotherm at 1.7, 23 and 38.7 kbar in HgBr2 
and studied their temperature dependence up to 160°C. 
Bridgman [52] also measured the melting ourve of HgBrz up 
to 6 kbar. The HgBr2(I).HbBr2(I) phase boundary was deter
mined from 200 °C to the triple point at 303°C and 3 kbar by 
Bardoll and Tokheide f19J. The intersection of the HbGr2(I)-
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HgBr 2(11) phase boundary with the melting curve requires a 
triple point at 3 kbar and 300 0c. These data are summarized 
in figure 8. 

7.16.ZnBr2 

Polymorphic transitions in ZnBr2 were reported by 
Bridgman [52] who observed a discontinuity in the high 
pressure behavior above 25 kbar. The anomalies were attri
buted to a crystallographic transformation but it was noted 
that there was some irregularity in the data which suggested 
the possibility of two closely spaced transitions. 

The structure of ZnBr2 under normal temperature and 
pressure conditions has not been resolved in detail. Oswald 
[l89a] suggests a large unit cell with 32 molecules. The sym
metry assignment is 14}/acd and there is an almost cubic 
bimolecular pseudocell. 

Meisalo and Kalliomaki [171] examined the high tem
perature and high pressure regions of ZnBr z by means of a 
polarizing microscope and x-ray diffraction techniques. In
vestigation in the region 100-200 °C at atmospheric pressure 
failed to confirm the existence of a high temperature phase 
suggested by Bridgman [52]. At elevated pressures two poly
morphic modifications were observed. The first transition 
(ZnBr(I)-ZnBrz(II)) at about 15 kbar was sluggish at room 
temperature but much more rapid at high temperatures. The 
second transition (ZnBr2{IJ)-ZnBr2(III)) occurs at 33 kbar at 
room temperature and has a relatively large volume discon
tinuity. These two phase boundaries meet at a triple point at 
30 kbar and 125°C. Above the triple point the ZnBr2(I)
ZnBr2{IJ) transition is rapid and easily detected. 

The x-ray data for ZnBrz(II) at 25 kbar [171] can be 
indexed to a tetragonal unit cell with a = 10.83 A.. and 
c =21.66 A with cia = 2 suggesting a cubic pseudocell. 
This is based upon 12 reflections from powder data. The x
ray data for ZnBr2(III) at 80 kbar [171] was indexed on a 
hexagonal unit cell with a = 3.65 A.. and c = 5.73 A.., which is 
roughly in agreement with a CdI2 layered structure. 

7.17. Gel2 

Compressibility studies by Bridgman [52] suggest the 
possibility of a phase transformation in GeI2 at approximate
ly 18 kbar and room temperature. 

7.18. Hgl2 

The first high pressure investigation of HgI2 was per
formed by Bridgman [48] in 1915. This work consisted of a 
determination of the pressure-temperature dependence of 
the a(red)-,B (yellow) phase boundary by dilatometric techni
ques. At room temperature HgI2(I) (,B-form) crystallizes in a 
tetragonal structure which transforms into the orthorhom
bic structure ofHgI2{I1) (a-form) at 120°C and atmospheric 
pressure. Bridgman determined that the HgI2(I)-HgI2(II) 
phase boundary went through a maximum at 5 kbar and 
180°C. Tonkov and Tikhomirova [252] who extended 
Bridgman's measurements to lower temperatures and high
er pressure found evidence for a new high pressure phase 
HgI2(II) by DTA techniques. In this work temperatures 
were recorded with chromel-alumel thermocouples (accura
cy ± 3°C) and pressures with a mangain resistance mano-

meter with an accuracy of ± 100 bars. The HgI2(I)-HgI2(III) 
phase boundary was recorded on both isobaric as well as 
isothermal cycles. This phase boundary has not been cor
roborated independently by any other investigator. Brasch 
et a1. [45] claim their research confirms that the HgI2(III)
HgI2(II) transition at approximately 13 kbar and room tem
perature is the same as the a(red~,8 (yellow) transition ob
served at 127°C and atmospheric pressure. X-ray 
examination of HgIz by Miller [173] up to a maximum pres
sure of 120 khar reveal three polymorphic modifications
According to these data the a(red) tetragonal form is stable 
up to 13 kbar. The p yellow orthorhombic phase is stable 
between 13 and 75 kbar. At approximately 75 kbar a new 
phase appears [173] which can be indexed hexagonal with 
space group P3c1, Z = 4 and unit cell dimensions a = 4.22 A 
and c = 23.70 A... 

The melting curve of HgI2 has been investigated by 3 
different groups [18,88,252] Tonkov and Tikhomirova [252] 
measured the melting curve up to 20 kbars by DT A techni
ques and present evidence for a high temperature phase 
which exists between 254°C and the melting point (332°C) at 
atmospheric pressure. Later investigations by Darnell and 
McCollum [88] and Bardoll and Tokheide [18,19] do not 
confirm the existence of this high temperature pha.~e and 
furthermore place the melting curve approximately on the 
lower boundary of Tonkov and Tikhomirova's high tem
perature phase. The melting curve of Bardoll and Tokheide 
agrees very well with that of Darnell and McCollum up to 
approximately 3.5 kbar. At this point Bardoll and Tokheide 
report a triple point (338°C, 3260 bars) between the liquid 
HgI2 (I1) and HgI2 (IV). the latter a new high temperature 

W 
0::: 
:J 

~ 
0::: 
W 
CL 

500r------.------~------~------~--~ 

400 

]I 

ORTHORHOMBIC 

o [252] 
.t:. [ 48J 

o [ 881 

'V [ 18] 

0[193] 

Hg~ 

:E 
~200 

100 

TETRAGONAL 
P4 z inffil: 

100 

50 

I 
1 :rr , 
\ 
I 
~ 

OL--__ ,_-L-_---l 
60 70 

°O~~--~-~---2~O-------3LO-------4LO--~ 

PRESSURE (kbar) 

FIGURE 9. Ph.ase diagram t<}r Hg12• 

J. Phys. Chern. Ref. Data. Vol. 11, No.4. 1982 



1040 LEO MERRILL 

phase. The Jiquicl-Hg12(lV) phase boundary was foHowed to 
olliy 6 kbar. ln the region above the triple point up to 20 kbar 
it appears that Darnell and McCallum may have determined 
the HgI2(11)~HgI2(IV) phase boundary. The HgI2 phase dia· 
gram is illustrated in figure 9. 

8. Oxides 
8.1. A920 

Ag2 0(I). the cuprite form of AezO tr::ln~f()rm~ to a 
CdI2-type modification in the range 115-125 kbar and 
1400 ± 200°C. The high pressure phase, AgzO(II), was 
quenched and retained metastably at room temperature and 
atmospheric pressure. The atmospheric pressure values of 
the hexagonal unit cell dimensions of Ag20(II) are a = 3.072 
A, c = 4.941 A, with Z = 1 and Pe = 9.5 g/cm3 (Pc = 9.53 
g/cm3). This represents an increase in density of 30 percent 
between the two phases, both evaluated at atmospheric pres· 
sure. 

The oxygen atom occupies the position (0,0,0) and the 
two silver atoms are located at ± (1/3, 2/3, z) where 
z = 0.25. The transition from Ag20(I)~Ag20(II) is accompa
nied by a change in cation(anion) coordination from 2(4) to 
3(6). The interMomic distances in ASzO(II) are AS-O, 2.6 A, 
and Ag·Ag, 2.86 A. 

8.2. Cr02 

Cr02 is a transition metal oxide which is strongly ferro
magnetic and magnetically ordered above room tempera
ture. It can be prepared in the form of a crystalline powder at 
atmospheric pressure, but growth of large single crystals at 
atmospheric pressure has not been successful apparently due 
to metastability of Cr02 at low pressures and the relatively 
high melting point of the oxide. 

The first successful synthesis of Cr02 single crystals 
was by Chamberlain [69]. Crystals as large as 1.5 mmXO.3 
mm were prepared in the range 900-1300 °C at a pressure 
60-65 kbar. A number of flux techniques Wt:1e tried to im
prove crystal growth but with no success. The Curie tem
perature was determined to be 125°C and the resistivity to be 
1.4-3.8 X 10-4 ohm cm which is in the metallic range. 

Porta et a1. [196] synthesized single crystals of Cr02 by 
flux techniques for the purpose of accurate x-ray examina
tion. These crystals were prepared from a mixture of equi
molar proportions of Cr03 and CrZ0 3 with five percent by 
weight KOH at 900°C and 36 kbar. . 

The space group of Cr02 is P42/mnm with 2 molecules 
per unit cell which is isostructural with the rutile structure. 
The tetragonal lattice constants are a 4.419 A and 
c = 2.915 A. 

8.3. H20 

H20 forms more solid phases than any other substance 
except SiOz. In addition to the liquid phase there are 9 crys
talline phases accessible at pressures below 23 kbar so that 
the experimental problems are modest compared to many 
systems. The earliest significant investigation of the H20 
phase diagram was that of Tamman [251] in which he re
ported the existence of the phases H 20(II) and H 20(III). 

J. Phys. Chern. Ref. Data, Vol. 11, No.4, 1982 

50 

o [ 47] 

6 [192] 
o [193J 

I 
I 

I 
I 

I 
I 
I 
I 
I 

-150LO------Il,.O-----~260--------J 

PRESSURE (kbar) 

FIGURE 10. Phase diagram for H20. 

Without doubt the most important single contribution was 
made by Bridgman [47] in his 1911 paper. In a careful study 
of the H20 phases up to 20 kbar he discovered H 20(V) and 
H20(VI}. In this work he reported the determinations of the 
following phase boundaries: H.,!O(L)-HzO(T), HzO(T J)
H20(III), HzO(L).HzO(V), H 20(L)-H20(VI), H20(I)
H 20{II), H zO(I)-H20(III), H 20(II)-H20(I1I), H 20(III}
H20(IV), H20(II)-H20(V) and HzO(V)-H20(VI). It IS 

important to note that later investigations in the region up to 
20 kbar are in excellent agreement with these results. The 
data for the phase boundaries are taken from various re
searchers as indicated in the phase diagram of figure 10. 

In 1937 using improved apparatus Bridgman [50] dis
covered H 20(VII). H 20(VIII) and H 20(IX) were disco:ered 
by Whalley et a1. in 1966 [267] and 1968 [269J, respectively. 
In 1935 Bridgman investigated the analogous phase diagram 
of D 20 and detected a new metastable phase D20(IV) in the 
stability field of D 20(V). He was then able to confirm that 
this phase was also present in his HzO data and designated it 
as H20(IV). 

Pistorius et a1. [192] determined the melting curve of 
H 20(VII) up to 200 kbar and fit their data to a Simon equa
tion. It is necessary to know Po To (the pressure and tempera
ture ofthe triple point H 20(L-VI.VII)) very accurately. The 
H 20(VI-H20(VIII) transition at room temperature was de
termined as 21.845 by Bridgman and 21.416 kbar by Ken- . 
nedy and LaMori [143] and consequently the pressures .of 
Bridgman were lowered by 0.430 kbar. In a later work PIS- . 

torius et a1. [193] made a determination of the H20(VI)-H 20-
(VII) phase boundary which at room temperature occurred 
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at lower pressures than Bridgman's values but agreed at the 
H20(L-VI -VII) triple point. As a result of this, Pistorius et 
al. [193] corrected their 1963 melting curve for H 20(VII). 

In the early work it was evident that some curvature 
existed in the H 20(VI)-H20(VII) phase boundary. In a study 
of the dielectric properties ofH20(VII), Whalley et al. [267] 
found that at 0 °C the dielectric constant abruptly decreased 
suggesting a new phase. Brown and Whalley [56] investigat
ed the H 20(VI)-H20(VII) phase boundary by volumetric 
techniques and detected a sharp break in the curve at 0 °C 
and 21 kbar. Pistorius et al. [193] were able to map the H 20-
(VII)-H20(VIII) phase boundary from the sharp DTA sig
nals on both heating and cooling cycles. 

The normal form of ice with which we are all familiar is 
ice Ih. For the purpose of this report we choose to designate 
phases by their chemical symbols instead of mineral names 
and therefore use the designation H20(lh). H20(Ic), which 
occurs in the region ofH20(Ih), always appcars to be metas
table to it. This phase was first reported by Konig [147]. 

The crystallography of the various H20 solid phases is 
very complex. The presence of disordering in the hydrogen 
atoms complicates the structural determinations. A combi
nation of probes are necessary to unambiguously determine 
structures. X-ray diffraction techniques primarily give infor
mation on oxygen positions. Infrared and Raman measure
ments are very important in detecting hydrogen bonding. 
Dielectric measurements tell something about the type of 
disorder that might be present. Transformation entropies 
are important sources of information on the relative configu
rational entropy which can also be related to relative disor
der. 

The normal form of ice H 20(Ih) is hexagonal with space 
group symmetry P63/mmc. H 20(Ic) is cubic with space 
group Fd3m. Both of these phases are disordered. 

H20(III) is the most accessible of the high pressure 
phases. It is prepared by cooling the liquid phase at 3 kbar 
pressure, from room temperature down to - 40°C at which 
point it is quenched in liquid nitrogen.H20(III) is the least 
dense of the high pressure phases of ice (Pc = 1.16 gl cm 3 at 
- 175 °C)and has a tetragonal structure (space group 

P4 12121 a = 6.73 A., c = 6.83 A.) involving a tetrahedrally 
linked hydrogen bond framework. The increase in density 
relative to H20(I) (0.94 g/cm3

) is accomplished by a distor
tion from ideal tetrahedral coordination [137]. There is no 
decrease in bond length or increase in nearest neighbor co
ordination, but instea.d a. decrease in ncxt nearest neighbor 
distance from about 4.5 A in H20(I) to 3.64 A in H20(III). 

The hydrogen atoms are ordered in H20(II) whereas 
H20(III), H20(V), H20(VI), H 20(VII) and H 20(VIII) are 
disordered above - 40 cc. The absence of disorder in 
H20(II) is demonstrated from entropy measurements [269]. 
The crystal structure is rhombohedral R3 with a = 7.79 A, 
a = 113.1° and Z = 12. 

At 6 kbar and - 6 °C H20(IV) has a density of 1.29 gl 
cm3 but no structural data are available. In H20(V) there are 
two phases, a high-V and low-V which are disordered and 
partially ordered, respectively. Both are monoclinic A2/a. 
The H20(VI) structure was reported by Kamb [136,138] to 
be tetragonal P42/nmc with a = 6.17 Aandc = 5.70A. This 
phase is disordered and there is also an orthorhombic low-VI 

partially ordered phase. The tetragonal structural is built up 
of hydrogen bonded chains of water molecules that are ana
logs of tectosilicate chains out of which the fibrous zeolites 
are constructed. The chains are linked laterally to one an
other to form an open zeolite like framework. The cavities in 
this framework are filled with a second framework identical 
with the first. The two frameworks interpenetrate but do not 
interconnect. This feature achieves high density in a tetrahe
drally linked framework structure. 

H20(VII) is cubic Pn3m with a = 3.40 A and Z = 2. In 
this structure each oxygen alone is surrounded by eight in
stead of the normal four others at the typically H-bonded 
distanceof2.88 A(at25 kbar). Unless the nature of the bond
ing is greatly altered in this phase each water molecule can 
have only four hydrogen bonds with its neighbors in tetrahe
dral directions and, therefore, must be in non-bonded repul
sive contact with the other four neighbors. 

In H 20(VIII) whkh is tt:tragonal, 14}/and, an even 
more unusual situation occurs. Each oxygen atom has two 
oxygen neighbors at 2.80 A, four at 2.96 A, two at 3.15 A and 
one at 3.19 A. The four at 2.96 A are H-bonded while the 
others are not. H2(IX) is the ordered variant ofH20(III) and 
is stable below - 100°C. 

The thermal conductivity for the nine solid phases of 
II20 was measured by Russ t:L al. [205]. Kawai et al. [141] 
report the dielectric-metal transition in H20 at a very high 
unspecified pressure. This was concluded from an abrupt 
drop in electrical resistance by more than 5 orders ofmagni
tude, a result which has not been duplicated and is ques
tioned by many workers in the high pressure field. 

8.4.020 

In essential details the phase diagram of D20 is identi
cal to that of H20 [49]. The most genral characterization is 
that the triple points in the D 20 diagram all occur at higher 
temperatures and the transition lines, except those which are 
approximately vertical, all occur at higher temperatures 
than in the H20 diagram. These differences become less, 
however, at higher pressures. 

Pistorius et al. [193] determined D20(L)-D20(VI), 
D20(L)-D20(VIII), D20(VI)-D20(VII) and the D20(VII)
D20(VIII) phase boundaries up to 40 kbar. In the region of 
overlap (Le., D20(L)-D20(VI)) his work is in good agreement 
with that of Bridgman. 

Neutron diffraction examination of D 20 polymorphs 
under helium pressure [5] confirm that the phases Ih, Ie, II, 
III and IX have the same crystal structures as the H20 ana
logs. The presence of helium appears to have affected the 
locations of thc D 20(I)-D20(Il) and the D 20(I)-D20(III) 
phase boundaries. 

8.5. Ge02 

At room temperature and atmospheric pressure Ge02 

can exist in two crystallographic forms, the hexagonal a
quartz an the tetragonal rutile structures. The a-quartz form 
of Ge02 is a high temperature phase, but due to the sluggish
ness of the Ge02 (a-quartz-+rutile) transformation the a
quartz form is readily obtained at room temperature. The a
quartz form of Ge02 readily converts to the rutile form when 
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~Hl*~tt{'dlv hi~h pt'{~hNurC\, SflwnHlolO [215] reported that at 
tUB}' IH('-!~"uH' tkO} transformed to the orthorhombic a
PhOj"lypc structure. No crystal data is available yet. Liu et 
HI. I ]()Ol ftporled the synthesis of a new hexagonal form of 
(itO:.> al high pressure from Ge02 glass by heating with a 
Y AG laser. The new phase has the Fe2N-type structure (Li 1 
with unit cell data a = 2.729 A, c = 4.312 A and Pc = 6.24 
g/cm3. 

8.6. Hf02 

The monoclinic-tetragonal phase transformation in 
Hf02 has been investigated at high temperatures by Baun 
[21] and reported to occur in the range 1500 to 1600 °C while 
the reverse transformation occurs in the range from 1550 to 
1450 °C. Curtis et al. [84} and Boganov [40] both place this 
transition at approximately 1900 °C. Cubic Hf02 has been 
obtained by heating pure Hf02 about 2700 °C [27]. An addi
tional orthorhombic phase was identified by Bendeliani [27]. 
The new phase was obtained under high pressure in the 
range 40 to 110 kbar at temperatures of 20 to 1700 °C. X-ray 
examination of quenched samples give the following crystal 
data: a = 5.056 A, b = 5.006 A, c = 5.224 A Pc = to.58 g! 
cm\ and z = 4. The space group based on extinctions in the 
powder data is assumed to be P21212p Bocquillon et al. [37} 
performed a DT A study of the phase boundaries in Hf02. In 
Hf02, the monoclinic phase, the tetragonal phase and the 
orthorhombic phase join in a triple point at approximately 
1200 °C and 15 kbar. At present little is-known about the 
tetragonal-cubic phase boundary (fig. 11). 
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8.7. Mn02 

Both amorphous and crystalline (rutile) forms of Mn02 
have been heated by a laser in diamond-anvil pressure cell by 
Liu [158] reSUlting in a new metastable high pressure modifi
cation. The new phase has been tentatively indexed as cubic 
with a = 9.868 A. The samples were heated at pressures of 
220 to 250 kbar. Clendenen and Drickamer [79] reported the 
relative volume of Mn02 up to a pressure of 140 kbar where 
the Mn02 underwent a first order phase transition which 
was not investigated. 

8.8. Pb02 

Lead dioxide is known in two forms at atmospheric 
pressure, the common tetragonal rutile-type and the a-Pb02 

phse [270] which was first prepared under restricted current 
conditions on the anodes of storage batteries, but has since 
been prepared by chemical methods [270]. Zaslavskii et ~l. 
[277] reported an orthorhombic unit cell with a = 4.938 A, 
b = 5.939 A and c = 5.489 A for a-Pb02 • a-Pb02 can be 
prepared easily at high pressure in the region 13-15 kbar and 
200-500 °C [249]. This region appears to be the true stability 
field of a-Pb02• 

Goldschmidt [249] predicted the Pb02 and MnF2 

would be the most likely rutile-type substances to undergo a 
phase transformation to a fluorite-type structure since their 
radius ratios rpb/ro = 0.65(rMn/rO = 0.61) are very close to 
the critical value 0.752 for the fluorite structure derived 
from simple geometrical considerations. 

The crystal structure of Pb02(II) (a-Pb02 ) is orthor
hombic and similar to the columbite structure [277]. The 

u 
o 

800 

w600 
0:: 
:::> 
~ 
0:: 
W 
a.. 
~400 
r-

200 

0b, 
II 

° (277) 

b, l249, 279] 

0[249] 

b, 

ORTHORHOMBIC 

Pnab 

/ 
/ 
I 

]I 

o 
°OL-~L-~20~~---4~O~~~~~~--~~~ 

PRESSURE (kbar) 

FIGURE 12. Phase diagram for Pb02• 



AB2-TYPE COMPOUNDS AT HIGH TEMPERATURES AND HIGH PRESSURES 1043 

Pb02(1)-Pb02(II) transformation was shown to be reversible 
at high temperatures and the phases were confirmed by x-ray 
diffraction [270]. The high pressure form can be quenched to 
room temperature and shows no tendency to revert to the 
rutile phase. After heating at 100°C for two weeks, a trace of 
Pb02(I) appeared. The heat of transition for the Pb02(II)
PbOz(l) transition for the PbOz(II)-PbOz(I) transition was 
calculated to be 11 calories per mole and the change in free 
energy 322 calories per mole [249]. 

The fluorite-type polymorph of PbOz was· formed at 
pressures above 60 kbar in the temperature range 300-
600 °C [249]. The cubic cell parameter was determined to be 
5.349 A from x-ray diffraction data oht.aineci from qnencheci 
samples at atmospheric pressure. The transformation to 
Pb02(III) is very sluggish [249] and the quenched samples 
are quite metastable undergoing a retrograde transforma
tion to PbOz(II) at room temperature. A phase equilibrium 
boundary between Pb02(II) and PbOz(III) was determined 
as P(kbar) = 52.5 + 0.30 TrC). The density of the fluorite 
form ofPbOz is 8.2 percent greater than the rutile form. The 
phase diagram ofPb02 is shown in figure 12. 

8.9. Pt02 

A distorted rutile-type phase ofPtOz was synthesized at 
700 °c and 3000 bar pressure [233] from the hexagonal 
phase. High pressure PtOz(II) is orthorhombic with 
a=- 4.487 A,b = 4.536A,c = 3.137 Aandz = 2. Thcspacc 
group is probably Pnn2 or Pnnm. This is the first example of 
an orthorhombic distortion among the rutile oxides. It does 
exist, however, for CaClz and CaBrz, which have similar unit 
cells, space group Pnnm. Sahl [211] has shown that perfect 
close packing of anions results in an orthorhombic distortion 
of the ritule structure. 

8.10. Rh02 

The tetragonal rutile form of RhOz was synthesized 
from the hexagonal RhO::! at 700 °C and 3000 bar oxygen 
pressure [223]. The lattice constants are a 4.486 A, 
c = 3.088 A with Z = 2. Plotting unit cell volume against 
ionic radius for several rutile compounds places RhOz in the 
middle of the rutile stability region. Ordinarily, strictly high 
pressure phases lie at the edge of the stability field. 

8.11.8;02 

SiOz in its varied crystalline forms (fig. 13) plays an 
extremely important role in the crystal chemistry of the 
earth. The three principal crystalline forms of SiOz found in 
the earth's crust (quartz, tridymite, and cristobalite) have 
quite distinct crystal structures, each with a well defined 
field of stability under eqUilibrium conditions. The transfor
mations from onc to another are quitc sluggish so the higher 
temperature forms, cristobalite and tridymite, can exist me
tastably below their transformation temperatures. Each of 
these minerals, quartz, metastable tridymite and metastable 
cristobalite have a low- and high-temperature modification 
designated a- and,B-, respectively. All six crystal structures 
are built from Si04 tetrahedra which are linked by sharing 
comers with another tatrahedron in a three dimensional 
framework such that every silicon has four oxygens and ev-
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ery oxygen has 2 silicons as nearest neighbors. While the 
transformation from a- to p-forms of quartz, tridymite and 
cristobalite, involves minor atomic displacements, the trans
formations between quartz, tridymite and cristobalite are 
reconstructive. 

In addition to common Si02 minerals just mentioned 
there are at least five high pressure phases, keatite, coesite, 
stishovite, a hexagonal Fe2N-type and a high pressure orth
orhombic form. These and possibly other high pressure 
forms of SiOz are :very important in the crystal chemistry of 
the earth in the region from the upper mantle to the lower 
mantle. Coesite and stishovite are the only high pressure 
modifications of Si02 · which have been found in nature. 
Stomer and Arndt [245] published an excellent summary of 
the research involving coesite and stishovite with a very 
complete list of referencs. Since the literature pertaining to 
the various Si02 phases is voluminous, this review will be 
principally concerned with those results which relate to the 
stability fields in the high pressure region and general infor
mation rela.ting to the synthesis a.nd structure of the hjgh 
pressure phases. 

Atmospheric Pressure Phase: Forthe three Si02 phases 
which occur at atmospheric pressure Fenner [103] deter
mined the transformation temperatures plus the a· {3- trans· 
formation temperatures for metastable tridymite and metas
table cristobalite. In addition to an investigation of the 
thermodynamic properties of the crystalline forms of Si02 

Mossman and Pitzer [177] calculated the pressure depen
dence of the tridymite, cristobalite and liquid Si02 phase 
boundaries a little beyond a kilobar. An analysis ofthe litera
ture indicates the only high pressure measurements for this 
part oftheSiOz phase diagram were the measurements of the 
tridymite-,B-quartz boundary up to 1. kbar by Tuttle and 
Bowen [254]. 

The pressure dependence of the a-Ii quartz boundary 
was first investigated by Gibson [111] whose pressure data 
extends to 15 kbar. He states that above 3 kbar the a-,B in
verison temperatures are extrapolated and their reliability is 
not comparable to that of the other data. The work of Yoder 
[275] up to 10 kbar and kbar and that of Cohen and Klement 
[81] up to 35 kbar agree very well in the region of overlap. 
Gibson's point (643°C) at 3 kbar lies 10 °Cbelow that of 
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Yoder (653 "c). The combined curves of Yoder [275J and 
Cohen and Klement [81] represent the current best data for 
the pressure dependence of the quartz a-f3 inversion tem
perature. 

Si02-High Pressure Phases: Coesite, a dense form of 
Si02 was discovered by Coes [80J at high pressures and high 
temperature. Since the form has a density of 3.01 g/cm3

, 

which is considerably greater than that of quartz, 2.65 g/ 
em3

, this discovery aroused considerable interest. There was 
some informal speculation that this phase might have six 
coordination although MacDonald [164] pointed out that 
this would require an even greater density. A summary of 
physical properties has been tabulated by Stomer and Arndt 
[245] and Sclar et ale [217]. Ramsdell [199] demonstrated 
that coesite was monoclinic (Pseudo-hexagonal) with space 
group C2/c with unit cell data a = 7.17 A.., b = 7.17 A.., 
c = 12.38 A.., r = 120.0° and Z = 16. The crystal structure 
was solved by Zoltai and Buerger [278]. The first natural 
coesite was found in sheared. sandstone samples collected 
from Meteor Crater, Arizona by Chao et ale [70]. 

At least 12 studies of the quartz-coesite transition have 
been reported since Coes [80] first synthesis. The agreement 
among the workers has not been good. MacDonald [164] 
reported on the first detailed study of the quartz-coesite sta
bility field. MacDonald's boundary for the quartz-coesite 
transition was determined in a piston anvil device, for which 
it was assumed at that time that the pressure was relatively 
uniform across the anvil -face. MacDonald's investigations 
cover the range 400-600 °C. Griggs and Kennedy [114] 
traced the quartz-coesite transition from 300-900 °C in ap
paratus similar to that used by MacDonald [164] and the 
results agreed with MacDonald's through the overlapping 
range. 

A further study of the quartz-coesite transition in pis
ton anvil apparatus was reported by Dachille and Roy [85] 
who examined the transition over almost the same ranges as 
MacDonald, 400-600 °C obtaining similar results. 

Boyd and England [44] presented a very careful study 
of the quartz-cocsite:: tCC:llRiitiUIl and the::ir re::sults cuntrast 
markedly with the results previously presented by MacDon
ald [164], Griggs and Kennedy [114] and Dachille and Roy 
[85]. Instead of a piston anvil device Boyd and England uti
lized the more hydrostatic piston cylinder apparatus. 

Takahashi [250] also studied the quartz-coesite transi
tion under pressure with a tetrahedral anvil apparatus. This 
apparatus was ealibrate::d at ruum tempe::rature withuut cun
sidering the pressure enhancement due to high tempera
tures. More recent data indicate that this correction may be 
as great as 1 kbar per 100 <le. Such a correction could easily 
bring Takahashi's data into agreeement with that of Boyd 
and England. To complicate matters, Boyd and England re
vised their data up-wards bringing it into fair agreement 
with Takahashi·s uncorrected data. In order to resolved 
which result is correct Kitahara and Kennedy [145] made a 
detailed study of the phase boundary using piston cylinder 
and experimental procedures identical to those described by 
Boyd and England [44]. By correcting for friction these re
searchers obtained values for the quartz-coesiie phase 
boundary which agree with the -original data published by 
lloyd and England [44]. Funhermore, the uncorrected data 
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of Kitahara and Kennedy agree well with Takahashi's pub
lished data. 

Two further determinations of the quartz coesite 
boundary by Bell et a1. [24] and Roy and Frushour [208] are 
in fair agreement with Kitahara and Kennedy [145] and 
Boyd and England [44]. A calculation of the phase boundary 
by Holm et a1. [118] gives a curve which lies about 4 kbar 
higher than Takahashi's data. Naka et a1. [182] examined the 
effects of shear on the quartz-coesite transition for wet and 
dry samples and observed a definite shift in the transition to 
lower pressures. 

All the determinations of the quartz-coesite boundary 
discussed thus far were made with the "quench" method. 
Bohler and Arndt [41] made a determination of the transi
tion over the temperature range 600°-1100° by in situ x-ray 
measurements with NaCI as an internal pressure standard. 
Pressure was determined from the change of the lattice pa
rameter of NaCI by measuring the relative shifts of the stron
gest two diffraction lines (200) and (220) and by using com
pression data given by Decker [90] for selected 
temperatures. The presence of coesite was determined by the 
(040) anq (200) diffraction lines. The authors estimate an ac
curacy in pressure of ± 1 kbar. As can be seen in the phase 
diagram, this boundary lies abut 8 kbar above the best pre
vious results [44,145]. 

In evaluating the data for the quartz-coesite phase 
boundary, the best value appears to be a best fit of the data of 
Boyd and England [44], Kitahara and Kennedy [145], Bell et 
a1. [24] and Roy and Frushour [208]. This covers a tempera
ture range 350-1750°C. The set of data (800-1100 °C) of 
Bohler and Arndt [41], however, cause some concern. The 
method is inherently superior but reviewers would like to see 
some independent data covering a larger range of tempera
ture. 

Stishovite was originally discovered by Stishov and Po
pova'[242] at pressures in excess of 100 kbar. Stishovite has 
the rutile-type structure with unit cell data a = 4.179 A, 
c = 2.665.A, Z = 2 [242,243] and the density is 4.29 g/cm3

• 

This form represents a change in coordination frum 4 uf the:: 
coesite phase to 6. Stishovite was found to occur naturally in 
samples of Coconino Sandstone of Meteor Crater, Arizona 
[71]. A tabulation ofits physical properties was published by 
Stomer and Arndt [245] and Sclar et al. [218]. 

Since stishovite is accepted as a major constitute of the 
earth's mantle, there has been much interest in determining 
its propenies and stability field. Wentorf [264], Sela.l e::t a1. 
[218], Ringwood and Seabrook [203], Bendeliani and Ver
eshchagin [26] and Minomura et al. [175] have described the 
synthesis of stishovite using different types of high pressure 
apparatus. 

The first attempt to determine the coesite-stishovite 
transformation boundary was made by Stishov [244J. He 
derived the entroopy ofstishovite from the entrupy and de::u
sity relations in the rutile-type oxides and estimated the 
transformation curve passing through an equilibrium point 
experimentally determined. Experimental determination of 
the transformation curve was performed by Ostrovskii 
[185,186] in the temperature range 410-830 °C with the aid 
of an opposed anvil type high pressure apparatus. His work 
was followed up by Akimoto and Syono [4] over the:: te::lIl-
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perature range 550-1200°C using the tetn1.hedral anvil 
press. All the above determinations of the coesite-stishovite 
phase boundary were made with quenching experiments. 
Yagi and Akimoto [274] made an in situ determination of 
the phase boundary by means of x-ray diffraction techni
ques. Pressures were obtained through Decker's NaCl equa
tion of state [90] using the (200) and (220) reflections. The 
authors estimate an accuracy in pressure measurements of 
+ 2 kbar at 100 kbar. The equation P(kbar) = (80 ± 2) 
+ (0.011± 0.003)T(°C) was obtained for the coesite-stisho
vite equilibrium curve. 

In the temperature interval 500-1200 cC, the determi
nations ofYagi and Akimoto [274] and Ostrovskii [185] fall 
within the experimental error flags of the data of Akimoto 
and Syono [4]. Also Stishov's [244] point at 1600 °C and 105 
kbar in within the error fla.gs of an extrapolation of Akimoto 
and Syono [4]. Stishov's calculated phase boundary also lies 
within this error flag of Akimoto and Syono [4]. 

Other high pressure phases of Si02 not observed in na
ture have been produced. Keatite [92] is a high pressure syn
thet.ic phase ofSi02 • It was pn::plirell at 380-585 °C a1ll1330-·· 

1200 bars. Its stability range is unknown. 
German et a1. [108,109] reported the preparation of an 

orthorhombic form of Si02 is shock wave experiments. This 
new dense phase was formed using a 350 kbar shock wave 
and has density of 4.435 g/cm3

• The unit ceH dimensions of 
recovered samples are a = 4.30 A, b = 4.70 A and c = 4.50 
A.. The crystal structure of this orthorhombic phase is un
known. 

Liu et al. [160] produced a dense Si02 phase at high 
pressure by heating Si02 glass with a Y AG laser. The struc
ture is hexagonal Fe2N type (Li) with unit cell dimensions 
a = 2.561 A and c = 4.112 A. The room temperature 1 bar 
density is 4.26 g/cm2. 

8.12. SnO:: 

Sn02 has the tetragonal rutile structure common to 
many AB2-type compounds. Suito etal. [248] and Liu [157] 
synthesized a new dense aPb02-type ofSn02 in the region of 
150 kbar and 800 °e. The phase boundry between Sn02(II) 
and Sn02(II) above 700°C is represented by 
P(kbar) - 140.0 + 0.022 T(OC). Sn02(H) i:> orthurhol11bir..; 
with a = 4.174 A, b 5.727 A, c = 5.214 A, Pc = 7.11 g/ 
cm3 andZ= 4. 

Clendenen and Drickamer [791 measured the room 
temperature compression of Sn02 by x-ray techniques up to 
250 kbar. At 250 khar the ShOz underwent a first order tran
sition which was investigated by optical techniques. There 
were no other phase transitions below 250 kbal. 

Liu [159] reported the discovery of a new fluorite phase 
of S02 at very high pressures. The Sn02 sample was com
pressed to about 250 khar and heated by a continuous ~,{AG 
laser. The cubit unit cell dimension a = 4.925 A was deter
mined at pressure. The density of the fluorite phas( is a p 
proximately 15.5 percent greater than that of the rutile P?I;lSl.· 

as a result of the coordination number increase ,'IOHl (. in i-;. 

Tellurium dioxide has three k :,ijiV!! cry,-.;Ldiinc j()rnlS <'ll 
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FIGURE 14. Phase diagram for Sn02 • 

lizes in both the rutile and brookite structure of Ti02 wher
eas all synthetically prepared Te02 forms in the paratellurite 
structure. Paratellurite can also be prepared by heating the 
tellurite phase above 600°C. All the high pressure studies on 
this system have been devoted exclusively to paratellurite 
which has an interesting second order phase transition. 

The paratellurite transition has been studied by a num
ber of investigators and experimental techniques 
[170,190,191,234,272]. It was first reported hy PClTcy and 
Fritz [190] on the:: b(:lsilS ufBriHuuin scatteri ng ex peri IllclllS at 
pressure. The transition is driven by a pressure dependent 
transverse acoustic soft mode which dcnC;lSCS S1l10ot illy to 
zero velocity at approximately <) kh:!l S() il ;tppcars 10 be 
second order. The phase boundary is Vt.T\, steep with almost 
negligible temperature clcpeIHklll't'. !';Ir;ltdlurite is tetra
gonal with space group P:l,.),l ;lIId lattice constants 
u = 4.805 A, c· 7.()()2 /\ ;11](1 /1. The high pressure 
phase TeO::,(\ V I \\':,:--. .... tlldi,·d hy \V, lliln" ami 13eyerlein [272] 
employing l1t'lil ["<III ddrr:I,'lltlil In·lllliqw..:s, Te02(IV) is orth
orhomhi(: \\,11 II iI '/.(1\));\, /1 4.X56 A, c = 7.530 A and 
/, -+;l!' ,)~; k h;1 J Till' ';P:ICL' group is 1)2 12121 with all atoms 
i,l )'('wI;1I rl()·,,'IIcJI1~' (,·b). !\ phase diagram has not been 
(j.-;l\\11 SIII("('1 k l'qlliiihrium relationships of the paratellurite 
Il\i;ls,'c. I, I 111(' nil ik ;111(..1 brooksite phases is not known . 

. , lie hest v,lluc jllf the paratellurite Te02(UI)-Te02(IV) 
I r;!ll:,j t ion i~ (U)O kbar from the work of Peercy et a1. [190]. 
'l'he relationship of these phases to the other phases of Te02 
(i.c., Te02U}, TeOz(H)) has not been investigated. 
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8.14. Ti02 

Titanium dioxide occurs in nature in three polymorphic 
forms as the minerals rutile, anatase, and brooksite. Rutile is 
usually considered to be the high temperature and high pres
sure phase relative to anatase whereas brookite is often con
sidered to be of secondary origin. When subjected to high 
pressure all of these three phases transform to a crystallogra
phic structure isomorphous to a-Pb02 [27,86,183,232]. 

Several studies have been carried out on the Ti02 poly
morphism. Osborn [184] studied the conversion of anatase 
to rutile in the presence of water from temperatures of 3 75 to 
660°C and pressures of 1-3 kbar. He found that pressure 
lowered the transformation temperature. Dachille et al. [86] 
reported the existence of a new high pressure form of Ti02 

produced from anatase in the region 15-100 kbar and 25-
500 °C which was retained metastably at atmospheric pres
sure. Bendeliani et al. [27] reported that rutile was converted 
to a high pressure phase with the a-Pb02 structure at pres
sures 40-120 kbars and temperatures 700-1500 °C. Simons 
and Dachille [232] prepared Ti02{II) from bookite and did a 
crystal structure ana]y~is. from powder x-ray data_ McQueen 
et al. [168] studied the effect of shock waves on rutile and 
found the new phase after shocks of about 330 kbar. Later 
hugoniot measurements by Linde and DeCarli [154] give 
evidence of a phase transition commencing between 150 and 
200 kbar. X-ray diffraction studies of recovered specimens 
showed the presence of an orthorhombic phase with a-Pb02 

structure. 
Dachille et al. [86] made a fairly extensive investigation 

of the phase boundaries in the Ti02 system. Runs were made 
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using rutile, anatase, and brookite as starting materials. In 
this study no transitions of rutile to other phases were ob
served. Similarly, no conversion to brookite was observed 
when Ti02(II) was the starting material. As a result of this 
difficulty and the slow reaction kinetics, these "phase" 
boundaries do not represent equilibrium conditions 
[86,87,124]. 

The crystal structures of the Ti02 polymorphs are as 
follows [83]: rutile-tetragonal (P42/mnm), anastase-Tetra
gonal (I41/amd), brookite-orthorhombic (Pbca) and 
Ti02{II)-orthorhombic (Pbcn) of the a-Pb02-type. Crystal
lographically Ti02(II) is very similar to brookite in that the b 
and c axes are nearly the same and alI = !abr • It should be 
noted that in both MnFi and ZnF2 the a-Pb02-type struc
ture was retained upon the release of pressure. In these two 
compounds the a-Pb02-type phase was not observed at high 
pressure but only in the quenched material at atmospheric 
pressure. JQJtlieson and Olinger [123] performed x-ray dif
fraction studies at high pressure and showed that the 
Ti02(II) phase was the only one observed, therefore the a,.. 
Pb02-type phase of Ti02 apparently is a quenched form. 

Natural ilmenite (Fe,Mg)Ti02 has beep found to trans
form to the perovskite structure at 140 kbar and then dispro
portionate to (Fe,Mg)O plus a cubic phase of Ti02 at 250 
kbar in the temperature range of 1400 to 1800 °e. The oubio 
Ti02 can be indexed on the basis of space group Fm3m with 
Z = 4 and a = 4.455 A at room temperature and 1 bar. Ac
cording to the author's calculations the data fit a fluorite 
(CaF2-type) structure best. 

In an investigation of post rutile phases for Ti02, Liu 
[159] discovered a new phase at approximately 250 kbar syn-
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thesized by laser heating. The diffraction lines were indexed 
in the hexagonal system with unit cell dimensions a = 9.22 
A and c = 5.685 A (Z = 16). No known structure can be yet 
be assigned to this phase. Its density is about 8.5 percent 
greater than that of the a-Pb02 phase of Ti02 • 

8.15. Zr02 

The PUlYlIlUlphi:slIl of Lirl:'Ollia was fil-5t reported by 
Ruff and Ebert [209]. A reversible phase transformation 
from the monoclinic to the tetragonal crystal system was 
found at about 1000 DC. Lynch et al. [161] place the transi
tionbetween 1193 °Cand 1200 °c. MumptonandRoy[178], 
using the differential thermal analysis and x-ray diffraction 
techniques, obtained a monoclinic-tetragonal .transition 
temperature of 1170 DC. Baun [21] showed that the transi
tion starts at 1000 °c and is complete at 1190-1200 dc. All 
investigators found a large temperature hysteresis in the re
verse transformation from tetragonal to monoclinic. 

A number of authors have reported observing the me
tastable retention of the tetragonal phase at room tempera
ture. It is generally assumed that in these experiments the 
Lt:Llagoual phase was stabilized due to impurities. In high 
pressure experiments Vahldiek et al. [255] were able to retain 
the tetragonal phase as a mixture with the stable monoclinic 
phase at room temperature and atmospheric pressure. The 
tetragonal form of Zr02 was prepared at 15 to 20 kbar and 
1200 to 1700 °c and retained after rapid quenching. The 
high pressure specimens when heated to 1200 °c in air re
verted to the monoclinic form. 

Whitney calculated the pressure-temperature phase 
boundary for the monoclinic tetragonal equilibrium trans
formation. The curve has a negative slope and intersects the 
pressure axis at 36 kbars. Kulcinski [150] studied this transi
tion by x-ray techniques at room temperature. At 38 kbar a 
new phase attributed to tetragonal Zr02 started to appear 
which at 46 kbar had increased to 50 percent. 

Smith and Cline [235] present some evidence for a cubic 
Zr02 phase at temperatures above the tetragonal phase. This 
is based on the indirect evidence that a cubic phase can be 
stabilized by such additives as MgO and CaO, and with solid 
solution series Zr02-Th02• This phase is assumed to have 
the fluorite structure. 

Bendeliani et al. [27] prepared an orthorhombic phase 
of Zr02 in the interval 40 to 110 kbar and 20 to 1700 DC. The 
sample was examined after removal from the press and 
showed a presence of the monoclinic phase. The unit cell 
data are a = 5.110 A, b = 5.073 A, c = 5.267 A, Pc = 5.99 
g/cm3

, and Z = 4. Based upon the observed extinctions in 
the powder data the space group is assumed to be P2 12121• 

Bendeliani et al. [27] present a tentative phase diagram for 
zr02 in which the tetragonal, cubic and orthorhombic 
phases meet a triple point. Using DTA techniques Bocquil
Ion and Susse [37] modify this picture somewhat. Their de
terminations of the tetragonal orthorhombic phase bound
ary indicate that it would intersect the monoclinic phase at 
approximately 600 DC. According to this result the transfor
mation observed by Kulcinski must have been the mono
clinic-orthorhombic transition. 
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8.16. Zn(OH}2 

Zinc hydroxide has several modifications at normal 
pressures, the most stable of which is the a-form whose crys
tal structure has been examined in detail. This form is orth
orhombic with unit cell data a = 8.53 A, b = 5.16 A, 
c = 4.92 A, Z = 4 and the space group is P222. Each Zn 
atom is surrounded by four OR groups in a distorted tetrahe
dron. The disposition of the tetrahedra in the structure is 
similar to that in various Si02 modifications with four-fold 
coordination, but differs in that the OH groups forming the 
tetrahedron are not in contact because the Zn atom is too 
large. 

For the other modifications of Zn(OHb there is only 
limited x-ray data without detailed analysis of their struc
tures. Another orthorhombic form has the cell dimensions 
a = 6.73 A,b = 7.33 Aandc = 8.47 AWithZ = 8. Ahexag
onal form has the dimensions a = 3.11 A and c = 7.80 A. 
Roy and Mumpton [205] prepared a high pressure form of 
what the consider to be Zn(OHb but could not index the d
spacings to a crystal system. 

Baneeva and Popova [11] reported the synthesis of a 
new CdI2 form ofZn(OHb at pressures of 110-120 kbar and 
a temperature of 400 °c from a-Zn(OHb. This transforma~ 
tion represents an increase in coordination from 4 to 6. This 
structure type is already known for mixed hydroxide 
Zn(OHh + Mg(OHh, Co(OHh and Ni(OHb. The hexagon
al unit cell data for the new CdI2-form of Zn(OHb are 
a = 3.19 A, c = 4.714 A, Z = 1 andpc = 3.96 glcm3

• This 
represents an increase in density of 30% over the low pres
sure phase. 

J. Phys. Chem. Ref. Data, Vol. 11, No. 4l "~82 
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9. Phosphides 
9.1. COP2 

The marcasite and arsenopyrite type structures are ex
hibited by a large number of transition metal di-pnictides. 
The marcasite structure is most stable for the iron group di
pnictides while the related arsenopyrite type structure has 
been found for all the cobalt group di-pnictides except CoP 2' 

CoBi2, and IrBi2• Donohue [93] prepared the arsenopyrite 
type COP2 with the reaction of Co + (Ge) + 2P (Ge used 
only as a flux) between 800 and 1200 °C at a pressure of 
65kbar. The role of the flux in this reaction is not clear, 
however, without it the new phase could not be synthesized. 
The structure ofthe arsenopyrite unit cell is monoclinic with 
dimensions a = 5.610 .A, b = 5.591 .A, c = 5.643 .A and 
{3 = 116.8 (Z = 4). 

9.2. GeP2 

In a study of polymorphism in the Ge-P system Osugi et 
0.1. [188] report the synthesis ofa. cubic pha8~ ufOeP2 in the 
range 1000-1200 °C and 35-40 kbar. Comparison of the x
ray data of the cubic phase of GeP 2 with that for the pyrite 
phase of SiP z show essentially the same d-spacings but sig
nificant discrepancies in their relative intensities. In addi
tion, the cubic cell dimension a 5.619 A for GeP2 is 
smaller than that of SiP 2 (a = 5.682 A). This latter pheno
menon may be due to non-stoichiometry in OeP 2' howeVCL 

9.3. NbP1.7 
The atmospheric pressure phases in the Nb-P system 

are NbP and NbP2 • In the pressure range 35-55 kbar a new 
phase was prepared with the ordered defect PbFCl-type 
structure having the chemical formula ,.....NbP!.7 [126a]. 

The largest crystals of this new compounds were isolat
ed from samples with Nb:P ratios between 2:3 and 1 :2. The 
samples were heated to 1250 °C at a pressure under 55 kbar, 
held for 2 hours and quenched while still under pressure. 
Temperatures were measured with a Pt-Pt/Rh thermocou
ple placed at the surface of the cylindrical graphite heater 
enclosing the sample. Under ambient conditions NbP 1.7 can 
be kept several years without decomposing or oxidizing. 

The chemical composition indicated by the synthesis 
lies between the mono- and diphosphide. Chemical analysis 
suggested a composition of NbP 1.7' Its measured density 
was 5.65 g/ cm3 which corresponds to NbP 1.69 assuming par
tial occupancy of P sites and full occupancy of the metal 
sites. 

Initial identification based on powder x-ray patterns 
suggest unit cell with a = 3.339.A and c = 7.649 A. Preces
sion photographs revealed a superstructure with an a-axis 
which is five times larger than the a-axis of the PbFCI sub
cell. All reflections were accounted for by Laue Symmetry 
4/mmm and a 7.468 .A, c 7.649 A. 

9.4. SiP2 

Silicon diphosphide was synthesized successfully by ha
log(;J1 transport. from the elements [94]. The crystal structure 
ii, p~'dlt-(ypt\. ~pace group Pa3 with unit cell dimensions 
(I ~,70~1 A, .% 4 and P!' 3.22 g/cm3

• 

~ 1'flY$\, Chtnn, flt1t. ()atn. Vol. 11. No.4, 1982 

9.5. VP1.75 

The details of the preparation of the high pressure phase 
VP 1. 75 are identical to those described for Nb 1.7 • In the V -P 
system, the stoichiometric compounds VP and VP 2 are the 
only ones previously known to exist at atmospheric pressure 
[126a]. VP1.75 crystals are black, brittle, and show metallic 
conductivity. 

Powder x-ray diffraction data of the high pressure 
phase fits a tetragonal cell with a = 3.162 A, c = 7.267 A 
and Z = 8. The chemical formula VP 1.75 was determined 
from the crystal structure determination. From this data the 
calculated density was 4.80 g/cm3 which is excellent agree
ment with the measured value of 4.87 g/cm3. 

VP 1.75 crystallizes with a RbFCl-type subshell space 
group P4m2. The superstructure arises from the ordered ar
rangement of vacancies of the F site of the PbFCl subcell. 

9.6. ZnP2 

A high pressure modification of ZnP:t was prepared by 
Osugi and Tanaka [189] by the direct reaction of zinc with 
phosphorous and also through the polymorphic transitions 
from both themonoclinc and tetragonal ZnP 2 phases. Appli
cation of pressures above 20 kbar with temperatures above 
150°C is required for the synthesis. The new modification of 
ZnP 2 has a pseudo-cubic symmetry with a cell dimension 
a 5.322 A ~nn measured density 3.55 g/cm3 , 

10. Silicides 
In a study of the effect of pressure and temperature on 

the disilicides MSi2 of the divalent metals (M Ca, Sr, Ba, 
Eu) new polymorphic modifications have been identified for 
CaSiz [89,169,230] SrSi2 [101] and BaSiz [100]. The alkaline 
earth metals of calcium, strontium, barium and the divalent 
rare earth metal europium have two outer s-e1ectrons in their 
atomic ground state. In many of their compounds similar 
properties and isotypic structures are found. At atmospheric 
pressure, however, all of the above disilicides crystallize in 
four different structure types which differ characteristically 
in their silicon sublattices. 

10.1. BaSi2 

Barium disilicide at atmospheric pressure crystallizes 
in an orthorhombic structure, space group Pnma (or Pna2 1) 

with a 8.92 A, b 6.75 A, c 11.57 .A andZ 8. A high 
pressure modification, BaSi2(II), was prepared by heating 
the normal phase ofBaSiz to 1000 °Cat a pressure of 40 kbar. 
On quenching to ambient conditions the high pressure modi
fication could be stored in the absence of air and moisture for 
several months. Heating BaSi(II) to 400 °C at 1 bar pressure 
leads to its complete transformation to the original phase. 
The structure of the high pressure phase ofBaSi2 is rhombo
hedral, space group P3ml with a = 4.047 A, c = 5.330 A and 
Z = 1 [100]. 

10.2. CaSi2 

Calcium discilicide has a hexagonal layer type structure 
ill which the Silk:uIl sublaLlice cunsisls uf cunugaled layers, 
each silicon having three equidistance neighbors. CaSi2(I} 
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has a rhombohedral structura, space group R3m with 
a = 3.855 A, c = 30.6 A, Z = 6 and Pc = 2.46 g/cm3. This 
represents a volume reduction of 6.9 percent. 

CaSi2(I1), a high pressure polymorph, was obtained 
from rhombohedral CaSi2(I) in the region 17 to 87 kbar and 
700 to 1800 dc. For complete conversion to the high pressure 
phase in short periods of time, pressures above 40 kbar and 
temperatures above 1000 °C are required simultaneously 
[101]. The structure of the high pressure phase is body cen
tered tetragonal, a-ThSi2-type, space group 141/amd with 
a = 4.283 A, c = 13.54 A and a calculated density of2.57 g/ 
cm3

• CaSi2(II) is superconducting at 1.58 ± 0.01 K [169]. 

10.3. EuSi2 

Europium disilicide crystallizes in the body center te
tragonal structure [100] identical to those adopted by the 
high pressure fOrIns of both CaSi2 and SrSi2. High pressure 
and high temperature treatment failed to yield any structure 
transformations in EuSi2• 

10.4. SrSi2 

Strontium disilicide (SrSi2-type) is cubic (a = 6.355 A) 
with silicon atoms forming a three dimensional network. All 
silicon atoms have three equidistant neighbors in flat tri
gonal pyramids but twisted against each other. The high 
pressure phase, SrSi2(II), also has the a-ThSi2-type structure 
identical to CaSi2(II). The tetragonal unit cell dimensions are 
a = 4.438 A, c = 13.89 A with a calculated density of 3.51 g/ 
cm3 • This represents a volume reduction by 1.9 percent 
[100]. 

11. Sulfides 
11.1. A92S 

The phase diagram of Ag2S contains four solid phases, 
three of which are known at atmospheric pressure and are 
listed in Table L High argentite, the high temperature form 
of Ag2S, is stable above 596 DC up to the melting point at 
825 DC. The argentite modification, which has a disordered 
b.c.c. structure, is stable between 177 and 596 DC. The room 
temperature form Ag2S(II), known as acanthite, is stable be
low 177 DC. It crystallizes in a monoclinic unit cell with space 
group P21/n. 

The first high pressure study on Ag:LS was a determina
tion of Ag2S(III) (acathite)-Ag2S(IV) phase boundary 
between 82 and 200 DC [52].. The transition is associated with 
a very small volume change. The Ag2S(II)-Ag2S(III) solid
solid phase boundary was determined up to the triple point 
at approximately 12.3 kbarand 195°C. From the triple point 
the Ag2S(II),·Ag2S(IV) boundary was extended up to 40 kbar 
[76]. Previously, the initial slope of the Ag2S(II)-Ag2S(III) 
had been determined up to 1.2 kbar with an initial slope of 
4 °C/kbar which appears to be too high [207]. 

In the work of Clark and Rapoport [76] pressures were 
generated in a piston cylinder device and phase transitions 
were detected by means of differential thermal analysis with 
chromel-alumel thermocouples. Corrections were made for 
the effect of pressure on the thermocouples [116,117]. Each 
point on the phase boundary is based upon four separate 
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determinations on different samples with precision of 
± 2°C. Corrected pressures are stated to be accurate to 
± 0;5 kbar. Unfortunately, Bridgman's Ag2S(III)-Ag2S(IV) 

phase boundary does not extrapolate to the present triple 
point (see figure 18 for phase diagram of Ag2S). 

11.2. BiS2 

The preparation of a new polymorph BiS2 was reported 
by Silverman [230]. The new material was synthesized at 50 
kbar and 1250 DC from a 4:11 atomic mixture of Bi and S, 
each a purity greater than 99%. The x-ray examination was 
inconclusive about the crystal system. The published d-val
ues are 3.11 A.(1OO), 2.97 A(60), 2.62 A.(65), 2.27 A.(60), 1.88 
A.(70), 1.81 A(70) and 1.504 A(60). 

11.3. CS2 

The earliest pressure studies of CS2 were by Bridgman 
[53] who investigated the melting curve and compression up 
to 35 kbar. At temperatures of 1750 or over and at pressures 
above 45 kbar, CS2 is transformed slowly and irreversibly 
into a black solid which is retained under atmospheric condi
tions. Bridgman suggested that black CS2 had a structure 
analagous to Si02 < Whalley [266] did an infrared study of 
solid CS2 prepared at 55 kbar and 185°C and found a major 
absorption in this substance at 1063 ± 5 em -1. He assigned 
this to C = S stretching and suggested a linear polymetric 

s 
structure containing _ JI- s units. Other absorptions were 

much weaker than the 1063 cm -I bond. This conclusion was 
also confirmed by Silverman and Soulen [226]. 

J. Phys. Chern. Ref. Data, Vol. 11, No.4, 1982 
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More detailed examinations of the phase diagram by 
Butcher et al. [58,9] revealed that the fonnation of black CS2 

occurs over a wide range of pressure but over a relatively 
narrow range of temperature. Above this temperature it de
composes to carbon and sulfur. When heated at atmospheric 
pressure, black CS2 softens at about 70°C and decomposes to 
carbon and sulfur. It is also insoluble in normal laboratory 
solvents. 

X-ray patterns of black CS2 are broad and diffuse indi
cating little or no long range order. At room temperature 
this material has a very low electrical conductivity which 
increases rapidly with temperature giving an energy gap of 
1.15 eV. 

Two x-ray studies have been performed on single crys
tals of CS2 grown from the melt. The structure determined 
by Baenziger and Duax [10] is based on an orthorhombic 
unit cell with space group Cmca and Z = 4 at 143 K. The 
unit cell constants at two different temperatures 158 K and 
98 K are a = 6.455 A(6.215 A), b = 5.596 A(5.404 A) and 
c = 8.939 A(9.208 A). The melting point ofCS2 is 160 K. In 
this structure the CS2 molecules are linear S-C-S. 

Carbon disulfide freezes at 12.6 kbar at room tempera
ture. The high pressure crystal structure was investigated by 
Weir et al. [263] and and is in agreement with that of Baen
ziger and Duax [10]. The unit cell dimensions of the orthor
hombic cell are a = 6.16 A, b = 5.38 A, and c = 8.53 A. It is 
of interest to note that with decreasing temperature at 1 bar 
pressure, c increases from 8.939 A(158 K) to 9.280 A(98 K). 
This value appears to decrease with pressure, however. Weir 
et al. [263] also reported observing an abrupt transition in a 
single crysli:t! uf CS2 in the:: viciuity of 30 kbat and 30°C. 

11.4. CdS2 

Pyrite-type CdS2 [33] was prepared from the reaction of 
CdS or amorphous cadmium polysulfide and sulfur at 65 
kbar and 400-600 °C. Investigation of the various powder 
samples by x-ray diffraction showed that all had the pyrite 
structure with the same unit cell size suggesting a uniform 
stoichiometry. 

11.5. CU2S 

The polymorphic behavior of CU2S is quite complex. In 
a study of the Cu-S system at high temperature the com
pounds Cu2S, CU1.96 Sand CU1.8 S (digenite) have been identi
fied as the products of sintering. All three of these com
pounds undergo high temperature phase transitions at 1 bar. 
In CUzS the Cu2S(IV)-CuzS(III) phase transition occurs at 
103.5 °C. The initial slope of this phase boundary is 0.5 eCI 
kbar [76]. At about 10 kbar new DTA signals were obtained 
around 240 °C and a new transition line followed up to about 
40 kbar. UTA signals from the original Cu2S(IV)-Cu2S(III) 
phase boundary disappeared just above 10 kbar. On decreas
ing pressure,. this behavior is reversed and at 8 kbar the DT A 
signals from the upper transition disappear and those corre
sponding to the lower boundary reappear. The upper transi
tion line varies only slightly with pressure and has a shallow 
maximum in the vicinity of 245 °c and 21 kbar. 

Sercbyanaya L222J reported that CUl.96S could be pre
pan:d by heating Cu2S to 900 0c. Clark and Rapoport [76], 

J, Phya. Chorn. Ref. Data, Vol. 11,No. 4,1982 
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therefore, heated their Cu2S sample to approximately 850°C 
and below 10 kbar there was no evidence of the transition 
around 103.5°, whereas in the region 220-230 °C DTA sig
nals were obtained. Clark and Rapoport [76] reported that 
the upper transition results from the reversible formation of 
C~S5 (or CU7S4) by a disproportiollation rea.ction of CU2S 

(See figures 19 and 20 for the phase diagrams of CUzS and 
CU1.96 S, respectively). 

11.6. CUS2 

The synthesis of CUS2 was carried out in a belt appara
tus [178a] using a graphite heater and sodium chloride as the 
pressure transmitting medium. The cell was calibrated at the 
following fixed points: Bismuth (25.5 kbar; 27 kbar) and 
Barium (58 kbar). Temperatures were determined from a Pt
Ptl0Rh thermocouple present during the runs. 

The reaction was carried out with a mixture of CuS(co
vellite) and sulfur in a 1:1.2 mole ratio at high temperature 
and high pressure. Chemical analysis of the product, a dark 
purplish red material, indicated the composition CUSI.9 and 
x-ray analysis confirmed that it had the cubic (NiS2) pyrite 
structure with the unit cell dimension a = 5.796 .A. The cal
culated density is 4.44 g!cni3 and the measured density is 
4.24 g/cm3

• Bither et al. [32] reported a 5.790 A, Pc 
= 4.368 g/cm3 and Pexp = 4.354 glcm3

• Between 200-
300 °C in an inert atmosphereCuS2 decomposes to covellite, 
digenite, and sulfur. Between 400-475°C the products 
further decompose to Cu2S (chalcocite) and sulfur. 

11.7. GeS2 

The synthesis of the tetragonal high pressure form of 
GeS2 was investigated by Prewitt and Young [1981]. Single 
crystals were prepared from stoichiometric ratios of germa
nium and sulfur held at 1100 °C and 65 khar for 2-3 hours 
and then temperature quenched~ The tetragonal unit cell di
mensions are a 5.480 .A, c 9.143 A with Z 4 and Pc 
.=. 3.30 g/cm3 (spa.ce group-I42d). 

The structure of GeS2(II) is similar to SiS2(1I) and con
sists of GeS4 tetrahedra which share vertices to form 3 di
mensional networks. GeS2(I) also has a structure in which 
the GeS4 tetrahedra share vertices. Germanium atoms of 
GeSz(II) are in positions 4a (0,0,0) while sulfur occupies posi
tions 8d (x = 0.238; Y = 0.25; z = 0.125). 

11.8. H2S 

The atmospheric pressure phase transitions in H2S were 
first observed by Gi~uque and Blue [112]. Their specific heat 

measurements indicated the following transitions: boiling 
point 212.8 K; melting point 187.6 K; HzS(I)-H2S(II) solid
solid transition at 126.2 K and the H2S(II)-H2S(III) solid
solid transition at 103.6 K. The measurements indicated a 
first order transition at 103.6 K and an anomaly occurs at 
126.2 K, which is characteristic of a second order transition. 

Pressure studies on the H 2S phase diagram were per
formed by Stevenson who employed volumetric techniques. 
This work extended to a maximum pressure of 10 kbar. Ste
venson [240] detected two new high pressure phases H 2S(V) 
and H2S(VI) in the region above 5 and 6 kbars, respectively. 
In a later study by Stewart [241] these latter two phases were 
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FIGURE 21. Phase diagram for H 2S. 

not confirmed. Babb [9] measured the melting curve of H2S 
and reported a new solid phase H2S(IV) which meets H2S(I) 
and .H2S(L) in a triple point at - 26°C and 3.6 kbar (see 
figure 21 for HzS phase diagram). 

The x-ray diffraction studies of Justi and Nitka [128] 
illdiCcdt: that the:: ~ulfur atulIll) in all three phase~ uccupy a 
face-centered cubic lattic which changes less than 1 % in lat
tice constant between 20 and 150 K. The transitions appar
ently arise from the variation in the positions of the hydro
gen atoms. H2S(III) is ordered while H2S(I) and H2S(II) are 
disordered. The basic cubic structure is quite open so that 
rearrangements of hydrogen atoms are possible without ap
preciable changes in.lattice constant; There is no crystallo
graphic data for H 2S(IV) nor the questionable phases H 2S(V) 
and H2S(VI). 

11.9.lrS2 

At atmospheric pressure iridium is known to·combine 
with sulfur to fonn iridium disulfide having the orthorhom
bic structure of iridium diselenide. The pyrite structure, 
space groupPa3, is in general a densely packed arrangement 
and tends to be favored when synthesis is attempted between 
transition metals and groups Va and VIa elements at high 
pressure. Munson [179] reported the synthesis of a new py
rite phase IrS 1.9 prepared from a 2: 1 mole ratio of sulfur and 
iridium. The mixture was subjected to 1500 °C at a pressure 
of 60 kbar. The unit cell dimension of the pyrite-type cell of 
IrSI.9 is a = 5.68.A. 

J. Phys.Chem. Ref. Data, Vol. 11, No.4, 1982 
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11.10. MoS2 

Bridgman [54] measured the electrical resistance of mo
lybdenite MoS2 at room temperature up to 100 kbar pres
sure. The sample, a cleaved single crystal specimen, exhibit
ed reversible electrical resistance discontinuity (drop by a 
factor of 2. 77) at approximately 20 kbar. This result is based 
upon one run. The crystal structure of MoS2 is three layered 
rhombohedral, 3R-MoS2. 

11.11. NbS2 

Niobium disulfide forms two principal phases under 
normal conditions, one a two layered hexagonal and the oth
er a three layered rhombohedral modification designated 
2H-NbS2 and 3R-NbS2, respectively. The coordination 
number of Niobium is 6 but the locations of the sulfur atoms 
are the corners of a trigonal prism as opposed to octahedral 
coordination. High pressure synthesis [151] employed stoi
chiometric mixtures of the niobium and sulfur subjected to a 
pressure of 90 kbar and various temperatures up to a maxi
mum of 1350 °C. Calibration of the pressure cell was based 
on the fixed points in bismuth taken at 25.4,27, and 89 kbar; 
tin 113-115 kbar. 

Below 600 °C there was no reaction, while between 600 
and 800 °C a mixture of phases appeared of which the com
position and structure could not be identified. In the range 
800 to 1000 °C 3R-NbS2 was formed and from 100 to 1200 °C 
both 3R-NbS2 and 2H-NbS2 were present in the samples. 
Above 1200 °C a new high pressure form designated 
NbS2(I1) was synthesized. On the basis of powder x-ray data 
NbS2(1l} is a new 4 layered hexagonal polytype indexed on 
the basis of 4H-NbSe2 but with a different space group. The 
unit cell parameters area = 3.33 A, c = 23.8 A (c/a = 4.18). 
On the basis of the intensity data, NbS2(II) appears to be 
isostructural with 4H-TaSe2 which has the space group P63/ 
mmc. The atomic coordinates were refined by trial and error 
to a residual of 0.216. In contrast to trigonal prismatic co
ordination for the 3R- and 2H-polytypes of NbS2, the high 
pressure polytype (4H-NbS2) ofNbS2(II) has a mixed coordi
nation scheme consisting of both trigonal prismatic and oc
tahedral coordination. NbS2(II) is stable in air but annealing 
in a vacuum for 10 hours produces a transformation to the 
3R-polytype. 

NbS2(I1) has a superconducting transition at 2.9 K. 
Each of the polytypes 2H-, 3R- and 4H- of NbS2 exhibit 
superconductivity. 

11.12. PbS2 

Silverman [231] reported the preparation of two high 
pressure phases ofPbS2. Only the monosulfide had been pre
viously known. A hexagonal CdI2-type PbS2 was prepared 
by reacting PbS + S in the 1:2 ratio at 20 kbar and 1600-
1800 0c. The only successful synthesis carried out was with 
excess sulfur present. The hexagonal Cd}2-type unit cell of 
PbS2(I) has the dimensions a = 3.89 A and c = 5.91 A 
(Z=4). 

The other phase PbS2(1I) was prepared from a reaction 
of the Pb:3S elemental mixture at 45 kbar and 1500 °C held 
for 5 minutes. PbS2{II) can be indexed as tetragonal with a 
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KN 3-type structure. The unit cell dimensions are a = 6.10 A 
andc = 7.48 A (Z = 4). 

11.13. PdS4 

An orthorhombic palladium disulfide may be prepared 
by heating palladium dichloride and an excess of sulfur in an 
evacuated quartz tube for 4 days. The structure of PdS2 pr~
pared in this manner is space group Pbca (a = 5.46 A, 
b = 5.54 A, c = 7.53 A) and is closely related to the pyrite 
structure which places the catiun ill a neady perfect octahe
dral environment. Munson and Kasper (180) prepared a sec
ond orthorhombic form of PdS2 (a = 5.51 A, b = 5.56 A, 
c = 7.16 A) by reacting a mixture of the elements of PdS2(I) 
at 1450 °C and 63 kbat for 5 minutes. PdS2(II) decomposes to 
PdS and sulfur at 250-300 DC. 

The x-ray data of PdS2 indicates that PdS2(II) is very 
similar to PdS2(I). Both are derived frum the pyrite structure 
by an elongation of the c-axis. However, the elongation of 
PdS2(II) is not as great as that of PdS2(I). The measured and 
calculated density ofPdS2(II) is 4.92 g/cm3 and 5.17 g/cm3 

respectively. PdS2(II) is not superconducting as is PdS2(I). 

11.14. SiS2 

The synthesis of a high pressure polymorph of SiS2 has 
been reported in two separate studies. The first synthesis 
reported by Silverman and Soulen [230] consisted of a 
lSi:2.2S mixture which was subjected to a temperature of 
1480 °c at 75 kbar for a duration of2 minutes. On the basis of 
x-ray powder patterns SiS2(II)!"as indexed in t~e tetragonal 
crystal system with a = 5.43 A and c = 8.67 A. Measured 
and calculated densities for SiS2(II) are 2.23 g/ cm3 and 2.40 
g/cm3, respectively, compared with 2.05 g/cm3 calculated 
for SiS2(I). A contemporary study of the silicon-sulfur .sys
tern by Prewitt and Young (198) reported the synthesIs of 
single crystals ofSiS2(II). The structure ofSiS2(II) consists of 
SiS tetrahedra which share vertices to form three dimen
sio~al networks as compared to SiS2(I) which contains 
chains of SiS4 tetrahedra in which the tetrahedra in each 
chain shares edges. In this work the unit cell dimensions are 
a = 5.420 A, c = 8.718 A and Z = 4. Measured and calcu
lated densities are 2.40 and 2.37 g/cm3, respectively. The 
space group ofSiS2(II) is I42d. Silicon atoms occupy position 
4a (0,0,0) while sulfur occupies positions 8d (x = 0.227; 
Y = 0.25; z = 0.125). 

11.15. SrS2 

Polycrystalline SrS2 was synthesized under normal 
pressure by Lutz [162,163] who only published d-values 
with no crystal or structural data. Single crystal SrS2 was 
prepared by Kawada et al. [139] by heating a sulphur excess 
mixture of SrS and S up to 900°C at a pressoure of 20 kbar 
SrS2 is tetragonal (I4/mcm) with a = 6.095 A, c = 7.616 A, 
Z = 4 and Pexp = 3.56 g/cm3. The structure is isotypic with 
that of the CuAl2 group intermetallic compounds. 

11.16. ZnS2 

Pyrite type ZnS2 [33] mixed with someunreacted start
ing materials was obtained as a bright yellow microscopic 
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powder by the reaction of ZnS + S at 65 kbar for 4-6 hours 
at 400-600 °C followed by a rapid quench to room tempera
ture. X-ray diffraction powder patterns of all the ZnS2 com
positions prepared showed all samples having the same unit 
cell size a = 5.9542 ...t, indicative of ZnS2 stoichiometry. 

11.17. Rare Earth Sulfides 

The rare earth disulfides series has been investigated by 
a number of researchers. Only the disulfides at the lower end 
of the series can be synthesized at atmospheric pressure. Bi
litz [31] reported the synthesis of LaS2 and CeS2• Flahaut et 
al. [104] reported that the disulfides of La, Ce, Pr, Nd, and 
Sm all had the same "cubic" structure. They also reported 
the synthesis ofthe sulfides ofEu, Gd, Dy, and Y which were 
all nonstoichiometric and having the tetragonal structure. 
Ring and Tecotzky [202] reported the synthesls of the tetra
gonal disulfides ofTh, Ho, and Er. 

The tetragonal disculfide has the LaS2 type structure, 
space group P4/nmm and is related to the ErSe2 subcell 
[206] by the relation a(LaSz) = 2a(brSe2) and c = (LaS-
2) c(ErSe2)· The cubic rare earth disulfide structure was 
indexed on the basis of the. close resemblance of its x-ray 
pattern to that ofthe tetragonal rare earth disulfide. Roth of 
these structures are assumed to be composed of 4 ErSe2-type 
subcells. 

On the basis of single crystal data Marcon and Pascard 
[166] have shown that CeSe2 and CeS2 both have a mono
clinic structure which is pseudotetragonal and can also be 
viewed as pseudocubic.1t is composed of2 Fe2As-type sub
cells. This apparently bears close resemblance to the struc
ture of the "cubic" LaS2 which is based upon 4 ErSe2 subcells 
since the ErSe2 subcell has the same structure as Fe2As. 

With the use of high pressure techniques Webb and 
Hall [262] were able to synthesize rare earth disulfides for 
the heavier region of the series. Tetragonal rare earth disul
fides (P4/nmm) were prepared for Tm, Yb, and Lu. New 
polymorphs having the apparent cubic "LaS2" -type struc
ture were prepared for Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, and 
Y. In this work the identification of the "cubic" and tetra
gonal phases was based solely upon powder x-ray diffraction 
data. A few of the weak superlattice reflections could not be 
indexed either on the basis of the subcell or supercell (figs. 
22, 23, and 24). 

Eliseev et aL [99] also synthesized the ytterbium disul

fide at high pressure. X-ray examination confirmed the exis
tence of two phases whose line positions were in good agree
ment with the work of Webb and Hall [262]. The phase of 
YbS2 which Webb and Hall [262] indexed as cubic was in
dexed as tetragonal Fez As-type Eliseev et al. By refining 
atomic positions, using an absorption correction and assum
ing a definciency of sulfur, they were able to fit the data to 
YbS1.7 with a least squares residual of 0.17 (powder data). 

One important fact not mentioned in the literature in 
that the ErSez-type subcell is identical to the Fe2As-type cell. 
In aU the studies cited in reference to the "cubic" rare earth 
disulfides one (CeS2 ) was based upon single crystal data. All 
structure determinations and attempts to index powder data 
were based upon the FezAs-type unit cell of subcell. Eliseev 
et al. did not publish their d-values but attempts to fit the 
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"cubic" data of Webb and Hall [262] with their lattice pa
rameters left 5 of the cubic lines unindexed. In addition to 
these lines, Webb and Hall [262] mentioned that they were 
unable to index 3 lines in their "cubic" YbS2 pattern. It is felt 
that the work of Eliseev is no more definitive than that of 
Webb and Hall [262] other than all data seem to point to the 
view that the F~As-type subcell is basic to the true YbS2 

structure. Certainly further investigation is needed on these 
compounds. 

12. Selenides 
12.1. Ag2Se 

The Ag2Se(I)-Ag2Se(II) or commonly known a-p phase 
boundary has been investigated up to the region of 50 kbar 
and 300 °C. At atmospheric pressure a sharp change in resis
tivity occurs when Ag2Se is transformed from the low tem
perature orthorhombic (a-Ag2Se) to the high temperature 
body centered cubic form (,8-Ag2Se). This method was em
ployed by Banus [16] to determine the pressure dependence 
of the phase boundary up to 47 kbar. The samples were puly
crystalline and the pressure cells were calibrated with the Bi 
I-II (25.4 kbar) and the Tl I-II (37 kbar) transitions. The 
transition temperatures were taken on increasing tempera
ture cycle. The type of thermocouple or information about 
any thermocouple correction and calibration was not dis
cussed. Up to about 15 kbar the sign of the temperature coef
ficient of resistivity is negative for a-Ag2Se and positive for 
p-Ag2Se. Above 15 kbar the temperature coefficient of res is
tivity for both phases. Room temperature x-ray patterns 
showed no phase change up to 45 kbar. 

The Ag2Se (a-p) phase boundary was also studied by 
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Clark and Rapoport [76] up to a pressure of 40 kbar and a 
temperature of 300 °C by differential thermal analysis. The 
agreement of this work with Banus (16) is good up to 20 kbars 
but beyond this, temperatures differ by as much as 15-20 0c. 
Banus noted temperature hysteresis as high as 15-25 °C 
while the maximum reported by Clark and Rapoport was 
3°C. As a result of better reproducibility and the additional 
temperature calibration details, the curve of Clark'and Ra
poport is considered more accurate (see fig. 25 for Ag2Se 
phase diagram). 

Using the value dT I dP = 7.0 °C/kbar reported by Roy 
et al., Banus [16] determined the heat of transformation as 
A H

t 
2.19 kcal/mol. Taking the most recent value of dT / 

dP = 6.02 °C/kbar, then ~ Ht = 2.54 kcallmol. The calcu
lated values of ~ Ht range from 1.61 to 2.54 kcal/mol. The 
high uncertainty arisp.l': from the uncertainty in Ll V t and dT / 

dPlp=o, 

12.2. BiSe2 
Bismuth diselenide was prepared by the reaction of a 

1 :2.2 atomic ratio of Bi:Se at a pressure of 45 kbar and 
1280 °C [229]. The BiSe2 crystals were black and are stable in 
water, aqueous ammonia and HCI at room temperature but 
reacts vigorously with concentrated HN03• At 275°C BiSe2 

converts to Bi2Se3• X-ray powder patterns of BiSe2 con
tained over 60 lines and have not been indexed. 

12.3. CU2Se 

The atmospheric pressure high temperature phase tran
sition in Cu2Se was originally reported to occur at 110°C 
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[107,142]. Data published by Clark and Rapoport [76] place 
the transition at 135°C. This latter result is attributed to the 
high purity of the sample. Clark and Rapoport followed the 
Cu2Se(I) Cu2Se(II) phase boundary up to 30 kbar where the 
DTA signals disappeared completely. This behavior was re
versible and repeated from run to run. A thorough search at 
pressures up to 41 kbar failed to give any indication of addi
tion~l pha..li1e transitions. Clark and Rapoport postulate that 
in the 30 kbar region the Cu2Se(I)-Cu2Se(II) phase boundary 
has a negative slope with dT /dP= - 0.6°Clkbar (fig. 26). 

It is impossible to prepare Cu2Se of .stoichiometric com
position. The unit cell dimension of the cubic phase de
creases considerably with copper deficiency. 

Cu2Se(II) which is the high temperature phase, has a 
disordered cubic structure with the unit cell dimension 
a = 5.840 A at 170°C. The room temperature phase is orth
orhombic. 

12.4. MoSe2 

A three-layer rhombohedral (3R) polytype of MoSe2 
isostructural with rhombohedral MoS2 is formed from 2H
MuSe2 at high pressures and high temperatures [253]. The 
region in which 3R-MoSez is formed is above 30-40 kbar and 
above 1400 DC. The unit cell dimensions of 3R-MoSe2 are 
a = 3.292 A and c = 19.392 A. 

12.5. NbSe2 

Niobium diselenide forms three principal phases under 
normal conditions, a two layered hexagonal structure (2H
NbSez), a three layered rhombohedral structure (3H-NbSe2) 

and a four layered hexagonal structure (4Hp -NbSe2). The 
cation coordination is all a six fold trigonal prismatic type as 
previously discussed for NbS2• Synthesis conditions are the 
same as discussed for NbS2• 

The following reaction products were formed [151]: (a) 
below 600 °C there was no reaction, (b) between 600 and 
1000 °C NbSe4 + Nb was formed, (c) between 1000 and 
i200 °C 2H-NbSe2 was synthesized and (d) above 1200 °C 
NbSe2(II), a high pressure phase was obtained. NbSez(II) 
consists of a hexagonal 4 layered cell (4Ho-NbSe2 ) isostruc
tural to NbSz(II). It should be noted that there are now two 
4H-polytypes in NbSe2 • For the 4Hp -NbSe2 Polytype the 
cation coordination is of trigonal prismatic type while the 
4Ho-NbSe2 polytype has octahedral cation co~rdination. 
The hexagonal unit cell dimensions are a 3.46 A, c 24.8 
A, c/ a = 4.18. The space group is P63/mmc with the atoms 
in the positions: 2Nb(I) in 2(a), 2Nb(2) in2(b), 4Se(l)in 4(f) 
and 4Se(2) in 4(f). All four modifications of NbSez are super
conducting with the indicated critical superconducting tran
sition temperatures. 

2H-NbSe2 

3R-NbSe2 
4Hp-NbSe2 

4Ho-NbSez 

12.6. PbSe2 

7.0K 

6.3K 
3.5K 

PbSe2 which previously had not been prepared in crys
talline form was synthesized by Silverman [231]. Thus suc,:, 
cessful synthesis employed a mixture of PbSe + 2Se with 
excess selenium which was subjected to temperatures 
between 600 and 2400 °C at pressures from 20-70 kbar. This 
crystalline form ofPbSez has the tetragonal KN3-type struc
ture with unit cell dimensions a = 6.36 A and c = 7.63 A. 
Electrical resistance measurements with increasing pressure 
from 10-70 kbar showed no significant change. 

12.7. PbSSe 

The mixed lead dichalcogenide PbSSe which was pre
viously unknown in crystalline form was synthesized by high 
pressure techniques [2.31]. The tetragonal K.N3-type struc
ture was prepared by reacting PbS + PbSe + 2S + 2Se at 
temperatures between 600 and 2400 °C and pressures in the 
range 20-70 kbar. The unit cell dimensions of KN3-type 
PbSSe are a = 6.27 A and c 7.57 A with Z 4 and Pc 
= 7.15 g/cm3. 

12.8. SmSe2 

SmSez was prepared from a stoichiometric ratio of the 
elements at a pressure of 80 kbar in the temperature range 
1200 to 2000 "C. The SmSe2 sample gave a single phase x-ray 
powder pattern which indexed to a tetragonal structure with 
a = 4.100 A and c = 8.275 A. The density calculated from 
these unit cell dimensions is 7.32 g/cm3 and the measured 
density is 7.23 g/cm3 [13]. 

12.9. Transition Metal Selenides 

Transition metal dichalcogenides of Mn, Fe, Co, Ni, 
Cd, and Cu have been reported to·occur in CdI2, marca~ite, 
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or pyrite type structures. For a specific composition the den
sity of the transition metal dichalcogenide increases in the 
order CdI2 < marcasite < pyrite. Several of these MX2 com
pounds do not occur normally with the pyrite type structure. 
Since the pyrite modification is the most dense structure
type, then one would expect that high pressure and high 
temperature would induce the transformation marcasite of 
CdIr~pyrite. 

Bither et al. [32,33,34] reported the synthesis of three 
series of compounds: CuSSe, CuSe2; FeSe2; and CdSe2, 
ZnSe2 all with the pyrite structure. These compounds were 
prepared from stoichiometric ratios of the elements reacted 
at 65 kbar and 1000-1200 °C for 1-3 hours. This was fol
lowed by a slow cool to 400 °C and a quench to room tem
perature. 

The copper dichalcogenides with one unpaired d-elec
tron show metallic conductivity and superconductivity with 
critical temperatures ranging from 1.3 to 2.4 K. FeSe2 is a 
semiconductor. 

12.10. Rare Eanh Selenldes 

The rare earth diselenides of the elements from lanth
anum through gadolinium with the exception of Eu were 
1Synthesized by Benacerraf et al. [25]. Wang and Steinfink 
[260] synthesized the compounds of La, Ce, Nd, Gd, Dy, 
Ho, and Er and attempted the synthesis of YbSe2~ Kafalas 
and Finn [134] reported the synthesis of Samarium polyse
lenide of varying composition (SmSe1.9 to SmSe2.03 ) at 40 
kbar and 600 °C. 

Webb and Hall [261] reported the synthesis of TmSe2, 

YbSe2, and LuSe2 in the pressure range 14-70 kbar and tem
perature range of 400-1900 °C. These compounds crystallize 
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in the ErSe2 (LaTe2-type) structure (fig. 27). 
Several different studies have been made of the x-ray 

crystallography. Eliseev and Kuznetsov [98] reported that 
NdSe1.9 was isostructural with LaTe2 which has the tetra
gonal space group P4/nmm. Wang and Steinfink [260] stu
died ErSe2 and found it to have a tetragonal subcell of the 
P4/nmm space group from the strong reflections, but a num
ber of weak reflections which were not observed for LaSe2 

and CeSe2• The indexing of these reflections was accom
plished on the basis of an orthorhombic supercell composed 
of 24 tetragonal subcells. Refinement of the structure was 
accomplished for the subcell but could not be achieved for 
the supercell. Marcom and Pascarel [166] reported that 
CeSe2 is monoclinic with the P2]/a space group and a pseu
do tetragonal structure. Due to the lack of refinement for the 
supercell of ErSe2 and the lack of weak supercell reflections 
in CeSez• the high pressure phases TmSe2 • YbSe2 and LuSe:l 
have been indexed on the basis of the tetragonal subcell. A 
number of weak lines consequently do not fit in this indexing 
scheme. 

13. Tellurides 
13.1. Ag2Te 

The pressure-temperature phase diagram of Ag2 Te (fig. 
28) is fairly complicated and has at least three ,known atmo
spheric pressure solid phases from room temperature up to 
the melting point. The high pressure-high temperature re
gion of Ag2 Te was first investigated by Banus and Finn [17] 
in the range up to 25 kbar and 250°C. They employed a 
combination of techniques: electrical resistivity, differential 
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thermal analysis and x-ray diffraction analysis at high pres
sure. 

The Ag2 Te{II)-Ag2 Te(III) boundary was determined by 
a combination of electrical resistivity and DTAmeasure
ments. In the electrical resistivity measurements at approxi
mately 8 kbar an abrupt increase in the slope of the phase 
boundary was noted which suggested the presence of a triple 
point. Room temperature resistivity measurements con
firmed the new phase boundary at a pressure of 22-25 kbar. 
The resistivity pressure trace showed a sharp increase at 22.5 
kbar and an abrupt drop at 25 kbar confirming the existence 
of two separate but closely spaced polymorphic transitions. 
Quasi hydrostatic resistance measurements to 90 kbar dupli
cated the resistivity trace at 22.5 and 25 kbar. Above 26 kbar 
the resistivity increased slowly by about 15 percent to a max
imum between 44 and 48 kbar and gradually decreased by 
approximately 20 percent to 90 kbar. The high pressure 

phases were both indexed as tetragonal on the basis of in situ 
powder x-ray diffraction data. The proposed unit cells ap
pear to be identical based upon the cell parameters but rela
tive intensities of corresponding lines in the two x-ray pat
terns do not agree. 

Clark and Rapoport [76] . extended the study of Banus 
and Finn [17] up to 40 kbar and 400 °C. In the region of 30 
kbar and 325°C there was a slight upward change in the 
curvature of the phase boundary which is an indication of a 
new triple point and a new high temperature high pressure 
phase region. In these measurements the temperature hys
teresis was 4 cC between Ag2 Te{II)-Ag2 Te{III). Along the 
Ag2 Te(II)-Ag2 Te{V) boundary the hysteresis increased to 
20°C and along the proposed Ag2 Te{II)-Ag2 Te{VI) bound
ary it reduced to about 12 cC. This behavior is no doubt char
acteristic of the different phase regions. In the region where 
the measurements overlap, the data of Clark and Rapoport 
[76] are considered more accurate due to the significantly 
lower hysteresis. 

13.2. AuTe2 

AuTe2 exists in nature in two different crystallographic 
forms, the monoclinic mineral calaverite and the orthor
hombic mineral krennerite. Adams and Davis [2] reported a 
pressure induced polymorphic transition in calaverite at 20 
± 2 kbar. The x-ray data were collected at high pressure 

resulting in only 4 diffraction peaks. The authors reported 
two different possible tetragonal unit cells of density 9.94 
and 10.74. 

The associated unit cell dimensions are a 5.25 A, 
c = 5.48 A and a = 6.13 A, c = 3.72 A, respectively. Corre~ 
lation with a known structure type was not successful and it 
is recommended that this transition be re-examined in a dia
mond anvil pressure cell. 

13.3. Transition Metal Tellurides 

Transition metal dichalcogenides of Mn, Fe, Co, Ni, 
and Cu have been reported to occur in CdI2, marcasite, or 
pyrite structures. Several of these compounds do not nor
mally occur with the pyrite type structure. Since the pyrite 
modification is the most dense structure-type then one 
would expect that high pressure and high temperature 

would induce the transformation from marcasite or Cd12 to 
pyrite. 

Bither et al. [32,33] reported the synthesis of two series 
of compounds: CuSeTe, CuTe2 and FeTe2, CoTe2, NiTe2 all 
with the pyrite structure. These compounds were prepared 
from stoichiometric ratios ofthe elements reacted at 65 kbar 
and 1000-1200 °Cfor 1-3 hours. This was followed by a slow 
cool to 400 DC and a quench to room temperature. 

The copper dichalcogenides with one unpaired d-elec
tron show metallic conductivity and superconductivity with 
critical temperatures ranging from 1.3 to 2.4 K. FeTe2 
(a = 6.29 A), CoTe2 (a = 6.310 A), and NiTe2 (a = 6.374 A) 
are all metallic. 

13.4. Rare Earth Tellurides 

Compounds of the type RTE2 _ x (0<x<0.3) have been 
reported for the rare earth component R = La, Ce, Pr, Nd, 
Sm, Gd, Tb,Dy, and Vb. These RTe2 _ x compounds are 
isomorphous having a tetragonal structure with space group 
P4/nmm. Since the Te is more compressible than R, high 
pressure should favor the synthesis of RTe2 _ x for the 
smaller end of the series where R = Ho, Er, Rm, and Lu. 

Cannon and Hall [60] reported the successful synthesis 
of these RTe2 _ x (R = Y, Ho, Er, Tm, Lu) compounds with 
maximum pressures ranging from 3 to 26 kbar. Increasing 
pressure is required with increasing atomic number of the 
rare earth component to form the polymorphs. Synthesis 
occurred over a fairly broad range of temperature from 450 
up to 1500 DC (fig. 29). 

Each of the R Te2 _ x compounds is silver in appearance 
and unstable. X-ray data showed no decomposition in 15 
days but complete decomposition after 80 days. When heat-
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ed in a vacuum HoTe2 _ x remained stable to 260°C but de
composed at 340 0c. X-ray studies have shown that these 
new compounds are isostructural to their lower molecular 
weight analogs. 

14. Mixed Cation Transition 
Dichalcogenides 

Metal 

Numerous ternary mixed cation transition metal di
chalcogenides of the composition Mx Mi _ x y 2 (M,M' =Zn, 
Cd, Cu, Ni, Mn, Fe) with the pyrite structure have been 
synthesized by Birther et al. [34]. 

14.1. ZnX Mn , _ X Y2 

Pyrite-type phases were prepared for Znx Mnl _ x y 2 for 
x = 0.35, 0.53, and 0.70. Reactants of the following molar 
ratios were used: 0.5ZnS/1.5MnS/2.5S, ZnS/MnS/2.5S, 
and 1.5ZnS/0. 5MnS/2. 5S, respectively. The reactions were 
carried out at 65 kbaT and 100°C for 1 hour followed by a 5 
hour cool to 875 ·C and quenched to room temperature. The 
products obtained from these reactions were dark red single 
crystals with the approximate formula ZIlo.7 MIlo.3 S2' 

Black cryst.als of ZnO.5 MnO•5 Sez having the pyrite-type 
structure were prepared from a reaction of 0.5Zn/0;5Mnl 
2.2Se at 65 kbar and 800 °C for 1 hour followed by a 2 hour 
cool to 700 °C and quenched to room temperature. In the 
telluride system, ZIlo.5MIlo.5 Te2 was synthesized from 
0.5Zn/0.5Mn/2Te at 65 kbar and 800 °C for 2 hours. The 
product was a mixture comprising red crystals of ZnTe ad
joined by silver crystals. X-ray examination confirmed the 
pyrite-type structure for the silver crystalline material. 

The ZnXMnI -x Y2 compounds are semiconductors 
with low activation energies. As x ranges from 0 to 1, the unit 
cell dimension decreases and the crystals range in magnetic 
properties from antiferromagnetic to diamagnetic. 

14.2. Cdx Mn , _ X Y2 

The phase relations involved in the formation of the 
pyrite-type Cd-Mn dichalcogenide appear to be more com
plex than those of the analogous Zn-Mn systems and only 
the selenide was obtained in single crystal form suitable for 
characterization. Synthesis of the Cd-Mn sulfides gave a 
mixture of phases that comprise (a) pyrite-type 
Cdo.35 MIlo.65 S2 (0 = 6.176 .A), (b) a rock salt type 
Cdo.5 MIlo.5 S (0 = 5.340 A) and (c) a wurtzite type 
Cdo.5 MIlo.5 S (0 = 4.07 A, c = 6.62 A). With the same start
ing materials and slightly different reaction conditions· the 
product contained pyrite-type Cdo.6 Mn0.4S2 (0 = 6.228 .A) 
as the main phase mixed with a-MnS and (Mn,Cd)S pro
ducts as previously described. In the Cd-Mn selenidesystem 
high pressure synthesis also resulted in a mixture of phases in 
the product containing red-brown crystals of wurtzite 
(Cd,Mn)Se (0 = 4.21 .A, c = 6.94.A) and black crystals hav
ing the pyrite-type structure with composition 
Cdo.45 MIlo.55 Se2. Excess Se was also present. Reaction of 
(Cd,Mn)Te at high pressure gave a product comprising (a) 
the pyrite-type and (b) sphalerite-type (Cd,Mn)Te plus un
reacted Te. The phases could not be separated for characteri
zation. 
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14.3. ZnX Cd , _ X Y2 

Reaction of equimolar amounts ofZnS/CdS plus excess 
sulfur at 65 kbar gave a phase mixture comprising (a) pyrite
type Znx Cdl _ x S2' with (b) unreacted ZrtS and CdS. Byvar
ying thereaction temperature, cooling rate and quench tem
perature compositions ranging from x = 0.5 to x = 0.71 
were analyzed. Comparable reactions of Zn/Cd/4Se at 65 
kbar gave a microcrystalline product consisting of a mixture 
of phases comprising (a) ZnSe, (b) CdSe, (c) unreacted Se and 
(c) Znx Cdl _ x Se2 (with x ranging from 0.32 to 0.45). The 
pyrite.;type phases had very high electrical resistances in 
agreement with the· semiconducting properties of their end 
members. 

14.4. ZnX Cu 1 _ X Y2 

High pressnre synthesis of the Zn-Cu disulfides and dis
elenides have been achieved over the entire range x = 0 to 
x = 1. The Znx CUI _ x y 2 compounds are metallic and those 
with x < 0.2 are superconductors .. 

14.5. Cdx Cu , _ x Vz 
Reaction of O.ICdSx (amorphous)/0.9CdS/S at 65 

kbar and 700 °C yields a purple micrucrystallim:: product of 
the pyrite type structure for which x = 0.04. Similar reac
tions for the selenide system result in composition for which 
x = 0.04 to 0.06. 

14.6. MnX Cu 1 _ X V2 

Pyrite type Mn;c CUI _ ;c S2 compounds were obtained 
with compositions ranging from x = 0.01~.08. In theselen
ide and telluride systems the compounds Mn0.55 CUo.45 Se2 
and MIlo.65 CUo.35 Te2, respectively, were synthesized at 65 
kbar and 800 °C.The MnxCul _ x Y2 compounds are metal
lic. 

14.7. CUXFe'_XS2 

Pyrite-type compounds of Cux Fe} _ x S2 were synthe
sized for a narrow range in composition (x = O. 73~.84) sug
gesting an approximate composition Cu3FeSg • On the basis 
of microcrystalline samples; qualitative measurements indi
cated metallic conductivity. A broad superconductilig tran
sition was observed to· occur below 1.7 K. 

14.8. Nix Fe 1 _ x Vz 

(Ni,Fe)S2 has been prepared at high pressure with 
x = 0.76 (x ~ 5.702 A). The analogous pyrite-type diselen
ides have been· prepared . with compositions x = 0.4-0.6 
(a = 5.525 .A-5.890 .A). These Ni-Fe dichalcogenides are 
metallic conductors. 

14.9. CrXCo,-,xS2 

The pyrite-type compound CoS2 is ferromagnetic. Solid 
solutions of CoS2, FeS2,and NiS2 have been prepared at at
mospheric pressure but CrS2 was unknown. By the use of 
high pressure-high temperature reactions Donohue et al. 
[92a] found that it was possible to replace some of the· Co in 
CoS2 with Cr so as to produce pyrite~type solid solutions 
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Crx Co1 _ x S2• The new pyrite phases Crx Co1 _ x S2 

(O<x < 0.4) were prepared at 65 kbarand 1100-1200 °Cheld 
for about 2 hours. Magnetic measurements indicate that the 
saturation magnetization decreases while the Curie tem
perature increases dramatically with increasing x. Tc 
reaches a maximum above temperature at x,..., 0.30. The cu
bic (pyrite-type) unit cell dimension varies from 5.535 A for 
x = 0 to 5.558 for x = 0.39. 

15. Alloy and Intermetallic Compounds 
15.1. AuX2 (X = AI,Ga,ln) 

Gold forms intermetallic compounds of the AB2 type 
with At, Ga, and In having the cubic fluorite structure. 
Upon melting, these compounds undergo a volume contrac
tion, which is an indication of a negative slope in the fusion 
curve. In· the region of the melting curve minimum one 
should, therefore, . find a triple point and at least one high 
pressure modification (figs. 30, 31 and 32). 

The melting curves for AuA12, AuGaz and Auln2 were 
measured by differential thermal analysis by Storm et al. 
[246] in the range up to 50 khar. The experiments were car
ried out in the belt press and piston-cylinder type apparatus. 
Either Chromel alumel (er-A 1) or Pt, Pt-Rh thennocouples 
were used depending on the temperature range being co
vered; however, no correction was made for the pressure 
effect on the thermal emf. The belt apparatus was calibrated 
to the transitions in Bi(I-II) at 25.4 kbar, TI(II-III) at 37 kbar 
and Ba(I-II) at 58.4 kbar at room temperature as standards. 
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No correction was made for effect of high temperature on 
the internal pressure on the sample. The stated accuracies 
are ± 2 kbar up to 40 kbar, ± 3 kbar above 40 khar for 
pressures and ± 2 °C for temperature. These values are 
overly optimistic since the spread of the data points has an 
average range of 17°C for AuA12 and 12°C for AuGa2 and 
Auln2. Due to the scatter of the data the best fit will be 
assumed to follow the central tendency of the data points. 

The melting curves all initially decrease with increasing 
pressure but only one, Auln2, shows a triple point at the 
minimum at about 30 kbar and 542°C. Above 30 kbar the 
melting curve has a positive slope. There have been no re
ported attempts to determine the AuIn2(I)-AuIn2(II) phase 
boundary or determine the Auln2(II) crystal system. 

15.2. LaCo2 

The rare earth cobalt RC02 series of compounds crys
tallize in the face centered cubic MgCu2-type structure. At
tempts to synthesize LaCo2 at atmospheric pressure were 
unsuccessful. Using high pressure techniques Robertson et 
a1. [204] were able to synthesize LaCo2 in the range from 10 
to 65 kbar and 1050 to 1350°C. By x-ray diffraction techni
ques it was verified that LaC02 produced at high pressure 
and high temperature has the cubic MgCu2-type structure 
with a unit cell parameter a = 7.449 A. 

15.3. Magnesium Compounds 

The dimagnesium compounds Mg2X (X = Si, Ge, Sn) 
crystallize in the cubic antifiuorite structure when prepared 
at atmospheric pressure conditions [73]. Several researchers 
have studied various aspects of these compounds at high 
pressure. Cannon and Conlin [67] reported the existence of a 
new high pressure modification in each of these compounds. 
The new high pressure polymorphs Mg2Si(1l) and Mg2Ge(II) 
were indexed as hexagonal with unit cel1 dimensions 
a = 7.20 A, = 8.12 A; and a = 7.2 A, c 8.24 A, respec
tively, while MgzSn was indexed as a different hexagonal cell 
with a 13.09 Aandc = 13.44A. These investigators were 
unable to assign any structure to these new polymorphs. 

The next important investigation was that of Seifert 
£219]. In this work the metastable high pressure phases for 
Mg2X (X = Si, Ge, Sn) were synthesized at 65 kbar and 600-
1000 °C. They were indexed in the orthorhombic system 
with a suggested Ni2 Si-type (anti PbC12 -type) stmcture. The 
range of the alb ratio is 0.755 to 0.772 and clb ratio is 1.384 
to 1.462 for the new po1ymorphs. This is in very good agree
ment with alb = 0.746 and clh = 1.412 for the Ni2Si struc
ture suggesting that this is a plausible structure and that the 
high pressure phases are probably isostructural to one an
other. 

DYll7.heva et aL [95a] also examined the structure of 
Mg2Sn(II) and demonstrated that the high pressure phase 
produced at room temperature and 30 kbar is identically the 
same as the metastable quenched product which was pro~ 
duced at simultaneous high pressure and high temperature. 

Dyuzheva et al. [95a] obtained substantially better qua
lity x-raypattems for Mg2Sn{II) than the previous investiga
tor~ ani! noted that some of their intensities did not agree 
with the Ni2-Si-type structure. It was noted that some of the 
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discrepancies were the absence of extinctions required by 
space group Pnma and the presence of extra reflections not 
allowed. The structure proposed by Dyuzheva et a1. [95aJ is a 
distortion of the Ni2Si-type structure indexed as hexagonal 
with a= 13.18 A and c = 6.99 A with Z = 15. The authors 
stated that the experimentally measured density of 
Mg2Sn(II) was 4.1 g/ cm3 and upon this basis determined the 
number of molecules per unit cell as 15. The calculated den
sity for the proposed hexagonal unit cell of Mg2Sn(II) is 6.19 
g/ cm3 if it contains ·15 molecular units which represents a 72 
percent increase in the density over that of the atmospheric 
pressure phase. If one were to select the number of molecules 
based upon the calculated density and retain the hexagonal 
indexing, then Z = 9 would yield a density of 3.71 g/cm3 

and Z = 12 gives a density of 4.95 g/cm3 which amounts to a 
3 percent and 37 percent density increase, respectively, over 
the atmospheric pressure phase. Neither of these values is in 
good agreeement with the measured density. For the present 
report the orthorhombic Ni2Si-type cell of Seifert [219] is 
considered the best selection for the structures of N g2Si(I1), 
Mg2Ge(II}, and Mg2Sn(II) on the basis of currently available 
experimental data. The x-ray data for these structures need 
to be re-examined by an independent investigator. 

15.4. Rare Earth Iron Compounds 

The lanthanide compounds with the formula RFez has 
been studied by a number of investigators. The known com
pounds in this series are isomorphic with the MgCu2-type 
structure, Z = 8, space group Fd3m. In this series attempts 
to synthesize LaFe2, PrFe2, NdFe2, EuFe2 and YbFe2 by 
high temperature methods alone have been unsuccessful. Of 
this group, PrFe2, NdFe2 and YbFe2 were successfully syn
thesized in the MgCu2-type by Cannon et aI., [61] at high 
pres!'>ure. Pre!'>sure!'> and temperatures of90 kbar and 1350 °C 
failed to produce a similar reaction in La-Fe. 

This work indicates that increasing pressure is required 
for a successful synthesis as the size of the lanthanide compo
nent increases suggesting that the size effect is primarily re
sponsible for the previous failures in preparing PrFe2, NdFe2 
and LaFe2. Gschneidner and others have suggested that the 
failure to form certain lanthanide compounds is due to 4f 
bonding effects. The compounds LaFe21 PrFe2, and NdFe2 
have the largest 4fbonding contribution of any ofthese com
pounds. However, it is also postulated that . pressure in
creases 4f character and on this basis would tend to impede 
the function of these compounds contrary to what is ob
served. It is evident that this behavior is more complex than 
can be attributed to size effect alone but in this case and 
several others already discussed the size effect appears to be 
the major factor. 

15.5. Rare Earth Manganese Compounds 

The rare earth dimanganese compounds undergo a 
change in crystal structure as the size of the rare earth com
ponent varies. At atmospheriC pressure both the light and 
heavy rare earths form RMn2 compounds in the MgZn2 
(CI4) Laves structure while the intermediate rare earths 
form RMnz compounds in the MgCuz (C 15) Laves structure. 

By application of high pressure simultaneously with 
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high temperature Eatough and Hall [97a] prepared the 
MgZn2-type structure for the dimanganides ofGd, Tb, Dy, 
Ho, and Y which were previously known only in the MgCu2-

type structure. YbMn2 which was previously unknown was 
also synthesized. Synthesis of the MgZn2-type rare earth di
manganidephases were carried out in the range 1300 to 
1400 °C and at pressures ranging from 20 to 50 kbar for the 
series of compounds HoMn2 through SmMn2, respectively. 
Ofinterest was the synthesisofSmNrt2 which had reportedly 
been synthesized in both phases at atmospheric pressure but 
required a minimum pressure of 50 kbar in this work [97a]. 

Laves phases of AB2-type compounds are known with 
radius ratios r(A)/r(B) varying from L05to L68. SiIice all 
rare earth dimang~nides fall within this range, the existence 
of structural transitions from hexagonal (MgZn2-type) to cu .. 
bic (MgCu2-type) and back to hexagonal as the size of the 
rare earth element decreases is indicative that other effects 
besides radius ratios must be more important in the deter
mination of which Laves structure is stable in this series 
[97a]. 

15.6. MnAuz 

The intermetallic compound MnAu2 has a bodycen
tered tetragonal unit cell with the CaC2 (CU) type structure 
with a = 3.363.A, c =8.592 A., Z= 2 and Pc = 15.33 gI 
cm3

• Neutron diffraction investigations have established 
that the distribution of magnetic moments in MnAu2 is heli~ 
coidal. These atomsliein planes perpendicular to thee-axis 
of the tetragonal· unit cell. Ferromagnetic ordering is ob
served within such planes. A magnetic field above a thresh
old value He destroys the helicoidal arrangement And pro
duces ferromagnetic ordering. Grazhdankina and Rodinov 
[113] investigated the electrical and galvanomagnetic pro
perties of this compound over a wide range of pressures. 
They'determined the pressure dependence of the' magnetic 
transition temperature dT /dP= 0.68°lkbar and that the 
critical threshold value He decreased . linearly with increas
ing pressure. In an extension of this work Adiatu11in And 
Fakidov [3] found that at12.5 kbar and 296 K (11.5 kbarat 
77· K) the threshold value of the field decreased rapidly to 
zero. Thus at 12~5 kbar MnAu2 undergoes a transition to the 
ferromagnetic state at zero field. The transition varies little 
with temperature. The pressure induced zero field transition 
in MnAu2 was also confirmed by a sudden drop in the elec
trical resistance trace at high pressure. 

15.7. NdRu2 

Synthesis of the hexagonal' MgZn2-type structure of 
N dRu2 at'high pressures and high temperatures was report
edby Cannon et aL [62]. Powdered samples of Nd:Ru in the 
ratio of 1:2 were reacted at 1300 °C and 88 kbar. Below 78 
kbar the. cubic MgCu2-tYPt: structure CQuld be prepared 
while between 78.and 88 kbar both the cubic MgCU2- and 
hexagonal MgZnz.;type phases were formed. Above 88 kbar 
only the hexag.;:mal phase is synthesized. 

15.8. SmRu2 

The di-ruthenum compoundSmRu2 crystallizes in the 
cubic MgCu2-type structure when prepared at atmospheric 

pressure. In the rare earth di-ruthenium series, compounds 
involving the lowest atomic number rare earth elements 
crystallize in the MgCu2-type structure while those with the 
higher atomic number rare earth adopt the hexagonal 
MgZn2-type structure. Since the rare earth element is more 
compressible than ruthenium, pressure should cause the ra
dius ratio r(Sm)lr(Ru) to decrease and cause samarium and 
ruthenium to behave more like the higher members of the 
series. 

The hexagonal MgZn2 form ofSmRu2 was prepared by 
Cannon et al. [62] under the conditions 1230 °C and 65 kbar. 
The product was synthesized from the reaction of a mixture 
of powdered Sm:Ru in the ratio 1 :2. 

15.9. ROs2 (R = La,Ce,Pr) 

Both ceOs2 and LaOs2 exist in the cubic· MgCu2-type 
structure. Cannon et al.[63].have shown that under aprc:;s
sure of 70 kbars and temperature of 1000 °C; these com
pounds transform to the hexagonal MgZn2-type structure. 
These synthesis were carried out in the tetrahedral anvil ap-: 
paratus and x-ray identification was based upon powder 
samples. Experiments confirmed that the .hexagonal form of 
CeOs2 and LaOs2 could be prepared at pressure as low as 6 
kbar but could not be prepared at temperature above 1100 °C 
at any pressure; PtOs2 can be prepared in either the c'Ubic or 
hexagonal forms without the aid or pressure; 
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