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The high-pressure phase diagrams of CS1-a, TINa, RbNa, and KNs were studied by means of differential 
themlul analysis and volume displacement. These substances decompose explosively near ......,460°C even 
at high pressures. CsNa, TINa. and RbN3 each have a new high-pressure transformation with a volume change 
of ......,3.5So near 6 kbar at 25°C. The transition pressures increase with temperature. In the case of CsNa this 
transition line meets the tetragonal/bee transition line at a triple point at 173°C, 8 kbar. The resulting 
CsK. Ill/ bee phase boundary was followed to 37 kbar, where it is terminated by explosive decomposition. 
The TIKa tetragonal/bee boundary was followed to 20 kbar, where it is also tenrunated. The melting curves 
of KNa and TINa were followed only to ......,5 kbar, where they are terminated. 

INTRODUCTION 

Ionic crystals which consist of spherical cations and 
rod-shaped anions usually undergo a pha e transition 
at high temperature. The transition involves a change 
in the orientation of the anions due to thermal disorder 
and may be of the first order or very often of a higher 
order. If the anion is assumed to consist of three atoms, 
it may be asymmetrical, as in the case of KSCN, or 
it may be symmetrical, as in the cases of Rb~3 or 
KHF2• In addition to the thermal polymorphism to be 
expected for the second case, substances with asym
metrical anions upon heating usually first undergo a 
transition to a phase where the anions are oriented in 
such a way that their asymmetrical character dis
appears on the average. The transition KSCN II/ I at 
",141°CI-3 is an example. The low-temperature phase 
is orthorhombic, space group D2hl1, with the anions 
arrayed alternately as SCN- and NCS-.H The transi
tion is caused by the dynamical disordering of the 
direction of anions in the crystal due to the excitation 
of the out-of-plane torsional oscillation and the flipping 
motion, so that the anions in the high-temperature 
phase are randomly arrayed as SCN- and N CS-. The 
high-temperature phase therefore possesses the KHF2 
structure6 and is tetragonal, space group D4hILI4/ mcm. 

The azides of potassium, rubidium, cesium, and 
univalent thallium have the same structure as KHF2 
at room temperature and pressure.' This structure is a 
distorted cesium chloride structure, with the distortion 
being caused by the symmetrical rod-shaped 1\J- or 
HF2- ions. At sufficiently high temperatures this 
structure can be expected to transform to the cesium 
chloride structure due to large thermal disorder of the 
anions. This transition occurs at 315°C for RbNa,' 

I A. Chretien and O. Hoffer, Compt. Rl'nd. 201.1131 (1935). 
: F. C. Kraeck, J. \Vasb. Acad. !:lei. 26. 307 (1936). 
IT. Sbinooa, ll. Suga, and S. Srki, Dull. Chcm. Soc. Japan 

33,1314 (1960) . 
• M. Sakiyama, II. Suga, ano S. Seki, Hull. Chem. Soc. Japan 

36,1025 ( J()(j3 ) . 
• Y. YallJada and T. Watanau(', Dull. ClwlIl. Suc. Japan 36, 

\032 (1%3). 
6 S. W. \\·ter""n and II. A. l.r\·y, J. (,hrm. 1'hy". 20, ;n.1 (1952) . 
1 II. ]. ~Iucllcr and J. A. Ju~"s tl, Z. Krist. 121, 3~.) \ 1%5). 

151°C for CsNa,' and 295°C for TINa.s Geometrical and 
thennodynamic considerations show7 that free rotation 
of the anions is not likely to occur, and the observed 
x-ray intensities for the high-temperature phase are 
in good agreement with those calculated on the assump
tion of random orientation of the azide ions parallel 
to the edges of the cubic unit cell. Whereas in the low
temperature phase the orientation of a particular azide 
ion is fully determined by the positions of its neighbors, 
in the high-temperature phase it may be found with 
almost equal probability parallel to any of the three 
axes of the cubic unit cell. The transition temperatures 
increase linearly with decreasing cation radius, and the 
corresponding transition for KNa is therefore not 
expected to occur before ",475°C, which is well above 
the melting point.7 

EXPERIMENTAL 

CsNa and RbN3 with a purity of 99.9% were ob
tained from Electronic Space Products, Inc., and KKa 
with the same p~rity from K & K Laboratories, Inc. 
TINa was prepared by precipitation from aqueous 
solutions of A.R. grade NaNa and TI2COa, and thorough 
washing with water and ethanol. All salts were carefully 
dried before use. 

Pressures up to 40 kbar were generated in a piston
cylinder device.9 The furnace assembly was similar to 
that used by Cohen et aZ. lO Phase changes were detected 
by means of d i ITeren tial thermal analysis (DT:\) 
using Chromel-Alumcl thermocouples corrected for 
the effect of pressure.ll The samples were contained 
in metal capsules which incorporated thermocouple 
wclls.12 Most of the work was done using Ag capsules, 
but results in Al or Cu capsules were in agreement with 

gO. F. Kezer and I r. Rosenwasser, private communication 
quoted in Ref. 7. 

I G. C. Kennedy and P. N. L'IMori, in Progress ill Va)' Ilieh 
Pressure Research, F. P. Bundy, W. R. Hibbard, Jr., and H. ~l. 
Strong, Eds. (John \viley & Suns, Inc., New Yurk, 1961), p. 3U-!. 

10 r.. H. Cohen, W. Kknll'nt, and G. C. Kennedy,]. Phys. Chcl1l. 
Sui ids 27, J79 (1%6). 

11 R. E. lIalllll'rnan and H. M. Strong, J. Appl. Phys. 36, 523 
( 1%5); 37. (}12 ( 1'.)(.c,), 

I, C. W. F. T. l'bturius, J. Phys. Chem. Solids 26,1543 (1965). 
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those obtained in Ag capsules. The axial thermal 
gradient along the sam ple ca,psule was reduced by sand
wiching the capsule bctween lwo insulated metal 
plugs. 13 Typical DTA signals obtained are shown in 
Fig. 1. Each phase boundary is bascd on several 
separate runs. The results of different runs were con-. 
sistent within .......,2°e. The heating/ cooling rate was in 
the range O.2-O.9°C/sec. Sliding fri ction in the case of 
solid-solid transitions was determined by comparing 
results obtained on increasing and on decreasing 
pressure. The pressures obtained in this way were 
further corrected for the effect of nonsymmetrical pres
sure losses. The procedure has been described else
where.14 The azides studied here decompose explosively, 
even at high pressures, at comparatively low tem
peratures, and it was never possible to obtain down
stroke sliding friction for the melting curves. The 
observed points were instead corrected by amounts 
estimated from previous experience in the same 
pressure-temperature regions. The corrected pressures 
are believed accurate to ±O.S kbar for solid-solid 
transitions and ±1.S kbar for the melting curves. The 
points plotted represent the mean of heating and 
cooling in the case of solid- solid transitions, and melting 
temperatures in the case of solid- liquid phase changes. 
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FIG. 1. Typical DTA signals ohtaincd: (a) CsN. III! transition 
at 7.4 kbar. (b) Cs1'\, I/II I transition at 9.81kbar. I\otc the 
considerable increase in hysteresis and slug~ishncss as compared 
to the Ji ll transition. (c) Tl~. I l ll transition at 3.0 kbar. 
(d) KN. melting at 2.3 kbar. Heating \Vas stopped hefore the 
melting was completed, and no freezing signals are therefore seen. 

UE. Rapoport, J. Ch,·m. Phys. 45, 2721 (196(j). 
H C. W. F. T . l'istorius, E. Rapoport, and J. D. Clark, Rev. 

Sci. Instr. 38, lUI ( 1967 ) . 
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FIG. 2. Phase diagram of CsN, to 37 khar. 

Possible high-pressure polymorphism was studied by 
wrapping 5-10 g of the sample in a thin lead foil and 
inserting this into the pressure vessel, the walls of 
which were coated with Molykote to minimize friction. 
Stoppcrs of talc were used at the upper end of the 
bore of the pressure vessel to prevent extrusion of the 
sample when pressure was applied. After precompres
sion to ~40 kbar, the displacement of the piston was 
measured as a function of pressure, using a dial gauge 
readable to 0.0003 em. This volume-discontinuity 
method was further refined by using piston rotationl5 

to minimize fri ction at a transition. The details of the 
method have been fully described elsewhere. l & Telll-

IS G. C. Kennedy and P. N. LaMori, J. Geophys. Res. 67, 851 
(1962) . 

IS C. W. F. T. Pislorius, J. Phys. Chern. Solids 26, 1003 (1965). 
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FlG. 3. Curves of piston displacement versus piston load for 
CS~3 , 1'1\'3, and Rb:\3, showing the new high-pressure t rans
formatiuns. Thl! n 'sults arc not correctl·d for the compressiun 
of the talc fill ers and the deformation of the pressure vesse l. The 
dashed lines indicate the idealizl'd curves to be expected if the 
measurements were made:a.t a sufficiently slow rate. 

peratures above room temperature could be obtained 
by wrapping a heating coil around the pressure plate. 

RESULTS 

Cesium Azide 

The phase diagram of CsNa is shown in Fig. 2. The 
II-I transition yielded sharp DT_-\. signals [Fig. 1 (a)] 
with less than 2°C hysteresis between heating and 
cooling for heating/cooling rates ranging from 
0.3-1.2°C/sec. Our room-pressure transition tem
perature was 141.0±1.0°C, being the mean of 26 deter
minations. This value is considerably lower than that 
obtained previously7 in a petrographic microscope, 
viz., 151°C. The transition line rises with pressure with 
a slope of 3.96°C/ kbar to a triple point CsNa IfIll/II 
at 173°C, 8.0 kbar. At this point the DTA signals 
abruptly change from sharp to smeared [Fig. 1 (b)], 
and the thermal hysteresis increases from........,1 to ........,4°C, 
thereafter decreasing slowly at higher pressures. In 
addition the slope of the transition line increases to 
........,13°C/kbar. The III-I boundary was followed to 
37 kbar, where the transition temperature was 431°C. 
A search was made by means of volume displacement 
for the expected CsNa II-III high-pressure transforma
tion at room temperature, and it was easily observed 
with a volume change of 4.2% [Fig. 3]. By means of 
piston rotation the t ransition pressure at 2S.7°C was 
found to be 4.09±0.42 kbar, yielding a slope of 
38°C/kbar for the transition line. This implies that 
CsNa II should transform to CsN s III upon cooling 
at atmospheric pressure near -130°C, if the transition 
line has negligible curvature. The thermodynamic 
details of the high-pressure transition are given in 
Table I. No reliable signals were obtained on the 
melting curve of CsN3 I, possibly because of slow 
decomposition while approaching the melting curve. 
The phase relations of CsNa are surnmarized in Table 
II. The polymorphic phase boundaries were fitted to 
simple power series. 

The entropy change at the Cs.j~a II-I transition is 
1.8 cal/mole degree.7 The Clapeyron rehtion together 
with the present initial slope of the transition line then 
yields 

A VII/I = 0.30 cm3/ mole. 

If it is assumed that the entropy of the II-I and 
II-III transitions remain approximately constant along 
the respective transition lines, the entropy of the III- I 
transition is 3.1 cal/mole·deg. The slope of this line 
is 12.9°C/ kbar at the triple point, and this yields 

AVlJI/l= 1.7 cm3/mole at 8.0 kbar. 

This result, in turn, suggests that AVIlI/ ll decreases 
with increasing transition temperature, as is usual. 
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TADJ.E 1. Thermodynamic details of the high-pressure transitions. 

Estimated 
transition 

AVobo AS.al •• temperature 
Boundary dTldPobo (crn3/mole) (cal/mole-deg) at 1 bar 

CsNaII/ill 38°C/kbar -2.1 -1.3 -130°C 

TINa II/III 16 .5°C/kbar -1.8 -2.6 -80°C 

RbNaII/III 41.7°C/kbar -1.5 -0.9 -200°C 

• Calculated from Colu mns 2 and 3 by application of the Clapeyron relation. 

Thallous Azide 

The phase diagram of TIN3 is shown in Fig. 4. The 
II-I transition yielded sharp DTA signals [Fig. l(c)] 
with 2-3°C thermal hysteresis at heating/ cooling rates 
ranging from 0.2-1.1°C/sec. The thermal hysteresis 
decreases slowly at higher pressures to ~.5°C at 20 
kbar. Our room-pressure transition temperatures were 
292.00C (heating) and 289.3°C (cooling), being the 
mean of 14 determinations. This value is in fair agree
ment with the previous DTA values of 295°C. The 
II-I transition line was followed only to 20 kbar, where 
it is terminated by explosive decomposition. The 
explosions were sufficiently violent to raise the pressure 
on the sample by ,,-,6 kbar. The melting curve of 
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FIG. 4. Phase diagram of TIN, to 20 kb:u. 

TINa I was foHowed only to 4.5 kbar, 410°C. Attempts 
to melt TINa at higher pressures resulted in explosive 
decomposition. The DT A signal shown in Fig. 1 (d) 
is typical of the melting of also TL~a. 

A search was made by means of volume displace
ment for a possible high-pressure transformation in 
TINa similar to the CsNa II-III transition. The curves 
are shown in Fig. 3. The transition has a volume change 
of 3.2%. By means of piston rotation the transition 
pressure at 29°C was found to be 6.65±0.83 kbar, and 
10.88±0.58 kbar at 98.5°C, yielding a considerably 
lower slope than in the case of CsNa II-III. The 
thermodynamic details of the high-pressure transition 
are given in Table I, while the phase relations of TIN3 
are summarized in Table II. The melting curve is fitted 
to the Simon equation17 

p= A[(T/To)e_1], 

where T(OK) and To(OK) are the melting points at 
P kbar and atmospheric pressure, respecth·ely. A and 
c are adjustable constants, determined by means of 
Babb's method. I8 

The entropy change at the TINa II-I transition is 
1.0 cal/mole-deg.8 This yields 

!l. VIllI = 0.44 cm3/mole. 

Rubidium Azide 

A portion of the phase diagram of RbNs is shown in 
Fig. 5. Experimental work on the II-I boundary and 
the melting curve was made difficult by the proximity 
of the transit ion temperature (315°C) and the melting 
point (31 i°C), and it was not possible to separate these 
changes at elevated pressures. At 4.1 kbar the transi
tion was not observed at all, but a clear melting signal 
occurred at 453°C, followed by explosive decomposition 
at ---460°C. The suggested boundaries of Fig. 5 are 
drawn to suggest a triple point RbN3 liq/ II/ I near 
1-2 kbar. Further work ou these boundaries should be 
carried out in completely hydrostatic pressure de,·ices. 

A high-pressure transition RbNs II-III was found 
by means of volume-displacement techniques. The 

17 F. E. Simon and G. Glat zel, Z. Anorg. Al1gem. Chern. 78, 
309 (1929). 

liS. E. Dabb, Jr., Rev. Mod. Phys. 35, 400 (J963). 
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TAIlLE II. Phase behavior of the azides. 

Standard 
Boundary Fit (P in kbar) deviation 

t(°C) =141 .0+ 3.96 P 1.3°C CsNs I/II 

CsN3 I/III 

CsN3 II/III 

TIN3 I/Iiq 

TINa IIII 

TINa II/III 

RbNaII/ III 

KNa sol/liq 

t= 173+ 12. 86(P - 8. 0) -0.137 (P-8. 0)2 

P=3.41+0.0265 t 

P/24.8=[T(OK) / 607J1.42L l 

4.7°C 

4.9°C 

WC) =290.6+10. 59P-0. 099-1 J>2 

P=4.90+0 .0607 t 

1.9°C 

P=4. 82+0. 0240 t 

P/2.45 = (T /618 )10·&3 -1 

transition is considerably more sluggish than the cor
responding transitions in CsXa and TINa (Fig. 3) and 
has a volume change of ,.....,.,3.4% . However, it becomes 
less sluggish at higher temperatures. The transi tion 
pressures shown in Fig. 5 \\'ere determined by means 
of piston rotation. The slope of the transition line is 
41. 7°C/ kbar, closely the same as that of the CsN3 

II-III transition. 

Potassium Azide 

The melting curve of KNa is shown in Fig. 6. A 
typical melting signal is shown in Fig. l(d). In order 
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FIG. 5. Phase diagram of RbNJ to 8 khar. Dashed lines indicate 
estimated boundaries. 

1. 7°C 

to prevent explosive decomposition as far as possible, 
heating was stopped as soon as the melting signal was 
observed. However, the melting curve is terminated 
near 3.3 kbar, 396°C, with exposive decomposition. 

A search'was made for a possible high-pressure transi
tion at 19°C, but with negative results. However, a 
transition below ,.....,.,2 kbar would not have been re
cognized by means of our methods, and in view of the 
close similarity between the azides studied here it is 
suggested that a high-pressure transition may occur at 
very low pressures. 

DISCUSSION 

The volume changes of the tetragonal/cubic high
temperature transitions in CsNa and TIN3, as found 
here, are very small, being of the order of 0.4 cm3/ mole 
as compared to a total change of ,.....,.,6 cm3/ mole7 due to 
thermal expansion from 2S-290°C. This implies that 
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the disordering of the lattice is primarily dictated by 
geometrical considerations, with thermal agitation 
having a secondary role, and may explain the linear 
Jependence7 of the transition temperatures on the 
cation radii. To a good approximation, therefore, the 
transition occurs as soon as the lattice has sufficiently 
expanded to allow random orientation of the azide ions 
along the edges of the cubic unit cell, without a large 
discontinuous decrease in density being necessary. 

The entropy of the II-I transition for CsNa and 
RbNa (1.9 cal/mole·deg) is considerably higher than 
that for TINa (1.0 cal/mole·deg). Mueller and JoebstF 
pointed out that the theoretical transition entropy, 
assuming completely random orientation of the azide 
ions parallel to the edges of the unit cell, is 2.13 
cal/ mole·deg. However, since the length of the azide 
group ("-'5.09 A) is slightly greater than the cubic 
unit-cell dimension for CsNa I (4.53 A at 290°C), it 
can be expected that the alignment of two or more 
adjacent azide ions in the same direction is improbable. 
The exclusion of the less probable alignment of three 
azide ions was sufficient to obtain a theoretical entropy 
change of 1.96 cal/mole·deg, in good agreement with 
experiment. The very low value of 1.0 cal/mole·deg 
for Tl Ta may possibly be ascribed to the known high 
polarizability of the thallous ion, which will have the 
effect of decreasing the randomness of the azide ions 
in TINa I still further, and thereby lowering the transi-
tion entropy. . 

The similarity in behavior of the new high-pressure 
transitions in CS~a, TINa, and RbN3 (Fig. 3 and Table 
I) strongly suggests that these high-pressure phases 
are isostructural. It can be seen in Table I that the 
entropy of the transition for CsN3 and RbNa is close to 
Rln2 (1.38 cal/mole·deg), while in the case of TIN3 
it is close to Rln3 (2.18 cal/mole· deg). The high
pressure phases have the lower entropy in all cases. A 
\'alue of R1n2 is simply explained by postulating that 
in the high-pressure phase pairs of crystallographically 
nonequivalent azide ions occur, while in the low
pressure phase, as is known, all azide ions are equival
ent. Two difIeren t structures of this type arc known, 
vih., that of NIL-t'\Ta 19 and that of AgNa.20 If a plot is 
made of unit-cell volumes against cation radii for all 
I he a;r,ides with one of these structures or the KNa 
st ructure, it is found that the data for the isomorphous 

19 L. K. FrcwJ, Z. Krist. 94A, 197 (1936). 
,., M. Bassiere, Compt. Rend. 201,735 (1935). 

series of tetragonal azicles lie on a straight line, while 
the latter two structures are considerably more densely 
packed. They are therefore possible high-pressure 
structures with respect to the tetragonal KN3 structure. 
The higher entropy difference for TINa, assuming that 
TIN3 III has the same structure as CsNa III, can 
possibly be explained as due to a vibrational entropy 
contribution since it can be expected that the vibra
tional entropy term is much more sensitive to geometri
cal changes for lattices containing highly polarizable 
atoms. 

The low-temperature phases of KHF2, RbHF2, and 
CsHf2 have the tetragonal KN3 structure.Z1 The high
temperature phase of CsHFz has the same structure as 
the high-temperature phase of CsN3, but the high
temperature phases of KHF2 and RbHF2 have a 
structure related to that of N aCI instead of CsCl.21 
The Hf2- ions are aligned along randomly chosen 
body diagonals of the unit cube, with the centers of 
the ions in symmetry positions; The phase diagrams of 
KHFz and RbHf2 can therefore be expected to be made 
up of this tetragonal/fcc transition line, which will, 
probably at quite a low pressure, be terminated in a 
triple point with the appearance of a denser high
pressure high-temperature phase with the CsN3 I 
structure. At higher pressures there will therefore be a 
tetragonal/bcc transition line with a low slope and a 
bcc/ fcc transition line with a high slope. At higher 
pressures and low temperatures a further transition to 
a CsNs III-like phase may be expected. Work is in 
progress to study the phase diagrams of these sub
stances. 
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