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The linear and volume compressibilities of the rhombohedral phase of antimony are measured in the 
pressure range from 0 to 80 kbar. It is shown that the phase transition to the primitive cubic struc
ture is a first-order transition. It has been established that a phase transformation from the primi
tive cubic structure to a distorted hexagonal close-packed structure takes place at p ""' 90 kbar. 

X-RAY investigations of antimony at high pres
sures[1'21 have shown the presence of two phase transi
tions: from the rhombohedral A7 structure (As type) to 
the primitive cubic structure at p "'=' 70 kbar, and then 
to a hexagonal close-packed structure at p = 85-90 kbar. 
The pressure dependence of the parameters of the 
rhombohedral cell was measured up to 46 kbar; it was 
shown that in this pressure range the rhombohedral 
angle ar increases continuously. The pressure of the 
transition to the primitive cubic structure was deter
mined by linear extrapolation of the a r ( p) depend-
ence to 60° (in terms of the hexagonal axes to c/a 
= !6). 

The variation of ar under the action of pressure 
eoincided with the ar ( p) dependence obtained by re
calculating the linear compressibilities of antimony 
measured by Bridgman (Jl on a single crystal up to 
-30 kbar. However, the linear compressibilities them
selves obtained by these two methods differed appreci
ably. In (2 l the discrepancy was explained by the pres
ence of a systematic error in determining the pressure 
in the x-ray experiments 11 • The assumption of the 
possibility of a continuous transition from the rhombo
hedral A 7 type structure to the primitive cubic struc
ture also remained unproved. Because of this and in 
order to check and refine the previously obtained data, 
we undertook to repeat the x-ray investigation of anti
mony at high pressures in the same camera as in (l, 2 l. 

The same antimony was used in the experiments as 
in [1 ' 21 • A decrease of the diameter of the sample to 
0.16-0.18 mm and a dilution of the antimony powder 
with amorphous boron with a 2 : 1 ratio of their weights 
in order to decrease the absorption improved the dif
fraction pattern and increased the resolution of the lines 
on the x-ray patterns under pressure. Admixture of 
NaCl powder to the mixture of antimony and boron made 
it possible to measure the pressure in each specific 
experiment up to 60 kbar within an accuracy of ± 1 kbar 
and at p > 60 kbar within an accuracy of ± 2 kbar. The 
pressure was determined from the x-ray pattern on 

I I As was shown in [2], assuming a linear change in the compressi
bility with pressure and with the presence of systematic deviations in 
the linear compressibilities themselves (c/a)x = (c/a)Br if these deviations 
are equal for both parameters: 

(/'.a/ao) x - (/'.a/ao)Br ~ ((',c/co) x - (i'.c/co)Br ~ K(p) 

and under the condition that 
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FIG. I. The variation of the rhombohedral angle ar ( c/ a in terms 
of the hexagonal axes) with pressure: •- for the rhombohedral 
phase, • - for the cubic phase, 0 -a - o - for a mixture of the 
rhombohedral and cubic phases, X- data from [2 ]. 

the basis of Bridgman's dataC 4 l on the volume com
pressibility of NaCl. 

We obtained about 50 x-ray patterns of antimony in 
the 0-120 kbar range of pressures. The parameters 
of the rhombohedral structure were calculated on the 
Ural-2 computer by the least-squares method in three 
successive approximations with the reflections 
weighted as follows: 

(sin2 1thk1) calc 
p;kt ~--I (sin21thkt)meas- (sin21thkt) calc i · 

Principal attention was accorded to the investigation 
of the transition from the rhombohedral to the primi
tive cubic structure in the pressure range of 60-100 
kbar. Figures 1-4 show the pressure dependence of 
the rhombohedral angle ar (the c/a ratios in terms 
of the hexagonal axes), the variation of the length of 
the edge of the rhombohedron ar, as well as the linear 
and volume compressibilities. The perfectly clear ob
served deviation of the ar (p) dependence from 
linearity leads to the circumstance that in the majority 
of cases the rhombohedral phase continues to exist up 
to pressures of -80 kbar with ar""' 59° (c/a""' 2.51). 
The transition to O.r = 60° (c/a = -16) occurs jumpwise; 
the lowest determined transition pressure is 73 kbar. 
In all we obtained seven points with a rhombohedral 
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FIG. 2. The variation of the length of the rhombohedron edge 
with the pressure: <> - rhombohedral phase, o- cubic phase. 
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FIG. 3. The variation of the linear compressibilities with the 
pressure: <>-rhombohedral phase, o - cubic phase, o - Bridgman's 
data. [3 ]. 

angle corresponding to the primitive cubic structure. 
In addition, about ten experiments in the 70-90 kbar 

range yielded values 59° < ar < 60°. In all these in
stances several reflections having unreasonably large 
deviations from values calculated in accordance with 
the entire aggregate of lines were excluded during the 
weighting. A careful consideration of the correspond
ing x-ray photographs showed that in these experi
ments the diffraction patterns are characterized by 
coalescence of the doublets of the (014) and (110), (006) 
and (022), (116) and (212), and (108) and (124) 2 ) reflec
tions on one side of the direct x-ray beam, indicating 
a transition to the cubic structure, and the retention of 
these on the other side of the beam. Taking into ac
count the practically complete absorption of the radia
tion within the thickness of the sample, such a diffrac-

2JThe indices of the reflections correspond to a choice of unit cell 
in terms of hexagonal axes. 
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FIG. 4. The variation of the volume compressibilities with the 
pressure: <>- for the rhombohedral phase, o - for the cubic phase, 
o - Bridgman's data according to [3], + - according to [9]. 
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FIG. 5. Schematic diagram of the diffraction pattern of antimony 
with a partial phase transition to the cubic structure: o - cubic phase, 
0 - rhombohedral phase. 

tion pattern can be explained by assuming that only 
part of the volume of the sample goes over into the 
cubic phase (see Fig. 5). The presence of NaCl re
flections on the diffraction photographs made it possi
ble to calculate each side of the diffraction pattern in
dependently of the order side and to obtain the parame
ters of the cubic ( ar = 60°) and rhombohedral ( ar 
>::; 59°) phases in the region in which they coexist. The 
partial transition is most probably explained by the 
kinetic properties of the given phase transition. The 
ar (p) dependence (Fig. 2) also exhibits a jumplike 
change at the transition to the cubic phase. 
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The jumplike change of the parameters and the 
presence of a two-phase region attest to the fact that 
the observed transition is a first-order phase transi
tion. 

The distortion of the intensities of the reflections 
under the conditions of quasihydrostatics does not make 
it possible to determine the value of the shift parame
ter u which amounts to 0.233 in antimony at normal 
pressures and should have a value of 0.25 in the case 
of the primitive cubic structure. 

According to Falikov's considerations(sJ, antimony 
crystallizing with the rhombohedral structure with the 
parameters ar = 60° and u I 0.25 should have die
lectric properties, whereas at ar = 60° and u = 0.25, 
i.e., when it is primitive cubic, it has the properties 
of a good metal. It would be interesting to investigate 
the electronic spectrum of antimony at 70-85 kbar, 
but thus far this region is unaccessible for such ex
periments. The information available at present on 
the change of the electrical conductivity of antimony 
at high pressures at room temperature [a,?] indicates 
the presence of a rapid fall of the electrical resistance 
in the 60-85 kbar region and of a sharp increase at the 
transition to the "hexagonal" phase. 

Figure 3 shows the pressure dependence of the 
linear compressibilities of antimony. The use of NaCl 
as an internal manometer made it possible to remove 
the previous discrepancy[2 J with Bridgman's data.f3l 
At the transition to the cubic structure one observes a 
jumplike change of the unit-cell parameters; the c 
parameter descreases and the a parameter increases. 
The jump in pressure dependence of the Aa/a0 parame
ter is less distinct than in the case of Ac/c0 • However, 
the systematic deviation of points corresponding to the 
cubic phase from the averaged curve for the points of 
the rhombohedral phase makes it possible to conclude 
that it exists. The spread of the points near the transi
tion does not make it possible to determine with suf
ficient accuracy the jumps of the parameters; it can be 
assumed that the relative increase of the a parameter 
is about half the relative decrease of the c parameter. 
It is hence clear that the jump in the volume at the 
transition is extremely small, since A V /V = 2Aa/a 
+ Ac/c. According to our estimates A V /V does not 
exceed 0.5 percent and lies entirely within the range 
of the error of the measurements. 

The pressure dependence of A V /Vo obtained by us 
(~ig .. 4) is in ~ood a?reement wit~ the measurements 
of Bndgmanf3 earned out on a smgle crystal. Bridg
man's data [81 on the volume compressibility of anti
mony up to 100 kbar exceed somewhat our and his own 
data for a single crystal. [JJ Such a discrepancy is ap
parently not accidental but is a result of the effect of 
the macroporosity of the polycrystalline sample on the 
results of the compressibility measurements by the 
volume method. This phenomenon was first pointed out 
by Jacobs.r 9J 

The phase transition observed by Bridgman [8 ] in 
antimony at p = 83.6 kbar and also determined in [7 1 
from the electrical resistance was interpreted in [2 1 as 
a transition from the primitive cubic structure to the 
hexagonal close-packed structure. However, at present 
it is perfectly clear that the diffraction pattern in
cludes "superfluous" reflections which do not corre
spond to the hexagonal close-packed structure. The 
presence of distrotions in this phase was first pointed 
out in[ 10l. 

It should be noted that corresponding fully to the 
discrepancy with Bridgman's data on the volume com
pressibility the pressure of the transition to the dis
torted hexagonal close-packed structure also shifted to 
higher pressures. According to our data the transition 
to this phase occurs at ~90 kbar, a mixture of the 
"hexagonal" and cubic phases being frequently ob
served. Measurements of the electrical resistance [7J 
of parallel joined wires of antimony and bismuth under 
pressure also attest to the fact that the transition to 
the "hexagonal" phase in antimony occurs at a pres
sure about 5 kbar higher than the BiVI-BiVII transition. 

The authors consider it their pleasant duty to thank 
R. G. Arkhipov for useful discussions of the work, as 
well asS. A. Mashkov for setting up the program and 
carrying out the computer calculations. 

1 S. S. Kabalkina, L. F. Vereshchagin, and v. P. 
Mylov, Dokl. Akad. Nauk SSSR 152, 585 (1963) (Sov. 
Phys.-Doklady 8, 917 (1964)]. 

2 L. F. Vereshchagin and S. S. Kabalkina, Zh. Eksp. 
Teor. Fiz. 47, 414 (1964) [Sov. Phys.-JETP 20, 274 
(1965)]. 

3 P. W. Bridgman, Proc. Am. Acad. Arts Sci. 77, 
187 (1949). 

4 P. W. Bridgman, Proc. Am. Acad. Arts Sci. 76, 1 
(1945). 

5 L. M. Falikov, Physics of Solids at High Pressures, 
N. Y.-London, 1965. 

6 P. W. Bridgman, Proc. Am. Acad. Arts Sci. 81, 
156 (1952). 

7 L. F. Vereshchagin, A. A. Semerchan, N. N. Kuzin, 
and S. V. Popova, Dokl. Akad. Nauk SSSR 136, 320 
(1961) [Sov. Phys.-Doklady 6, 41 (1961)]. 

8 P. W. Bridgman, Proc. Am. Acad. Arts Sci. 56, 
211 (1939). 

9 R. B. Jacobs, Phys. Rev. 74, 425 (1942). 
10 T. R. R. McDonald, E. Gregory, G. S. Barberich, 

D. B. McWhan, T. H. Geballe, and G. W. Hull, Phys. 
Letters 14, 16 (1965). 

Translated by Z. Barnea 
22 


