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High-pressure structural phase transitions in tellurium
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A new phase transition in Te from a P-Po-type structure to body-centered-cubic (bcc) structure
has been observed at 27+ 3 GPa by using an energy-dispersive x-ray-diffraction technique at high
pressures up to 40 GPa. The present structural data are compared ~ith earlier data on the super-
conductivity of Te under high pressure.

The behavior of the elements under pressure has been
an area of increasing interest in recent years due to the
advances in diamond-anvil high-pressure techniques. '

For the roup-IV elements and their alloys, the experi-
mentalz studies showed a surprising variety of phase
transitions and theoretical studiest~zo using empirical or
first-principles pseudopotential methods were in fact able
to reproduce or even predict these phase transitions with
reasonable precision. However, for the group-VI ele-
ments, the resent experimental ' and theoretical
knowledgez4 5 is much more limited, and the challenge
for the theoretical and experimental studies is much
greater due to the lower symmetry of the crystal struc-
tures, known for these elements at ambient or at moderate
pressures. Since the phase diagram for oxygen and
sulfur are rather complex26 and Se shows structural simi-
larities to Te, however, with apparently higher transition
pressures, Te was selected for the present study.

Bridgman27 was the first to observe in piston cylinder
compression measurements two first-order phase transi-
tions in Te in the pressure range up to 10 GPa. Powder
x-ray diffraction measurementszs on Te at 5.3 and 11.5
GPa led to the conclusion that the structure of Te at 11.5
GPa is of the p-P, type (space group D/p). 2s In a more
recent and more detailed powder x-ray study on Te, it was
shown that the first transition at 4 GPa leads from the
well-known trigonal (tr-Te) structure Te (I) to a mono-
clinic phase (P= 92.7', space roup Cj) Te (II), with a
puckered-layer-type structure. 9 Furthermore, a second
phase transition from this monoclinic structure to an or-
thorhombic structure, Te (III), was noticed at 6.6 GPa in
that study which covered the range up to 10 GPa. 29 The
transition to the P-P, -type structure Te (IV) was, howev-
er, not observed in that study due to limitations in the
pressure range.

Furthermore, the observations of a sudden change in
the superconducting transition temperature T, around 13
GPa (Ref. 30) or 15 GPa (Ref. 22) and a strong increase
around 30 GPa were also related to phase transitions. Re-
cently, new x-ray diffraction data for Te at 11.5 and 15
GPa were pubhshed and it was concluded from these
data, that a new phase of Te exists at 15 GPa; however,
the structure of this phase was not determined in that
study.

This rather confusing situation stimulated the present
study with the motivation to extend the phase diagram
and equations of state for Te at room temperature to at

least 40 GPa, to correlate the structural data with the
low-temperature superconductivity data, and to stimulate
first-principles calculations of structural stabilities for this
model substance at the borderline between strong covalent
and weak intermolecular bonding.

The powdered samples of Te with 99.9999o purity were
studied under high pressure in a diamond-anvil cell by en-

ergy dispersive x-ray diffraction. 3' Pressure was deter-
mined with the ruby fluorescence techniques2 and the ex-
tended ruby pressure scale. s3 Liquid nitrogen was used as
pressure transmitting medium in two of the present exper-
iments and a mixture of methanol:ethanol:water in the ra-
tio 16:3:1was applied34 in a third experiment to check on
possible effects of nonhydrostatic stresses. For the same
reason, data were taken not only on increasing but also on
decreasing pressure. The total precision in the pressure
determination with respect to the ruby scale is estimated
to be better than 0.5 GPa at 40 GPa.

All the observed d spacings in the pressure range 0-10
GPa are perfectly consistent with the earlier literature
data. 293' Figure 1 shows therefore only the variation of
the measured lattice d spacings as a function of pressure
in the range from 10.6-40 GPa. The data of the stronger
peaks observed in Fig. 1 by Mao, Zou, and Bell23 and
Jamieson and McWhan2s are also included in Fig. 1. It is
clearly seen that the present data are in good agreement
with these data. However, some of the "weak" diffraction
peaks for Te at 15 GPa (Ref. 23) were not observed in the
present study. The six observed diffraction peaks of Te
(IV) in the pressure region for 10.6-25 GPa, can be in-
dexed unambiguously on the basis of the P-P, -type struc-
ture. It must be emphasized that the present data do not
show any other structural phase transition in the pressure
region from 15-25 GPa at room temperature.

Figure 1 sltows very clearly the disappearance of the
(101), (110), (012), and (300) peaks of Te (IV) along
with the appearance of the well-separated (110) peak of a
bcc phase, Te (V), which make the Te (IV V) phase
transition quite pronounced. Besides the (110), (200),
and (211) peaks, the (220) reflection of the bcc phase of
Te (V) was also observed in some experiments. It can be
noticed, furthermore, that this transition is of first order,
with coexistence of both phases over a narrow pressure
range and also with some hysteresis between increasing
and decreasing pressure experiments.

The atomic volume of Te under pressures up to 12 GPa
is shown in Fig. 2. Close agreement is observed with
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FIG. I. Lattice spacings (d),kl) for Te in phases IV and V.
Solid circles and crosses indicate data collected in increasing
and decreasing pressure cycles, respectively. Triangles and open
circles represent data from Refs. 23 and 28.

(v/v, )- I'
(p —p, )+1 —IlB„',

where V„B„,and B„' represent the volume per atom, bulk
modulus„and its pressure derivative at the reference pres-
sure p, . The values of these parameters listed in Table I
represent the results obtained from the least-squares fit.
The values of p„were chosen thereby in the middle of the

respect to the earlier single-crystal data35 for Te (I) as
well as with the powder x-ray data2 for Te (II). There is,
however, a distinct disagreement with respect to the ear-
lier piston-cylinder data, 2 and this discrepancy had been
notice before. 2s However, the transitions from phase Te
(I) to Te (II) and from Te (II) to Te (III) are found in
close agreement with respect to the piston-cylinder
study2 at 4.0 and 6.8 GPa, respectively, but with volume
discontinuities of only 5 and 1.7%.

The phase transition from orthorhombic Te (III) to P-
P, -type Te (IV) is located for the first time in this study.
On compression, it was observed at 10.6 GPa and on de-
creasing pressure, the phase III was completely recovered
at 9.6 GPa, but no detailed study was performed on the
hysteresis of this phase transition. The effect of pressure
on the atomic volume of Te in the more extended pressure
range from 10-40 GPa is represented in Fig. 3 which il-
lustrates again that the phase transition between P-P, -

type Te (IV) and bcc Te (V) is observed at 27+ 3 GPa
with a volume discontinuity of about 2' and a slight hys-
teresis between increasing and decreasing pressure experi-
ments.

The pressure-volume data for the different phases are
fitted to a first-order Murnaghan equation of state (EOS)
of the type
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FIG. 2. Atomic volume of Te at room temperature for pres-
sures up to 12 GPa. Solid circles and crosses represent data col-
lected in increasing and decreasing pressure cycles, respectively.
Squares indicate, in the 0-4 Gpa range, data from Ref. 35 and,
in the 4-10 GPa range, data from Ref. 29, respectively. The
dashed curve illustrates the data from Ref. 27. The solid lines

represent the least-squares 6t of first-order Murnaghan EOS's.
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FIG. 3. Atomic volume of Te at room temperature in phases
IV and V. The meaning of the symbols is the same as in Fig. 2.
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TABLE I. Values of the parameters P, VJ' Bp' and Bp ob-
tained from the least-squares Sts of pressure-volume data to Eq.
(1).

Phases f, (GPa) V, (A') a, (GPa)

I
II

IV
V

2.0
5.0
8.5

17.5
33.0

31.3(1)
28.0(l)
26.2(1)
23.6o(s)
20.65(4)

24(2)
54(7)
s7(6)

11S(8}
42s(40)

2.3(2)
4.o(s)
4.o(s)
2.o(2)
s.o(8)

stability region of each phase to obtain minimum uncer-
tainties in B,. The rather low values of 8,' for Te (I) and
Te (IV) may point to special electronic rearrangements in
these phases under pressure, whereas the larger value for
Te (V) is typical for materials with stable electronic
configurations. 3s

For first-principles calculations of structural stabilities,
the present results may serve as an ideal set of data,
presenting transitions from a semiconducting phase, Te
(I), characterized by covalently bonded helical chains
with weak interchain interactions' to a low-symmetry
layer-type metal, Te (II), higher symmetry layer-type
metal, Te (III), and finally with a sequence of two first-
order phase transitions to a typical metallic structure Te
(V),

For the comparison of thegresent structural data with
the earlier determinations2z of T,(P), it should be re-
called that the change in pressure was applied in all these

earlier studies also at room temperature and it is very typ-
ical for this type of experiment to quench the room-
temperature phases on cooling to liquid-helium tempera-
tures. Moreover, the pressure scales are usually more un-
certain at low temperatures. Keeping this in mind, the
first increase in T, between 4 and 6 GPa in the study of Il-
ina3 seems to represent the behavior of phase II, the de-
crease between 6 and 12 GPa covers the range of phase
III and the next increase above 12 GPa may reflect the
appearance of phase IV. The broadening of the transition
curves at the transition to phase V in the extended high-
pressure study22 seems to be typical for phase mixtures
with the possibility of small contributions from phase V
showing up already at 16 GPa and with a completion of
the IV-V transition in that study only at 30 GPa. 22 With
this interpretation, T, increases from a value of about 1 K
in phase IV to about 6.5 K in phase V, and its pressure
dependences in the phases IV and V still remain ill deter-
mined. The high T, of 8.5 K (Ref. 30) in the highly
doped p-type Te needs further experimental studies for its
correlations with our structural data.

A more detailed investigation on the high-pressure
phases of Te and a comparison with Se under high pres-
sure are in progress.

This work has been funded in part by the German Min-
ister for Research and Technology (BMFT) under the
Contract No. 05 340AXBO. We thank O. Schulte and
W. Sievers for their helpful technical assistance. One of
us (G.P.) thanks the Alexander von Humboldt Founda-
tion, Federal Republic of Germany, for financial support.

On leave from Instrumentation and Services Unit, Indian Insti-
tute of Science, Bangalore, 560 012, India.

1A. Jayaraman, Rev. Mod. Phys. 55, 65 (1983}.
2H Olijnyk S K Si~a and %' B Holzapfel Phys Lett

103A, 137 (1984).
3H. Olijnyk and W; B. Holzapfel, J. Phys. (Paris) Colloq. 45,

C3-1S3 (1984).
4J. Z. Hu and 1. L Spain, Solid State Commun. 51, 263 (1984).
5K. J.Chang et a/ , Phys. Rev. Le. tt. 54, 2375 (1985).
sY. K. Vohra et al. , Phys. Rev. Lett. 56, 1944 (1986).
7S. J. Duclos, Y. K. Vohra, and A. L. Ruoff, Phys. Rev. Lett. 58,

775 (1987).
SA. %erner, J. A. Sanjurjo, and M. Cardona, Solid State Com-

mun. 44, 15S (1982).
sG. Queisser, W. A. Grosshans, aud W. B. Holzapfel, Europhys.

1 tt. 3, 11O9 (1987).
1OJ. Hafner, Phys. Rev. 8 10, 4151 (1974).
t t M. T. Yin and M. L Cohen, Phys. Rev. Lett. 45, 1004 (1980);

Phys. Rev. 8 26, 5668 (1982).
'2M. T. Yin aud M. L. Cohen, Phys. Rev. Lett. 50, 2006 (1983).
~3R. Biswas et a/. , Phys. Rev. 8 30, 3210 (1984).
'4R. Needs and R. M. Martin, Phys. Rev. 8 30, 5390 (1984).
~SM. T. Yin, Phys. Rev. 8 30, 1773 (1984).
~SK. J. Chang and M. L Cohen, Phys. Rev. 8 30, S376 (1984).
~7A. K. McMahan, Phys. Rev. 8 30, 5835 (1984}.
~sC. O. Rodriguez et a/. , Phys. Rev. 8 31, 5327 (1985).
'9K. J. Chang and M. L Cohen, Phys. Rev. 8 31, 7819 (1985}.
2OR. Biswas et al. , Phys. Rev. 8 35, 9559 (1987).

21F. P. Bundy and K. J. Dunu, Phys. Rev. 8 22, 3157 (1980).
22F. P. Bundy and K. J. Dunn, Phys. Rev. Lett. 44, 1623 (1980).
23H. K. Mao, G. Zou, and P. M. Bell, Carnegie Inst.

Washington, Yearb. $0, 283 (1980).
246. Doerre and J. D. Joannopoulos, Phys. Rev. Lett. 43, 1040

(1979).
H. M. Isomaki and J. von Boehm, Phys. Rev. B 35, 8019
(1987).

2sJ. Donohue, The Structure of the E/ernents (Wiley, New
York, 1974), p. 317.

27P. W. Bridgman, Proc. Am. Acad. Arts Sci. 76, 1 (1945).
28J C Jamieson and D B. Mc%'han, J. Chem. Phys. 43, 1149

(1965).
29K. Aoki, O. Shimomura, and S. Minomura, J. Phys. Soc. Jpn.

48, SS1 (198O).
3aM. A. Gina, Fiz. Tverd. Tela (Leningrad) 24, 3439 (1982)

[Sov. Phys. Solid State 24, 1954 (1982)].
6. K. Huber, K. Syassen, and &. B. Holzapfel, Phys. Rev. 8
15, 5123 (1977).

32G. J. Piermarini et a/. , J. Appl. Phys. 46, 2774 (1975).
33H. K. Mao et a/ , J.Appl. Phys. . 49, 3276 (1978).
34G. J. Piermarini (private communication).
35R. Keller, Vf. B. Holzapfel, and H. Schulz, Phys. Rev. 8 16,

44O4 (1977).
Y. K.. Vohra, S. K. Sikka, and %. B. Holzapfel, J. Phys. F 13,
L107 (1983).

37R. M. Martin, 6. Lucovsky, and K. Helliwell, Phys. Rev. 8
13, 1383 (1976).


