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Structural Phase Transitions and Equations of State for Selenium under Pressures to 129 GPa
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By the use of energy-dispersive x-ray diffraction with synchrotron radiation, pressure-induced
structural phase transitions and equations of state were studied on Se in the extended pressure range up
to 129 GPa. In contrast to a previous study on Se to 50 GPa, the higher resolution with synchrotron ra-
diation in the present study allowed for an unambiguous identification of the structure for Se-IV as
rhombohedral (8-Po type) with one atom in the rhombohedral unit cell, and thus, a close similarity to Te
under pressure and Po at higher temperatures is reestablished.

PACS numbers: 61.55.Dc, 64.30.+t, 64.70.Kb

The systematics in the behavior of the elements under
high pressures represents an area of increasing activity in
recent years due to the advances in diamond-anvil high-
pressure techniques [1-3] and in theoretical calculations,
which reproduce or even predict some of the new high-
pressure structures and their equations of state (EOS)
with remarkable accuracy [4].

Earlier attempts to reveal the structural behavior of Se
and Te in extended pressure regions [5,6] showed rather
complex patterns with a total of five different phases for
Te below 40 GPa and four phases for Se below 50 GPa
with little systematics in the mutual structural sequences.

Since the complex diffraction patterns for Se II, III,
and IV were not well resolved with the previous energy-
dispersive x-ray-diffraction (EDXD) technique using a
conventional 2-kW x-ray generator in the laboratory,
higher resolution as well as better collimation and an ex-
tended pressure range were provided in the present study
by the use of synchrotron radiation (SR) at HASYLAB
(Hamburg). The characteristics of this EDXD station as
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FIG. 1. Energy-dispersive x-ray-diffraction pattern of seleni-
um IV at ambient temperature and different pressures.

well as the other experimental details have been described
in various previous publications [7-9]. Inconel gaskets
with nitrogen as the pressure-transmitting medium were
used for the minimization of deviatoric stresses [7]. Pres-
sures were determined with the ruby-luminescence tech-
nique [10] and the nonlinear ruby scale [11]. According-
ly, the precision in the pressure evaluation is better than
5%; however, due to the well-known uncertainties in this
pressure scale, the accuracy of the given pressure value
may be lower than 10%. On the other hand, the d spac-
ings for the nonoverlapping lines shown for instance in
Fig. 1 are determined with an accuracy of better than 1
pm, which results in a total uncertainty for the atomic
volumes of less than 1% as shown in Fig. 2.

Typical spectra for Se-IV in the pressure range be-
tween 63 and 129 GPa are shown in Fig. 1. The higher
resolution and repositioning of the sample with respect to
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FIG. 2. EOS data at ambient temperature for the trigonal
(low-pressure phase) Se-I and the B-Po-type (high-pressure
phase) Se-1V. Present data are marked by open circles. Previ-
ous data [6] for Se-IV reevaluated with the present structural
assignment are shown by solid circles. Previous data for Se-I
are represented by squares and triangles, respectively [15,6].
The fitted EOS forms are discussed in the text.
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the well-collimated SR beam allowed for a definite
identification of two diffraction lines present also in the
previous study as diffraction lines from the gasket
(marked by g in Fig. 1). Furthermore, the extended pres-
sure range assured that these lines also showed different
pressure shifts and no other lines [except the well-
identified very weak escape peaks (esc.)] were noticeable
in the present spectra. Thus, much simpler spectra were
recorded for Se-IV. The absence of any lines other than
the ones marked with the trigonal indexing of the rhom-
bohedral B-Po-type structure appears now as definite sup-
port for the assignment of this structure type to Se-IV.

As a consequence, a different crystallographic unit cell
than previously proposed [6] results from the present
data, and, with one atom in this rhombohedral unit cell, a
larger atomic volume than previously assigned is found
for Se-1V as shown in Fig. 2.

In fact, this new assignment is completely compatible
with a reevaluation of the previous data according to the
B-Po-type structure (if one omits the erroneously inter-
preted escape peaks and gasket lines of the spectra given
there) as shown by the solid circles in Fig. 2, which repre-
sent these reevaluated data.

For the representation of all EOS data shown in Fig. 2
by smooth curves (solid lines), we use an EOS for strong
compression [12,13] represented by the following form:

P=3Kox 31 —x)expilco+xc) (1 —x)},

where x =(V/V)"? scales the (atomic) volume ¥V with
respect to Vy, its value at zero pressure. The three free
parameters, the volume V), the bulk modulus Ko, and its
pressure derivative K at zero pressure, are determined by
least-squares refinements of the correlated parameters
Vo, Ko, co, and ¢, with respect to the experimental data,
whereby c2=3 (K4—3)—co and co=—In(3Ko/Prco)
guarantee the correct asymptotic variation at strong
compression by the internal scaling with the Fermi gas
pressure Prgo=as(Z/ Vo), which is written here in
terms of the universal constant [7] a;=2336.9 GPaA?®
and the respective electron density Z/V,. This refine-
ment results in the following parameters for the trigonal
(low-pressure) phase, Se-I,

Vo=27.3(2) A3, Ko=11(2) GPa, K{=10.5(1),

and for the rhombohedral (high-pressure) phase, Se-1V,
Vo=34(1) A3, K0=0.76(3) GPa, K(=12.6(12).

Thereby, the values in parentheses represent only the
(uncorrelated) statistical errors of these parameters
(keeping all other parameters fixed). As discussed previ-
ously [14], the possible (correlated) uncertainties in these
parameter values are, however, almost an order of magni-
tude larger, which should be kept in mind, when these
(correlated) parameters are compared in future with oth-
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er experimental or theoretical results. However, these
uncertainties do not affect the fitted EOS forms more
than shown by the scatter of the data in Fig. 2, and the
dashed lines in Fig. 2, representing best (fitted) extrapo-
lations into the mutual regions of instability, now give
much narrower boundary conditions to be used in a re-
vision of the structural assignment for the intermediate
phases Se-II and Se-III.

Since the spectra for these intermediate phases are,
however, still rather complex (with possible phase mix-
tures) even in the present SR experiments, these assign-
ments represent still some challenging problems.

In any case, with the present (well-supported) assign-
ment of the B-Po-type structure to Se-1V, a close similari-
ty to Te is reestablished, since Te-IV has been found [5]
to show this same structure. If one now takes into ac-
count that the ¢/a ratio of Te-IV (in hexagonal represen-
tation) decreases under pressure and shows a discontinu-
ous change around 28 GPa which results in the bcc struc-
ture, Te-V, one can extrapolate also c¢/a for Se-IV
beyond 129 GPa and, by comparison with the critical ra-
tio for the transition from Te-IV to Te-V, one can esti-
mate that a similar transition to a bcc phase, Se-V,
should occur at 200(50) GPa, whereby this large uncer-
tainty takes into account that the expected hysteresis may
be much larger at these higher pressures.

Thus, the present data point to a close similarity of Se
and Te under pressure. As a result of the simpler struc-
ture types observed, leaving only the rhombohedral angle
open for optimization, these data should now also stimu-
late first-principles calculations of EOS and total energies
for the group-VI elements under extreme conditions.
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