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New rare earth polyselenides were prepared from Tm, Yb, and Lu and have the tetragonal ErSe2 (LaTe2 type)
structure. Synthesis was accomplished at pressures of 14-70 kbars and temperature of 400-2000°. The X-ray
powder diffraction patterms are given.

Introduction
The polyselenides of the elements from

lanthanum through gadolinium with the
exception of europium were synthesized by
Benacerraf, et al.3 The polyselenides were
formed principally by a sealed-tube technique.
Wang4 synthesized the compounds of La, Ce,
Nd, Sm, Gd, Dy, Ho, and Er, and attempted the
synthesis of YbSe2. Kafalas and Finn5 reported
the synthesis of samarium polyselenide of
varying composition (SmSe1.9 to SmSe2.03) at 40
kbars and 600°. Wang attributed the failure to
synthesize YbSe2 to either the change in valency
of Yb (+2 instead of the usual rare earth element
+3) or decreasing size factors, or both. The
application of high-pressure, high-temperature
methods would be expected to overcome either
of these problems.

We use the term "polyselenide" herein to
describe compounds containing selenium in
excess of the trivalent stoichiometric
requirements of the rare earth.

Experimental Section
The high pressures were obtained by use of

a tetrahedral press designed by Hall.6,7 The high
temperatures were generated by an internal
graphite resistance heater and a controlled ac
power supply which provided a low-voltage
high-current source. This equipment allowed
routine work to pressures of 70 kbars and
temperatures of 2000°. Pressure and temperature
calibrations have been described elsewhere.8

Powdered selenium of 99.5% purity from
Fisher Scientific Co. was used. The rare earth
metals were all obtained in ingot form with a
purity of 99.5% or better, from either Alfa
Inorganics (Tm) or Nuclear Corp. of America
(Er, Yb, and Lu). The ingots were filed and
sieved to -100; then a stoichiometric mix of 1: 2
mole ratio of metal to chalcogen was weighed
out. These were intimately mixed and stored in a
desiccator for use as soon as possible. Oxygen
contamination was thus minimized.

The sample charge was tamped into a small
BN tube capped on both ends by BN disks. The
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Table I
Density and Lattice Parameters of the Rare Earth Polyselenides

-------------Density, g/cm3---------------
--------Theoret---------

Compound Obsd RSe2 RSe1.8 a0 , Å c0, Å Vol, Å3 Mean atomic
vol, Å3

ErSe2 7.0 8.35 7.94 3.973±0.004 8.197±0.009 129.39 21.57
TmSe2 7.4 8.45 8.04 3.961±0.003 8.188±0.007 128.47 21.41
YbSe2 4.9 8.56 8.15 3.970±0.004 8.151±0.008 128.47 21.41
LuSe2 7.5 8.76 8.34 3.936±0.007 8.147±0.015 126.21 21.04

Figure 2.- Lattice constants of the cubic Th2P4-type R2Se3

compounds: î,9; �, this work. Ionic radii used are from ref.
11.10

BN tube was used to prevent formation of rare
earth carbides. This was placed in the graphite
tube resistance heater and the whole assembly
was inserted into a pyrophyllite tetrahedron,
using molybdenum strips for electrical
conduction from the tetrahedron faces to the
graphite tube. The tetrahedron was then painted
with a slurry of red iron oxide in methanol to
increase the surface friction, and the whole
assembly dried at 110° for at least 1 hr. This
baking increases the pressure obtained by a given
ram load.11

The tetrahedron was placed in the press and
the pressure was slowly increased to a load of
400 psi oil pressure and then rapidly to the
pressure of interest, since experience has shown
that the major part of gasket formation occurs
below about 250-300 psi. The power was
increased to the desired wattage over an interval
of about 15 sec. The power was held at this value
for a time inversely dependent upon the wattage
used partially to offset expected kinetic effects
and then abruptly cut to quench the sample.

The samples were broken open immediately
upon removal from the press and the product
slug was extracted. A fragment of the slug was
then ground between two polished tungsten
carbide flats, and the powder was placed in a 0.5-
mm capillary for an X-ray diffraction powder
pattern. The product was then identified, from
the X-ray film since the visual appearance of the
samples varied little between runs.

The systems of interest were studied over a
pressure range of 14-70 kbars and a temperature
range of 400-1900°. Temperatures above 1100°
were not attempted at the lower pressures. The
scatter in the calibration data limited the
definition of the run parameters to ±3 kbars for
the pressure and about ±7% for the temperature
(in centigrade degrees). From 10 to 15 runs of
varying pressure and temperature conditions
were made on each of the rare earth-selenium
systems studied.

Figure 1 shows the reaction product diagram
of the Er + 2Se system. It is not a phase diagram.
It only shows the product formed by quenching
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after application of high pressures and elevated
temperatures. The no reaction line extends from
500 to 600° (from 10 to 70 kbars, respectfully,
for all the systems discussed below). Above the
no-reaction temperature, tetragonal ErSe2 was
formed at all points investigated. The product
was identified by comparison of the X-ray
diffraction powder pattern with data from Haase,
et al.12 Above 1000° at 15 kbars ErSe (NaCl
structure) was also formed. At 1800°and 70
kbars cubic Er2Se3-Er3Se4 was also formed. This
material had the cubic Th3P4 structure and may
be γ-Er2Se3 which was previously unknown.
Figure 2 shows that the lattice constant fits well
with those of the known γ-R2Se3 compounds.
Also included in Figure 2 is the value for γ-
Ho2Se3 which was produced for the first time
from a stoichiometric mixture of the elements at
the same conditions as above. The lighter R2Se3

and R3Se4 compounds have the same lattice
constants, however, and the products might have
either of these stoichiometries or an intermediate
composition as X-ray diffraction techniques
cannot differentiate between the compositions.
This work has been reported more fully
elsewhere.13

The diagram for the system Tm + 2Se is
similar to Figure 3. The no-reaction line runs
from 600 to 500°. Above this temperature
tetragonal TmSe2 was formed at all points
investigated except 600° and 45 kbars where a
very complex X-ray diffraction pattern was
obtained for the product. An unknown product

was also produced at 900° and 50 kbars. The
tetragonal TmSe2 was identified by comparison
of its X-ray diffraction pattern with that obtained
for ErSe2.

Figure 3. shows the reaction product
diagram for Yb + 2Se. The no-reaction line runs
from 300 to 400°. At higher temperatures
tetragonal YbSe2 was formed at all points
investigated.

The system Lu + 2Se gave results similar to
those shown in Figure 1. The no-reaction line
runs from 450 to 500°. Above this region the
new tetragonal LuSe2 was formed. Also formed
at 1000° and 15 kbars was LuSe which had the
NaCl structure. No sesquiselenide was found.

An attempt was made to measure the
densities of a number of the samples using the
pycnometric method with anisole as the
displacement fluid. Only 0.1-0.2 g of product

Figure 4.- Lattice parameters of the rare earth polyselenides:
∆, ref.14, î , ref.15,∇, ref.3, ', ref.16, �, this work. Ionic radii
used are from ref.11, except for that of Y, which comes from
ref.17

was available for each determination so a
precision of only ±10% is expected. Theoretical
densities were calculated assuming both Rse2

and Rse1.8 stoichiometries. These values are
given in Table I.

Chemical analysis was not attempted due to
(1) the small sample size, (2) the difficulty of
producing the products of interest, and (3) the
lack of suitable techniques for separating the
product from either other products or from
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unused reactants which might be left in the
closed reaction system.

The four rare earth polyselenides studied
were all metallic gray, crushing readily to give a
black powder. They all showed a moderately
high electrical resistance before powdering. All
the polyselenides reacted with aqueous solutions
of HCl, HNO3, and H2S04 to produce gas with
dissolution of the compound. Reaction with
KOH solution produced first red selenium and
then later the gray form. Water produced a small
amount of. H2Se gas and some red selenium but
did not disintegrate the sample slug. Anisole
caused no apparent change.

The stability of the rare earth polyselenides
in air was determined by reexamining them by
X-ray diffraction. TmSe2 and LuSe2 were
checked after I month, ErSe2 after 3 months, and
YbSe2 after 6 months. No change was noted in
the X-ray diffraction patterns.

X-Ray Diffraction Studies
Several different studies have been made of

the X-ray crystallography of the rare earth
polyselenides. Single-crystal work has been done
with some of them. Eliseev and Kuznetsov18

reported that NdSe1.9 was isostructural with
LaTe2 which has the tetragonal space group
P4/nmm. Wang and Steinfink,14 studied ErSe2

and found it to have a tetragonal subcell of the
P4/nmm space group from the strong reflections,
but a number of weak reflections were also not
occur for LaSe2 and CeSe2. The indexing of
these weak reflections was accomplished on the
basis of an orthorhombic supercell composed of
24 of the tetragonal subcells. Refinement of the
structure was accomplished for the subcell but
could not be achieved for the supercell. Guittard
and Flahaut19 reported that ErSe1.75 had the
Fe2As (LaTe2) structure. Recently Marcon and
Pascard20 reported that CeSe2 is in fact
monoclinic with the P21/a space group and a
pseudotetragonal structure.

Due to the lack of a supercell refinement for
ErSe2 and the lack of the weak supercell
reflections in CeSe2, the P4/nmm tetragonal
subcell indexing is considered the most
meaningful for the rare earth polyselenides at,
the present time. This is in agreement with
Guittard's findings on ErSe2.

The X-ray diffraction spectra were obtained
by the Debye-Scherrer method with a 143.2-mm
diameter camera. Nickel-filtered copper radiation
was used. The d values were calculated using the
values λ(Κα) 1.5418 Å and λ(Κα1) 1.54050 Å.

A preliminary indexing of the patterns was
accomplished by comparison with previously
published indexing of related systems. The
lattice parameters were then calculated on an
IBM 7040 computer using the least-squares
program LSRSTR.21

The indexing of the rest of the observed
reflections was accomplished by the use of the
FORTRAN IV program POWDER.22 This
program calculates the expected powder pattern
intensities for all d values of interest using
atomic scattering factor tables, the general
positions, the special extinctions, and the atomic
positions of the atoms in the asymmetric unit.
For this work the atomic positions determined by
Wang for ErSe2

14 were used. It was assumed that
the positions could be used for the polyselenides
of Tm, Yb, and Lu to calculate the approximate
reference powder patterns. These calculated
patterns were then used to assign indices to the
observed diffraction lines on the basis of the
calculated and observed intensities.

The lattice parameters obtained from the
indexed patterns were used to generate reference
patterns with which to index the full films. These
indexings were then intercompared for
consistency and the final lattice parameter
refinements were made. The lattice parameters
are given in Table I and compared with other
work in Figure 4. X-ray diffraction powder
patterns are given in Table II.

Discussion
Tetragonal polyselenides of Tm, Yb, and Lu

have been made for the first time. From the data
collected in this work it is improbable that the
change in valency accounts for Wang's inability
to synthesize YbSe2.

14 All of the new
polyselenides were formed at pressures as low as
15 kbars. Ytterbium is known to undergo an
electronic transition from the divalent to the
trivalent state at 39.5 kbars and room
temperature. At 400° this transition is lowered to
about 30 kbars.23 Thus, unless the polyselenide
also tends to favor the trivalent state, this is not
the limiting factor for the formation of YbSe2.
Decreasing size factors was the second
restriction postulated by Wang. If a minimum
pressure of formation does exist as has been
recently found for the cubic RS2 compounds,8 it
is below 15 kbars for lutetium, the smallest of
the lanthanides studied, and apparently does not
increase with increasing atomic number (or
decreasing ionic radius) as rapidly as was found
for the polysulfides.8
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Table II
X-Ray Diffraction Data for the Rare Earth Polyselenides (Å)

--------ErSe2------- -------TmSe2------- -------YbSe2------- -------LuSe2-------
hkl Intens dobsd dcalcd dobsd dcalcd dobsd dcalcd dobsd dcalcd

002 w 4.06 4.10 4.07 4.09 4.04 4.08 4.05 4.07
101 m 3.56 3.58 3.55 3.57 3.55 3.57 3.53 3.54
… vvw 2.935 … 2.931 … … … 2.913 …
102 vvw … 2.853 … 2.847 2.844 2.843 … 2.832
110 m 2.809 2.809 2.789 2.801 2.792 2.807 2.769 2.783
003 vs 2.707 2.732 2.719 2.721 2.707 2.717 2.713 2.716
111 m 2.651 2.658 2.638 2.650 2.639 2.654 2.627 2.634
… vvw 2.511 … 2.526 … … … … …
112 vvs 2.314 2.317 2.306 2.312 2.307 2.312 2.288 2.298
103 vvs 2.241 2.251 2.240 2.247 2.237 2.242 2.232 2.235
004 vw 2.036 2.049 2.043 2.047 2.034 2.038 2.034 2.037
200 m 1.992 1.987 1.979 1.981 1.982 1.985 1.959 1.968
113 vvw 1.953 1.959 1.948 1.955 1.946 1.620 1.940 1.944
… vvw 1.898 … 1.890 … … … … …
104 vvw 1.817 1.821 1.813 1.819 1.809 1.813 1.806 1.809
202 vw 1.790 1.788 1.781 1.783 1.780 1.785 1.767 1.772
211 vw 1.740 1.736 1.731 1.731 1.732 1.735 1.716 1.721
114 vvw 1.653 1.656 1.650 1.653 1.645 1.649 … 1.644
212 vvw 1.629 1.630 … 1.626 1.626 1.628 1.615 1.616
203 w 1.610 1.607 1.602 1.603 1.602 1.603 1.591 1.594
105 m 1.512 1.515 1.512 1.513 1.507 1.508 1.505 1.506
213 s 1.492 1.490 1.485 1.486 1.485 1.486 1.474 1.477
… vvw 1.449 … 1.444 … … … 1.428 …
204 vvw 1.426 1.426 1.422 1.423 1.420 1.422 1.404 1.415
115 vw 1.416 1.410 1.414 1.405 1.407 1.399
220 w

1.411
1.405 1.399 1.400 … 1.404

1.387
1.392

214 vvw 1.345 1.342 1.337 1.340 1.337 1.339 1.331 1.332
222 vvw 1.331 1.329 1.324 1.325 1.327 1.327 1.314 1.317
301 vvw 1.311 1.307 1.302 1.304 1.305 1.306 … 1.295
106 m 1.289 1.292 1.289 1.290 1.284 1.285 1.284 1.284
310 w 1.263 1.256 … 1.253 1.256 1.255 … 1.245
223 vw 1.249 1.246 1.246 1.247 1.239
311 vw

1.2511
1.242 1.239 1.238

1.244
1.241

1.240
1.231

116 vw 1.228 1.229 1.226 1.227 1.222 1.223 1.220 1.220
215,312 vs 1.205 1.203 1.199 1.200 1.200 1.200 1.196 1.193
303 vvw 1.195 1.192 1.188 1.189 1.189 1.190 1.178 1.181
007 vvw 1.171 … 1.170 1.164 1.164 1.164 1.164
224 vvw

1.168
1.159 … 1.156 … 1.156 1.148 1.149

313 vvw 1.147 1.141 1.139 1.138 1.138 1.140 1.129 1.131
321 vvw 1.097 1.092 1.089 1.089 1.091 1.091 … 1.082
216 m 1.083 1.083 1.080 1.081 1.078 1.079 1.042 1.075
305 vvw … 1.030 1.027 1.028 1.027 1.027 1.020 1.020
323 w 1.026 1.022 1.019 1.019 1.020 1.020 1.012 1.013

+21 other lines +27 other lines
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