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Complex crystal structures of Te-Il and Se-Ill at high pressure
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Te-Il, the high-pressure phase of tellurium stable between 4 and 7 GPa, is found to have a triclinic structure
that is previously unknown in the elements, but which is closely related to the incommensurate Te-lll structure.
Se-lll is found to be isostructural with Te-ll. The appearance of additional weak reflections in Te-Il profiles
below 4.31) GPa suggests the existence of a previously unknown phase which might be related to Se-Il.

DOI: 10.1103/PhysRevB.70.184109 PACS nuniber61.50.Ks, 62.50tp

Te-l, the stable phase of tellurium at ambient conditionsjncident wavelength of 0.4654 K. The Te samples were
has a trigonal crystal structure comprising infinite helicalfinely ground powders prepared from starting material of
chains running parallel to the axis and which is only 99.999% purity, and these were loaded into diamond anvil
slightly distorted from that of primitive cubic. Under pres- pressure cells using a 4:1 methanol:ethanol pressure trans-
sure, Te-l transforms to Te-#;* which is stable from mitting medium. The pressure was measured using the ruby
4 to 7 GP&®and which is metallic in contrast to the semi- fluorescence techniqdand the 2 diffraction patterns were
conducting behavior of Te° Te-Il is also a supercon- integrated azimuthally to give standard powder diffraction
ductor, with a superconducting transition temperature that igrofiles!’
strongly pressure dependeht? On pressure increase, diffraction peaks from Te-II

The structure of Te-Il is known to be complékand has  were first observed at 40) GPa. However, on further
long been reported as monoclinia=3.104 A,b=7.513 A, compression, single-phase profiles of Te-Il were not obtained
c=4.760 A, B:9.2_.71‘) with 4 atoms per unit ceII' anq & pefore reflections from Te-Ill began to appear at2)55Pa.
structure comprising puckered layers that contain Zig-zag joed three-phase mixtures of Te-l, Te-ll, and Te-II
chains with alternating long and short boridsThe space ' ' '

Jyere often observed at pressures near 4.5 GPa. Further

group of this structure has most recently been determined L . .
P2,8 The zig-zag chains are reported to be retained in th&ompression increased the intensity of the Te-lll peaks, and,

higher-pressure Te-lll phase, whegebecomes 90° and the

unit cell is therefore orthorhombié. The high-pressure
structures of Se-lll and Se-IV are reported to be isostructural
with Te-Il and Te-Ill, respectively. However, in their recent |
detailed study of Te-Se alloys, Ohmasstaal® noted that
diffraction profiles of Te-Il at 6 GPa contained additional
reflections not accounted for by the reported monoclinic
structure, and noted that this might indicate that the true unitg |
cell of Te-ll was some three times larger than previously 3

—(0110)
~~(0200)

reported. 3
Recently, we have shown that rather than having the& —~
structures reported previous;1314Te-IIl has a monoclinic  § | w T /
structure that is incommensurately modulated, witlp\zec- £ (a) 8.5GPa < M

tor that is strongly pressure dependent, and which reaches
maximum value of 0.314 at pressures just above the transi
tion from Te-111° Se-1V is found to have the same incom- (b) 5.2GPa
mensurate structufé:’® The discovery of this entirely new 1
elemental structure type calls into question the previously
reported structure of Te-If particularly in light of the extra .
reflections noted by Ohmassaal.? and raises the question 6 8 10 12 14 16 1829(deg.)
as to whether the known structural complexity of Te-Il might
also arise because of incommensurate modulations. In order FIG. 1. Powder-diffraction profiles collected on pressure de-
to address this possibility, we have made a detailed powdejrease from(a) single phase Te-lll at 8.5 GPéy) a Te-Il/Te-lll
and single-crystal diffraction study of Te-1l and have found it mixture at 5.2 GPa, ang) predominantly Te-1l 4.9 GPa. The inset
to have a commensurate triclinic structure that is closely reshows an enlarged view of the same profiles highlighting the split-
lated to that of incommensurate Te-Ill. Se-lll is found 1o ting of the (1111) and (0110 peaks of Te-lll into triplets in the
have the same triclinic structure. mixed phase regions, before becoming doublets in Te-Il. Asterisks
Powder diffraction data were collected on station 9.1 atin profile (c) denote peaks from the remaining trace component of
SRS, Daresbury, using an imaging plate area detector and de-lil.

(c)4,9GPa
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FIG. 3. Rietveld refinement of triclinic Te-l at 4.9 GPa. The
(C) 4.2GPa upper anq_lower tick marks below the profile show the calculated
peak positions for Te-ll and the trace component of Te-lll, respec-
tively. The difference between the observed and calculated profiles
is shown below the tick marks. The inset shows the additional low-
angle reflections that appear in the Te-Il profiles at pressures below
4.31) GPa.

(d) 3.9GPa

tion of Te-lll, and is thus almost certainly from a mixture of
FIG. 2. Single-crystal diffraction images of Te collected on pres-Te-Il and Te-Ill.
sure decrease froa) pure Te-lll at 7.4 GPa showing the maiv) The splitting of the Te-lll reflections at the Hb 11 transi-
and satellite'S) reflections,(b) mixed Te-lll/Te-Il at 5.0 GPa(c) tion and the appearance of many additional reflections, in
predominantly Te-Il at 4.2 GPa, aid) almost single-phase Te-ll at particular a low-angle reflection with @ spacing of 7.1 A,
3.9 GPa. suggested that Te-lIl has both a lower symmetry structure
than Te-lll and a larger unit cell. Unfortunately, attempts to
above 8.05) GPa, single-phase Te-lll patterns wereindex Te-1l powder profiles were unsuccessful. However, the
observed[Fig. 1(a)]. On pressure decrease from Te-lll, re- successful use of single-crystal techniques in the analysis of
flections from Te-ll first appeared at 72 GPa, and, on the structure of Te-1l° suggested that the same sample and
further pressure decrease, increased in interjbity. 1(b)].  techniques might be used for a single-crystal study of the
Although further pressure decrease resulted in an almosfomplex Te-ll structure. Single-crystal diffraction data were
complete transition to Te-IIFig. 1(c)], single-phase profiles therefore collected on station 9.8 at SRS, Daresbury, using
of Te-Il were not observed on pressure decrease: traces gfe same sample and methods used for the study of incom-
Te-1ll remained down to 3(@) GPa at which point peaks mensurate Te-111°
from Te-l appeared. Despite repeated attempts, we have not part of a single-crystal diffraction image from the twinned
observed single-phase profiles of Te-Il on either pressure insingle crystal of Te-lll at 7.4 GPa is shown in Figapfrom
crease or decrease; traces of either Te-I or Te-lll are alwaygnich it is easy to distinguish the main reflectiaihg) from
present. _ _ _ _ the body-centered monoclinic cell from the weaker satellite
Comparison of the diffraction profiles from Te-I[Fig.  (efiections(S) that arise from the incommensurate modula-
1@ ar_1d Te-ll(Fig. ].(C)] suggested t.hz.it many of the T_G'_” tion. When the pressure is reduced to 5.2 GPag. 2b)],
e T o T such ht e sample compriss a muremedomnaty
. - . 9- 4 Te-lll and Te-ll, both the main and satellite reflections spilit.
which shows the singlél111) and (0110 reflections of Te-  This is more evident in Fig. () where the sample is pre-
[, each of which becomes a triplet in mixed phase Te-Il/IlI dominantly Te-Il with only a minority component of Te-llI.
profiles, before becoming a doublet in profiles from Teih. e process is complete by 3.9 GHdg. 2(d)], where the
fact, as is evident in profilec) of the inset to Fig. 1, traces of sample is almost single-phase Te-Il, with only very faint
Te-Ill are still clearly visible at 4.9 GPa, as marked by theigzces of Te-llI remaining.
asteriskg. The presence of these triplets, particularly those  apalysis of the reflection positions in Te-Il at 3.9 GPa
that originate from thé1111) and (0110 reflections of Te-  [Fig. 2d)] relative to those in Te-Ill at 7.4 GPfig. 2a)]
[ll, can be used to identify mixed-phase profiles. We noteshowed that they are consistent with both ¢haend y angles
that the 6 GPa profile in Fig. 1 of Takurat all* contains  of the monoclinic Te-Ill structure deviating slightly from 90°
such triplets, in particular that containing tt@110 reflec- in Te-Il. Te-ll is thus triclinic. Furthermore, the Te-Il peaks
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FIG. 5. The compressibility of Te to 36 GPa. The data for Te-I
and Te-ll plotted with closed triangles are the direct compressibility
measurements of Ref. 22, and the data for Te-lll and Te-V are from
Ref. 16. The inset shows an enlarged view of the low-pressure
region.

Te-lll also provided an initial structural model for Rietveld
refinement, where atoms were placed®0,0, (%,é,%) and
(0,%,0) in space groupl. However, the relationship be-
tween the resulting refined atomic coordinates indicated that
the structure was centrosymmetric, and so all further refine-

ments were conducted in space grddp The final refined
coordinates wer€,0,0 and(0.531@5),0.16841),0.61985))

FIG. 4. (a) The structure of Te-Il as viewed along the triclinic and the final Rietveld fit is shown in Fig. 3. The fit is excel-
¢ axis showing the zig-zig-zag puckering of the layers. Forlentwith R,,=5.4%. The structure of Te-Il is entirely new in
comparison,b) the Te-ll structure of Aokiet al. (Ref. 13, and  an element, and is remarkable for its triclinic symmetry—Cf
(c) the modulated structure of Te-lll at 8.5 GPa, are also shown. Iris the only other element reported to have a triclinic poly-
both of the Te-ll structures, the nearest-neighbor distancesnorph at high pressurés.
are shown as bonds. The numbers on each atom give either the  The structure of Te-Il as viewed along thexis is shown
[in structures(a) and (c)] or x [in structure(b)] coordinates in  in Fig. 4. The monoclinic structure of Te-Il reported by Aoki
units of 0.01. et a3 and three unit cells of incommensurate Te-Il are also

shown for comparison. The structure of Te-Il is clearly
that appear on either side of the Te-lIl satellite peaks are nQi|osely related to that of incommensurate Te-lll. The
located equidistance from the satellites, which are located 3af| || transition involves a tripling of the Te-III unit cell
(0 £0.31 O relative to the main peaks, but rather are split
equally about thd0 i% 0) positions, indicating that thé
lattice parameter of Te-Il is three times larger than that of
Te-lll. The best fitting lattice parameters from the single  ,,
crystal data at 3.9 GPa weee=4.1 A b=14.2 A, c=3.1 A,
a=87.5°,8=112.5°,v=91°, and the large number of reflec-
tions evident in Fig. @) can then be understood as arising
from eight different twin components of Te-1l: each of the
two twin components of Te-lll splits into a further four twins
as a result of botlx and y+# 90°.

Indexing of the Te-Il powder profiles using the unit cell
derived from the single-crystal data revealed that all reflec-

Te-lll

Se-lll 25.6GPa

Intensity (arb. units)
8

tions could be accounted for by a body-centered triclinic cell i " IR R IR R
with a=4.07931) A, b=14.19813) A, ¢=3.09771) A, « e e e e e e
=87.5162)°, B=112.5362)°, andy=91.0982)° at 4.5 GPa. 5 10 15 éoze(deg)

Although this unit cell is nonprimitivé? and thus nonstand-

ard, we have chosen to use it to describe Te-Il because of its FiG. 6. Rietveld refinement of triclinic Se-lll at 25.6 GPa. The
very close relationship to theommensuraeTe-lll structure  tick marks below the profile show the calculated peak positions.
obtained when the vector iS(O,%,O) and thus when thé  The difference between the observed and calculated profiles is
axis of Te-lll is tripled in length. This close relationship to shown below the tick marks.
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104 o6l minimize th_e ldi_scontinuities found at th&HII! tra_nsition:_
) ' both the triclinic @ and y angles change with increasing
0ol 062, ?"b ooé pressure so as to approach closer to 90° at the transition;
* soi g 0.50] : ol i-"-. B increases so as to approach the value of 113.25° found
08 ‘.. D oserv Um g in Te-lll at 5 GPa; and the, b/3, andc lattice parameters of
- . 0.58; Te-Il all approach the values found in Te-lll just above the
> ord 24 27 30 Pressé?e Pa) transition. Although there are clear discontinuities of 2.4°
U B and 1.0°, respectively, in the and y angles at the H-1ll
06 Sedl  Poig, transition, the volume change at the transition is too small to
O B TP determine. The equation of state of Te to 36 GPa is shown in
] So "t eaay Fig. 5.
o ' ' ' ' ' ' ) Previous studies of Te and Se have noted the similarity
0 0 20 30 40 50 Press:'g(epa) 70 in the high-pressure structural behavior of these elements,
and have reported that Se-lll is isostructural with

FIG. 7. The compressibility of Se to 70 GPa. The data for se.|Te-11.% To confirm this we have collected diffraction data

and Se-Il are from Refs. 23 and 8, respectively. The data for Se-\ffom Se-lll from 24 to 29 GPa at the European Synchrotron
are taken from Ref. 16. The inset shows an enlarged view of th&kadiation Facility in Grenoble, using an image plate

Se-Ill— Se-1V transition region. detector and an incident wavelength of 0.4176 A. We
find that Se-Ill does indeed have the same triclinic structure
alongb, equivalent to the wave vector locking in at the com-as  Te-ll, with lattice ~parameters a=3.46481) A,
mensurate value db,%,0); a slight distortion of both ther ~ b=12.08785) A, c=2.64811) A, a=86.80%5)°,
and y cell angles of Te-Ill away from 90°; and a slight rear- 8=112.0215)° and y=91.3448)° at 25.6 GPa. The refined
rangement of the atoms in ttee plane. atomic coordinates in space grolp at the same pressure

Although the structure of Te-Il has some similarities are (0,0,0 and (0.53937),0.1685%2),0.63727)). A Rietveld
to that proposed by Aoket al’3 [Fig. 4b)], it differs in a  refinement of Se at this pressure is shown in Fig. 6, and the
number of important respects. First, Te-Il is triclinic rather equation of state of Se to 70 GPa is shown in Fig. 7.
than monoclinic, and has six atoms per unit cell. Second, The structure solution of Te-Il and Te-lll, and the
rather than the nearest-neighbor atoms being arranged gbnfirmation that Se-lll and Se-IV are isostructural with
zig-zag puckered layerfFig. 4b)], the layers in triclinic  these phases, confirms the close structural relationship of
Te-ll have a zig-zig-zag puckering, similar to that reportedthese two group-Vlb elements. Given the isostructural be-
in the C-centered monoclinic structuggpace groufc2/m)  havior of Se and Te at higher pressures, it is intriguing that
of Se-Il at 17 GP&. The relative stability of structures only Se has an additional high-pressure semiconducting
containing zig-zig-zag and zig-zag puckering has beerphase—Se-ll—at lower pressures. In detailed studies of Te-I|
considered by Hsuekt al,”* whose computational study on pressure decrease, however, we have noticed the appear-
of the C2/m and P2, structures of Se-Il and Se-lll, respec- ance of additional weak reflections in the Te-Il profiles that
tively, showed that the former, with its zig-zig-zag pucker- cannot be explained by the triclinic structure of Tedkee
ing, was the more stable structure over the full pressurénset to Fig. 3. These additional peaks appear reproducibly
range investigated. in all Te-l profiles below 4.81) GPa, and disappear com-

Each atom in Te-ll .haS four nearest nEighborS within thq)|ete|y if the pressure is increased again abové]_;__@Pa_ It
puckered layers at distances between 2.86 and 3.10 A & plausible, particularly given the similar zig-zig-zag puck-
4.9 GPa, and four next-nearest neighbors in adjacent layegging found in Se-Il and Te-II/Se-lll, that these peaks are
with two atoms at distances of 3.3-3.4 A and a further twoassociated with a previously unknown phase of Te between
atoms at a distance of 3.6—3.7 A. While the nearest-neighbofe| and Te-II that is either isostructural with, or closely
distances are very similar to the 2.80 and 3.10 A reported byglated to, the structure of Se-Il. However, because of the
Aoki et al'® at 4.5 GPa, the spread of the next-neighborexireme weakness of the additional peaks, and the fact that
distances is somewhat greater than in the higher-symmetiyiher such peaks may be overlapped by the much stronger

Aoki structure, where the four next-nearest atoms are all ifheaks of Te-Il, identification of this new phase will require
the range 3.47-3.53 A, further work.

A detailed comparison of the Te-1l and Te-lll structures is

made difficult by the incommensurate nature of Te-lll, which ~We acknowledge helpful discussion with Professor R.J.
means that the contact distances within every unit cell ar&lelmes. We thank Dr. M. Roberts and Dr. S. Teat of Dares-
different!®> However, both the unit cells and structures of bury Laboratory for setting up the 9.1 and 9.8 beamlines, Dr.
Te-Il and Te-lIl are closely related, as discussed above and &4. Hanfland of the ESRF for setting up the ID09 beamline,
illustrated in Fig. 4, with the six-fold coordination of Te-lll and our colleagues Dr. J.S. Loveday and L.F. Lundegaard for
arising from a reduction in the distance to the two next-help in collecting data at ESRF. This work was supported by
nearest neighbors in the range 3.3-3.4 A at thellll tran-  grants from EPSRC, funding from CCLRC, and facilities
sition. In addition, the pressure dependence of the Te-ll latprovided by Daresbury Laboratory. M.I.M. acknowledges
tice parameters over the range 4.0—-4.9 GPa is such as swpport from the Royal Society.
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