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Structural transformation of liquid tellurium at high pressures and temperatures
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We have developed synchrotron x-ray-diffraction techniques for studying the structure of liquids at high
pressures and high temperatures and have applied them to measuring structural transformation of liquid Te up
to 22 Gpa. The nearest-neighbor distance of liquid Te, which is 2.9-3.0 A and already larger than 2.8 A of
crystalline Te at 0 GPa, further increases with pressure to 3.1 A at 6 GPa in spite of the volume contraction, and
then decreases gradually at higher pressures. The anomalous expansion of the nearest-neighbor distance can be
attributed to the increase in coordination number from 2—3 at 0 GPa to 4 at 6 GPa and the resultant weakening
of the covalent bond. The coordination number further increases with pressure and approaches to 14, i.e., the
number for a closely packed simple-liquid structure, at 22 GPa. However, the effect of the increase in coor-
dination number on the nearest-neighbor distance is much smaller in a dense metallic state at high pressures
than in a sparse covalent state at low pressures.
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. INTRODUCTION bonds!#16:17:20-23py |_Te, another transition occurs at 5 GPa
just above melting temperaturé>?® The nature of this
The pure substances consisting of covalently bonded atransition has not been clarified yet. The transition may take
oms such as chalcogens and halogens have several distifd@ce also in-Se but at pressures beyond experimental lim-
bonds in each crystal structure. As each bond has differerits. Therefore Te is more suitable for the search on pressure-
length and strength, these crystals show anisotropic contrag?duced structural changes within a limited pressure range.
tion under pressureThey also show the pressure-induced\We report structural transformation ¢fTe up to 22 GPa,
phase transitions accompanied by discontinuous increases Which is equivalent to 100-120 GPa in $&with detailed
coordination number and the nearest-neighbor distanceomparison with transitions of crystalline Te-Te).
r,.2~% Structural measurements have revealed that covalent
liquids also show(microscopically anisotropic contraction
under pressuré However, continuous transitions have been
suggested to occur at different pressures from their crystal- High-pressure and high-temperature x-ray-diffraction ex-
line counterpart§~° This may be attributed to the fact that periments orl-Te were carried out, by utilizing the SPEED-
liquid structures are free from periodicity and are allowed t01500 systerff installed at the SPring-8 synchrotron facility
have plural local structures to minimize free energy. BecauséJapan and the MAX90 syster? at the PF synchrotron fa-
of technical difficulties, however, no experimental studies orcility (Japan. In conventional SPEED-1500 experiments,
liquid structures have been made at high enough pressurediffracted x rays of crystals are measured at a fixed diffrac-
in contrast with the case for crystafsThe maximum pres- tion angle @ of about 5° because of the severe restriction
sure was limited to about 8 GPa in previous wofk**To  due to the double-stage-compression geometry of the system.
extend the pressure limit, we have developed experimentah the present study, the size and shape of both anvils and
techniques by combining synchrotron x-ray diffraction with sample assembliegig. 1) were designed so as to make it
a double-stage high-pressure and high-temperature appangessible to measure diffracted x rays of liquids at a wide
tus. Here, we report measurements of liquid structures atange of @ between 3 and 15° without any significant
extremely high pressures to over 20 GPa, which make ithanges in x-ray absorption. The double-stage compression
possible to discuss the whole transformation from a highlyof SPEED-1500 has extended the pressure limit of x-ray dif-
covalent complex-liquid state to a closely packed simplefraction on liquids nearly three times. The SPEED-1500 sys-
liquid state. tem was used for the measurements at 6, 12, 18, and 22 GPa.
The chalcogen elements Se and Te are among the moshe MAX90 system with single-stage compression was used
interesting materials to be studied. The two elements, both ifor lower-pressure measurements at 3 and 4 GPa. Experi-
solid and liquid states, have a similar sequence of highmental techniques used in the two systems were similar ex-
pressure transitions with lower transition pressures foicept for the mechanism of high-pressure generation.
Te23814-1%The metallization of liquid S&-Se occurs at 4 In the present study, a powdered mixture @fe and
GPa just above melting temperatufashile I-Te is metallic  NaCl was placed in a NaCl capsule as a starting material
even at 0 GPa and the metallization occurs in its(Fig. 1). This sample assemblage prevented leakage and de-
supercooled-liquid staté ™’ Numerous experimental and generation of-Te during measurements, as confirmed from
theoretical studies on these elements at 0 GPa have sugime-independent x-ray-diffraction profiles. Measurements
gested that semiconducting liquids consist of long chains ofvere made at temperatures about 50 K above the melting
covalently bonded atoms, whereas metallic liquids consist opoint of each pressureTemperature was estimated from the
entangled broken chains with long and short covalenphase diagram of Te,assuming proportionality between

Il. EXPERIMENTAL AND ANALYTICAL PROCEDURES
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FIG. 1. Cross section of the sample assembly used in the 20=6° LN
highest-pressure measureméRef. 24. e -"\.-
temperature and supplied electrical power for heating. Pres- z,',/" \\
sure was calculated based on thus estimated temperature and o8 =5 .
the unit-cell volume of NaCl, measured by x-ray diffraction, "_- D™,
using an equation of state for Na€|Pressure uncertainty is _,-'\”*"- "\“
estimated to be less thaml GPa even in the highest- / TN
pressure measurement at 22 GPa, assuming temperature un- a . . _
certainty of up to+200 K. 20=4° |
Energy-dispersive diffraction profiles were measured at AN
6-9 different 2 between 3 and 15° with white x rays of H "\\\,-:
60-120 keV (i.e., 1.6<Q=4msind/N=4msinpE/12.398 // T —— ]
<16 A1 where\ andE are wavelength and energy of x ' e '
ray) using a pure-Ge solid-state detector. An example of dif- 260=3 .
fraction profiles ofl-Te at 22 GPa measured at variousi® K "-.\) .
shown in Fig. 2. A fine x-ray optical system, together with 4 o
low divergence of synchrotron x rays, prevented the profiles / .\\* P
from the contamination with unfavorable diffraction of sur- 40 60 80 100 120 140
rounding materials as shown in Fig. 2. Analytical procedures E (keV)

described in a previous papehave been improved and used

in the present study. The procedures are briefly summarized FIG. 2. An example of x-ray-diffraction profiles ¢fTe, mea-

as follows. Static structure fact&( Q) for each pressure was Sured at 22 GPa. Sharp peaks are diffraction lines of NGl 1.
obtained by combining all the profiles after the correctionsPata at 66<E<120keV, whereE is x-ray energy, were used for
for energy distribution of incident x rays, atomic scattering@nalyses.

factor of the specimen, absorption and incoherent scattering .-, - .

by the specimen and pressure-transmitting mediums. ThigPa. " "“=“The total x-ray counts used to determine each
wide energy range of synchrotron x rays was suitable foS(Q) were approximately & 10°.

combining the profiles. Furthgr minqr cprrection; B(Q) Il RESULTS AND DISCUSSION
were made so tha&(Q) and pair distribution functiog(r),
which is related withS(Q) via Fourier transformatioff are Pressure dependence $(fQ) [Fig. 4(a)] provides overall

consistent with each other and are physically appropriatanformation on the structural transformation. The first and
The corrections were based 6nS(Q) smoothly approaches the second peaks &(Q) are key features representing the
to px7kT (close to 0 at Q=0, wherep, «1, k, andT are interchain coupling and intrachain covalent bond,
number density, isothermal compressibility, Boltzmann con+espectively.’?2 Collapse of the chain structure, associated
stant, and temperature, respectiveli) g(r) is 0 inside the  with enhancement of interchain interaction, is inferred from
first coordination shelli.e.,r<2 A for I-Te), and (iii) inte-  peak-height changes; the first peak grows and the second
gration of (1/27%)[1— S(Q)]Q%dQ at 0< Q< equals tap. diminishes with pressure. Drastic decrease in interchain dis-
The quality of measure®&(Q) of the present studyFig. 3)  tance is inferred from a large shift of the first-peak position
seems to be comparable to that of previous work at Goward higheiQ values. With increasing pressure, it becomes
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3 —T . . - . - gradually with pressure but not as much as expected from
' 25 GPa uniform contraction with d(r;/rp—0)/d([V/V(p_0y]"d)
=1, which is characteristic of simple liquid3.

In c-Te, Te (I) with a twofold coordinated spiral-chain

2
— structure (Se type transforms to Te(ll) with a fourfold
% puckered-layer structure at 4 GPa and 308 Kheg(r) at 6

GPa is as expected from the bond-length distribution of Te
(I1) (Fig. 6). Integration of 4rpr?g(r)dr from distancer
=2.20A tor=3.25, 3.80, and 5.15 A gives 4.1, 8.0, and
18.4 atoms, respectively, providing additional validatisee

0 : ' . ' : ' : the numbers for Téll) in Fig. 6]. At 300 K, Te(ll) further
0 4 8 12 16 transforms to Telll) at 7 GPa just changing the symmetry
Q (A1) from monoclinic to orthorhombié8then to Te(IV) with the

FIG. 3. An example of static structure fac(Q) of I-Te, mea- sixfold rhombohedrallylgdistortgd simple cubic. structure
sured ét éz GPa. Sharp peaks are diffraction lines of Nﬁbl D (B-Po typy at 10 GPa;" and finally to Te(V) with the
' ' eightfold body-centered-cubitbcd structure at 27 GPA.
Only small displacements of atomic positions are required
difficult to observe the oscillation d¥(Q) at a highQ range  throughout Te(ll) to Te (V) transformations. This may cor-
(Fig. 3), probably due to the collapse of covalency, resultingrespond to the mild structural changes observed-ie
in a broadening of the first peak af(r) [Fig. 4b)]. The  above 6 GPa. Thg(r) at 22 GPa is almost as expected from
S(Q) at 22 GPa is almost similar to those of simple liquids. Te (V), i.e., a simple liquid with a coordination number of 14
However, a trace of the second peak indicates that the stru¢g plus § (Fig. 6). Indeed, the coordination number obtained
ture cannot be fully explained as a simple liquid. from integration of 4rpr2g(r)dr up tor=4.35A [the first
Detailed structural transformation can be discussed basaglinimum ofg(r)] is 13.6. However, as discussed above, the
on g(r) [Fig. 4b)]. The atoms just outside the first coordi- structure cannot be explained as the simple liquid. The trans-
nation shell(i.e., 3.4<r<4.8 A) move toward the nearest- formation will be completed at a higher pressure.
neighbor distance with increasing pressure, consistent with Based on the present resultsTe may have a fourfold
the inference from the variations B(Q). This corresponds structure at 6 GPa. The similarity between supercoblée
to the enhancement of the interchain coupling and may resulind the twofold Tel) has been suggested from both diffrac-
in the weakening of the intrachain covalent bond, as inferredion and extended x-ray-absorption fine-struct(eXAFS)
from the anomalous behavior of (Fig. 5). In spite of the  studies at 0 GPX:'®1” Therefore the intermediate liquid
volume contraction,r; increases from 2.9-3.0 A at 0 phase with a stability field between two reported transitions
GPd*17?22"tg 3.1 A at 6 GPa. Above 6 GPa, decreases at 0 and 5 GPa most likely has a coordination number of

FIG. 4. Variations of local
structure inl-Te with pressure(a)
Static structure factoiS(Q) and
(b) pair distribution functiorg(r).
Horizontal lines are drawn every
one unit forS(Q) andg(r).
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FIG. 5. Volume dependence of the nearest-neighbor distance r (A)
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FIG. 6. Comparison of structures betweknand c-Te phases
under pressure. Magnified view of pair distribution functig(m) of
I-Te at 6 and 22 GPé&urves is shown together with bond-length
distribution ofc-Te (Il) at 5 GPa(Ref. 18 andc-Te (V) at 30 GPa
i (Ref. 2 (barg, respectively. Foc-Te, number of atoms at distance
abOUt_3; Because_ of the, complicated §hapeg(tnb, how- _r, which is labeled on the bars, is divided iand then normalized
ever, it is almost impossible to determine the exact coordipy the maximum value for each phase. Ticks on vertical axis are
nation number at 3 and 4 GPa. Here, we just point out thagrawn every one unit.
the integration of 4rpr2g(r)dr from r=2.20 A tor
=3.25A gives smaller numbers at 3 and 4 GB& and 3.8 firmed that any systematic errorsrip, due to the differences
atoms, respectivejythan the number at 6 GR4.1 atoms. in experimental setup, are not detectable. During data pro-
The EXAFS studies at 0 GPa have demonstratedrthist  cessing, we made minor corrections to Q) and g(r)
2.8 A (short bondl in the semiconducting state while 3.0 A consistent with each other and physically appropriate, as dis-
(long bond appears in the metallic state in addition to 2.8 cussed above. We have examined the effects of the correc-
A.1817 As the two bonds cannot be resolved and, furthertions, and have confirmed that the obtained with the cor-
more, as peak positions are affected by the second-neighbegctions is identical to the, without the corrections well
bonds,r, reported from diffraction studies at 0 GPa rangedwithin +0.01 A. Finally, we have checked the effects of
from 2.9 to 3.0 Al*1722275lthough the precision of, is  finite truncation of Fourier transformation. The truncation of
typically =0.01 A. Our results of ; may not be ideal for the S(Q) at a smallerQ value than 16 A! (the maximumQ
same reasons. Nevertheless, we emphasize tfwdt3.1 A at  value of the present stuglyesulted in a slightly larger,
6 GPa is consistent with the fourfold TH) (Fig. 6). Since  than shown in Fig. 5. However, even for 3-GPa data, in
2.8 A'is related with the twofold Té),?® we believe, 3.0 A which the oscillation ofS(Q) is relatively large at a higi®
in the metallic state may be originated from a threefold strucrange, the truncation at 8 A affectedr, by only 0.02 A. For
ture. Ther, at 3 and 4 GPa, where we suppose the predomi22-GPa data, the truncation at the sa@&alue affected ;
nance of a threefold structure, are rather close to 3(6i§. by 0.01 A. Therefore we estimate that the precision of
5). Most of the diffraction studies at 0 GPa have suggestethe present study is better thar0.02 A (the error bars in
that the coordination number of the metallic phase is close t&ig. 5).
3142 The occurrence of a threefold structure is also sup- In highly anisotropic covalent state at low pressuteke
ported by a tight-binding Monte Carlo simulatiéh. contracts with pressure mainly by increasing the coordina-
Our basic idea is that the predominant structuré o is  tion number and reducing the anisotropy. When the second-
threefold between 0 and 5 GPa. However, the increases iand higher-neighbor atoms approach, the electron distribu-
both r; and the number of atoms inside a given distanceion around the atom shifts toward these directions. This re-
(e.g., 3.25 A indicate that increasing pressure may promotesults in the weakening of the covalent bond and hence the
the transformation from two- to three- and then to fourfold expansion ofr, observed below 6 GPa. However, in less
structures over this pressure range. The continuous transfagnisotropic metallic state at high pressures, the difference in
mation is consistent with the rapid increase in electrical conthe strength of each bond is small and therefefe cannot
ductivity with pressure measured up to 1 GPand the contract effectively any longer by the same mechanism. As a
occurrence of a melting temperature maximum found at ¥esult,r, decreases with pressure above 6 GPa, but still not
GPa/*which corresponds to the drastic volume contractionas much as expected from uniform contraction because of the
with pressure. residual anisotropy. The effect of pressure on the structure of
Precision ofr; determination may be worth discussion. In I-Te is much smaller in a dense metallic state at high pres-
the present study, we used two systems, SPEED-1500 for 6sures than in a sparse covalent state at low pressures.
12-, 18-, and 22-GPa measurements and MAX90 for 3- and The formation of long-lived crystal-like clusters may play
4-GPa measurements. We have used these two systems aigoimportant role in the two transitions bffe.” Generally,
for group-1V liquids, |-Si andI-Ge, so faf* and have con- destruction and reconstruction of bonding occurs frequently
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and constituent atoms do not have any fixed coordinatiorcal calculations for liquids at high pressures and high tem-

numbers in the liquid state. IkTe at relatively low pres-

peratures, as the validity of calculations can be evaluated

sures, however, an average coordination number is rathersing experimental results or theoretical predications can be
small and the bonding has a covalent nature. This covalenggroved by experiments.

may stabilize the clusters mainly consisting of two-, three-,

Using these techniques, we have clarified similarities and

and fourfold atoms with increasing pressure. Probably bedifferences in pressure-induced structural changes between
cause of the formation of the threefold cluster, the transitiori-and c-Te up to above 20 GPa. Continuous structural

pressure to a fourfold structure is higherliiie than inc-Te
(5 and 4 GPa, respectivglywhich transforms to fourfold

changes and the presence of a threefold structure are charac-
teristic of I-Te. Anomalous pressure dependencer pfis

directly from twofold. The bonding becomes more metallicfound inl-Te; r, expands against compression in sparse co-

with pressure. Delocalized electrons enhance the destructioralent state and it contracts in dense metallic state at higher
and reconstruction of bonding, so that the formation of cluspressures.

ters becomes more difficult. Gradual transformation at high
pressures may be largely due to the highly metallic nature of

bonding.
IV. CONCLUSION
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