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Semiconductor-to-metal transition in fluid selenium at high pressure and high temperature:
An investigation using x-ray-absorption spectroscopy
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In the vicinity of the critical point1620 °C, 385 bajsthe semiconducting properties of fluid selenium give
way to a metallic state, as evidenced by conductivity and optical measurements. The need for accurate local
information on the structure of fluid Se near its critical point moved us to perform x-ray-absorption measure-
ments in its semiconducting and metallic phases in the pressure and temperature range up to 600 bars and
1550 °C. The good quality of the x-ray-absorption fine-struct&¥AFS) data, obtained thanks to the simul-
taneous use of a special cell developed for x-ray-absorption studies of liquids under those extreme conditions
and of the high brightness of the focused x-ray beam available on the BM32 beam line at the ESRF, allowed
us to use a nonharmonic analysis of the EXAFS data by using the cumulant expansion method, at least for the
first coordination shell. Such an analysis gives reliable values of the coordination numbers, and moreover
knowledge of the cumulant values up to sixth order permits us to reconstruct the shape of the first peak in the
radial distribution function with a fairly good accuracy. Our EXAFS results clearly support the shortening of
the Se chains approaching the metallic fluid phase at high temperatures. The reconstructed real distribution
function p(r), related to the twofold coordination along the chains, is quite asymmetric#@00 °C, with
a tail extending down to the interatomic distance of Se dimers. In the metallic fluid state near the critical point,
we find that the interatomic distance along the chains is strongly reduced in comparison to the semiconductor
phase. This result is in agreement with the model suggested by Tatakaf a change from helical to planar
chains at the phase transition. This planar geometry allows the lone pair orbitals to beawitals, which
may overlap and form a strong covalent bond, resulting in a decrease of the interatomic distance. In addition,
a main structural change in going from the semiconductor to the metallic fluid state is the appearance of a new
bond at a significantly larger distance about 2.9 A. It most probably implies the presence of a third neighbor for
a large fraction up to 30—50 % of the Se atoms, which should be related to interchain interactions and form a
network in the metallic phas€S0163-182808)08401-X

I. INTRODUCTION phase near its melting point, the twofold coordination in he-

lical chains found in trigonal crystalline Se is largely pre-

While tellurium undergoes a semiconductdB80O)- to-  served as evidenced by neutron- and x-ray-scattering'data.
metal (M) transition upon melting, liquid selenium stays as aThus, at moderate temperatures with respect to the critical

semiconductor up to high temperatures and high pressuregoint (1620 °C, 385 bajs Se is an example of a liquid semi-
Figure 1 shows a pressure-temperature phase diagram of Senductor with purely covalent bonding. As temperature and
with contours of constant dc conductivity. In the Se liquid pressure rise while staying below the critical region, the Se
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T the need for accurate information on the local structure
o(@ lem™) moved us to perform XAFS measurements in the semicon-
1200 - i ducting and metallic phases of fluid selenium, in order to
102 100 1 10 30 100 200 1 make use of the high sensitivity of EXAFS to small changes

] in the local order due to the larger available range of the
] photoelectron momentunk)] (q=2k=22A~1). EXAFS
experiments have already been performed in the liquid semi-
conductor stat€ as well as in the vapor phas&However,

to our knowledge, no data are available in the metallic fluid
one. We thus performed x-ray-absorption spectroscopy
i (XAS) measurements in the temperature and pressure range
up to 600 bars and 1550 °C. Such measurements at high
pressure and temperature, where the EXAFS modulations are
extremely weak, are only possible because of the high bril-
] liance of the x-ray source available at the European Synchro-
1 tron Radiation Facility ESRB at Grenoble, France.
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T [°C] The XAFS measurements have been performed in trans-
mission mode using the spectrometer installed by the French
FIG. 1. Constant dc conductivity in liquid and supercritical fluid Collaborative Research Group on the BM32 beam line at the
Se. The data are taken from Ref. 8. The solid square is the criticgf SRF. The storage ring was operated at 6 GeV in the mul-
point, and the dashed line separates the liquid from the gas phasgyunch mode with a 200-mA current. The beam line optics
regions. Open and solid ci_rcles give tIﬁEandT values_ for the incorporates a $111) double-crystal monochromator, with
EXAFS measuremen.ts realized with and without a horizontally fo-54 gyis angular resolution ofx110~4 rad. This resolution
cused beam, respectively. allows us to get an energy step of about 0.12 eV in the
energy range of the experiment. The horizontal focusing of
chains become shorfeand the dc conductivity becomes the beam fan is performed by sagitally and dynamically
larger. When temperature and pressure are raised up to thending the second crystal of the monochrom&tarhile
vicinity of the critical point, the semiconducting properties the vertical focusing is obtained thanks to a Ni-coated mirror
give way to a metallic state, as evidenced by conducflvity installed upstream the monochromator, which is also used to
and optical® measurements. The mechanism of this I8C- reject the higher harmonics. The beam size at focus is about
transition is still controversial, mainly because of the lack of300X 300 um.
a detailed structural knowledge in thRR-T region, since The intensitiesl; and | of the incident and transmitted
x-ray or neutron diffraction as well as extended x-ray-beams were monitored through the measurement of the in-
absorption fine-structurdEXAFS) measurements are ex- tensities scattered by a kapton foil. Each measurement is
ceedingly difficult under these extreme conditions. It hasperformed using two Si diodes located above and below the
been speculated that the metallic state in the highx-ray beam to compensate for any slight motion of the fo-
temperature and high-pressure region is induced by the ocused beam during an energy scan.
currence of threefold-coordinated centers which connect We registered the XAFS spectrum for crystalline Se at
branched chains and which should be created in largeoom conditions as a standard, as well as that for liquid Se at
number*! However, recently, Tamura and Hosok&®auc- 100 bars and 500 °C. Then a series of spectra was recorded
ceeded in performing x-ray-diffraction measurements in thén the fluid covalent and metallic states. In the fluid state, the
energy dispersive mode using an x-ray tube up to 1500 °GC-M transition occurs over a rather broad range of tempera-
and 800 bars. The results showed that the Se coordinatidnre and pressure as is shown by the rather continuous
number for the first shell is slightly smaller than 2 in the change in the conductivitysee Fig. 1 Actually, we define
metallic region, excluding the occurrence of a significantthe SCM transition parameters at the onset of the transition
amount of threefold-coordinated centers with interatomicwhere the conductivity reaches about@0* cm 1. Thus,
distances close to the regular intrachain interatomic distancas shown in Fig. 1, the XAFS measurements, which we made
at about 2.3 A. Accordingly, they suggested a model of shorait 600 bars and at various temperatures ranging from 500 to
twofold-coordinated chains with a planar zigzag conforma-1550 °C, allow us to go through the S@-transition. The
tion. In agreement with a previous theoretical stitifhey — measurements were performed on two different occasions,
argued that such a planar chain would result in a metallione by using a vertically and horizontally focused x-ray
state. beam and the other with no focalization in the horizontal
Although their x-ray diffraction experiments give very plane.
important information on the local structure of metallic fluid  The experimental conditions of high pressure and high
Se, the limited available range of the scattering vectpr ( temperature were achieved using an internally heated high-
(until about 10 A°* at the highest temperatujedoes not pressure vessel made of super-high-tension steel, similar to
yield a satisfactory resolution in the determination of thethe one described by Tamuea al1® The incident and trans-
coordination numbers and of the interatomic distances. Smitted x-ray beams go through 5-mm-thick Be windows. The

Il. EXPERIMENTAL CONDITIONS
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vessel is pressurized by He gas, which has a low absorption [
for x-ray photons in the energy range of the ISeedge. A 1.6 -
high purity grade(99.9999% of He gas is needed to mini- I ——s00°C
mize the risk of oxidation at high temperatures. The pressure
is measured with absolute pressure transducers, having an
accuracy of+0.3% full scale, which can be used up to 700
bars. The high-purity-grad€99.999% Se sample is con-
tained in a cell made from polycrystalline sappHitayhich

is connected to a reservoir and is located at the center of the
high-pressure vessel. Its thickness, /2®, has been chosen

so that the jump at the absorption edge is about unity. It is
heated by a Mo wire. The temperature is measured at three I
locations byB-type thermocoupleéPt/Rh 30%, Pt/Rh 6% N

which are in close contact with the sapphire walls enclosing 12644 12652 12660 12608
the fluid sample. The temperature regulation is achieved us- Energy [eV]

ing an Eurotherm 900 HP controller having an accuracy of

+0.1% full scale. The reservoir is heated by a wire of a  12659.0 ]t00
Fe-Cr alloy and kept at 300 °C during the XAS recording. (b) ]
The sample gap was filled with flowing liquid selenium by 12658.8
pressurizing the reservoir following the procedure described
in Ref. 16. We checked that the liquid sample completely
filled up the sample gap by means of a fluorescent screen and
an optical camera put downstream the high-pressure vessel, C
which gave an image of the sample thanks to its x-ray ab-

sorption. 12658.2

1.2 —% 1150 °C
—o 1225 °C
—o- 1376 °C

- —+— 1450 °C
08 - —+ 1550 C

Absorbance [arb. units]

12657 12657.5 12658

E [eV]
S (Lwo 5o 3

12658.0 L TN
lll. XANES AND EXAFS RESULTS 400 600 800 1000 1200 1400 1600

Conductivity as well as optical measurements indicate T [°C]
that, at 600 bars, the S®} transition starts to occur between
1000 and 1300 °G}° the conductivity being the highest
around 1500 °C, as is shown in Fig. 1. In this temperatur
interval, the x-ray appearance near-edge struqreNES)
spectra exhibit significant changes as shown in Fi@).2
First, beyond about 10 eV above the edge rise, the amplitud
of the XANES oscillations decreases with increasing tem

FIG. 2. Normalized XANES spectri@) and edge energf§ and
dc conductivityo (b) in the semiconductor range and in the metallic
&ne. The values for the conductivity have been obtained from Fig. 1
by interpolation.

feak, the position of which does not significantly move.

) ; . . However around 1250 °C, in the same temperature interval
perature, suggesting a hlgher disorder at a medlym-ran here a shift in the absorption edge is observed, two signifi-
scale. Seco.”d’ the absarption edgg undergges_ a shift towargg, changes occur in the FT signal. First, the peak position
lower energies by about 0.6 eV, without a significant Charlg"?shifts towards a lower distance by about 0.05 A. Second, a
in height and width of the white line. Thg ;trong cc_>rrelation second shell clearly appears, as shown by the arrow in Figi 4,
between the energy shift and dc conductivity of fluid Se as g position corresponds to an interatomic distance larger

function of T is shown in Fig. 20): The energy shift is @ a5 he first one by about 0.6 A. As temperature rises be-
clear signature of the SG4 transition. As expected, this

shift, which is related to the energy shift of the conduction

band, is smaller than the optical gap in the semiconductor o /\/\/\/w ,\Wﬁf’vﬁ
state, which is about 1.8 e¥Ref. 17 at 250 °C and 1 bar. w 1250°C
The shift implies a decrease, and ultimately the disappear- 500°C W"”‘”T;ZJ?
ance, of the gap found in the semiconductor state. Thus we %3 WM N Mg
point out that it allows us to monitor directly the phase tran- N AN AN AN N e e
sition. = 010 2= leff’i’i
As is shown in Fig. 3, the EXAFS oscillations, as wellas = W\Mgi SN
the XANES ones, are severely damped as the temperature 1000 1500 C
increases because of the substantial increase of the Debye- ' N/ N\ N\ I NS
Waller factor. However, even at the highest temperatures,
they are still clearly displayed. This increase in the local o0l o .. T P
disorder is evidenced by looking at the modulus of the Fou- 456 k[7A, ‘]3 9 10 456 k[7A' ;3 910

rier transform(FT) of the EXAFS signal, which exhibits
peaks related to the distribution of interatomic distances. FiG. 3. EXAFS spectra. All measurements for fluid Se have
From Fig. 4, it is already possible to get some qualitativepeen performed at 600 bars, except the first one at 500 °C and 100
information about the S®4 transition. At 600 bars, in the bars. The crystalline Se spectrum has been recorded at normal con-
temperature range 500-1000 °C, all the FT's exhibit a singlelitions.
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So we first analyzed the EXAFS data within the harmonic
approximation using theeDEM packagée® In that case, the
disorder is taken into account by the Debye-Waller factor
exp(—2k%0?). First, the FT’s of the EXAFS signale’x(k),
after weighting byk?, have been performed using a Kaiser
; window with the = parameter equal to 2.5 and using data
0 04 08 1.2 1.6 2 24 2.8 32 between abouk=1.5 and 12 A'1. Then, in order to filter
R[A] the structural contributions of atom shells, the peak in the FT
has been isolated and back transformed gpace.

_ l_:IG. 4. Modulus of Fouriertrgnsforms of the EXQFS §ign_als for The amplitude reduction facttﬂ% is fixed to 1. To evalu-
s e e 0 o e eleciton inclasc mean frec paltk) k. we
the FT : made a polynomial fit of the reference spectrliquid Se at

' 500 °C and 100 baysusing the phases and backscattering
amplitude from tabulated values of McKade all® We as-

?/nocr:galszir?g tr?e’rlrt:;ﬂ]ﬁ:ﬂ%zgcl)ggz giesc(:)r%e;sres, because of thseumed the coordination number and the first neighbor inter-

Finally, we point out that the period of the XANES oscil- atomic distance equal to 2 and 2.33 Respectively. They

lations in the neighborhood of the absorption edge Correparameter Is assumeq tq be constant whatever the t‘?mpefa'
sponds to the interatomic distance at about 2.3 A, so tha&Jre and pressure. This fit of the reference sample using the

. . . values of McKaleet al. also yields an estimation of the
they are due to single-scattering processes and are just regys pve-Waller factor for the reference samole. We obtain
lar EXAFS modulations in the low-range. The multiple- y p'e.

scattering processes seem to be destroyed by the high Ie@o.oges A. Using these values, we have then extracted from

of the thermally induced disorder, so that, unfortunately, theJre relf(erenc% tspectrgnp thfth totl;al kpha;e_ shﬁﬁ(l?t d
XANES features do not carry information on the medium- argr(k,m) and the modulus of the backscattering amplitude
range ordering. [F(k,m)]. e . .
We used a standard fitting procedure in order to determine
the structural parameters such as the bond lengtoordi-
IV. DATA ANALYSIS USING THE HARMONIC nation numbem, and Debye-Waller parameter. For all
APPROXIMATION spectra, the fits have been made ové&rrange from about 3

In the single-scattering approximation, the EXAFS ampli-t0 11 Ail-.When two shells were present$ 1100 °C), a
tude x(K) is given as a function of the electron wave numberfWo-shell fit has been performed.

k (A~1) by the following expressioffor simplicity, we re- We made an estimate of the noise in #f (k) data by
fer to one shell of neighbors onty computing the difference between the raw experimental

EXAFS signal and the filtered one, which is supposed to
® —2r/x contain the whole structural information. The statistical error
N Im{ F(k,q-r)ezi‘s(k)J p(r) —— e?¥dr}, is taken as the root-mean-square value of this difference.
0 ' The acceptability of the fit results has been tested from a
(1) statistical point of view using thg? test and weighting the
whereSZ is the amplitude reduction factor introduced to ac-X> values by the estimated statistical noise. To estimate the
count for many-body effectsi(k) is the central atom phase uncertainties on the parameters, we used the conggant
shift, andF(k, ) is the complex backscattering amplitude. oundary method? which takes into account both the ex-
Here p(r) is the real radial distribution functiofRDF) and ~ Perimental statistical noise and the correlation between pairs
N is the coordination number. With this notatiop(r) is ~ Of parameters. The elements of the covariant matrix,
normalized in such a way thatp(r)dr=1. The damping v_ve!ghted .by the stat'lstlc_al noise, allpw one to draw the el-
term e 2% is due to inelastic losses in the scattering pro_hptlc confidence region in the two-dimensional space asso-

cess, with\ being the inelastic mean free path of the photo-Ciated with the pair of parameters considered. This ellipse
electrons. defines the region where the probability distribution for the

Formula(1) shows that, actually, EXAFS does not sampletWO parameters is larger than a certain value. For our estima-
the real RDFp(r), but a ,so-called, «effective distribution” 10N of the error bars, this value is set to 68%. The width and

o
w

@
(N

Fourier Transform [arb. units]
o

P(r,)\), where height of the smallest rectangle containing the ellipse are an
o estimation for the error bars of the two parameters. Of
P(r,\)=p(r)exp — 2r/\)/r2, ) course, in order to have a valuable estimation of the uncer-

tainty in a given parameter, it is necessary to consider its
In the harmonic approximation, this distribution is expandedcorrelation ellipses with any other parameter to which it may
up to its second momentuf,, usually noted as the square be significantly correlated and then to select the largest un-
of the Debye-Waller parameter’, so that one gets the usual certainty.
formula The results obtained for the first shell using the harmonic
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LI I B B B 1200 °C. A similar conclusion can also be derived by look-
2+ * . ing at the interatomic distance which stays constant at about
% 2.33 A up to 1000 °C and decreases drastically at higher

+ temperatures down to about 2.25 A at 1550 °C. The Debye-
* ] Waller parameter stays constant with a mean value of about
0.095 A at temperatures below 900 °C and increases at

11 _ higher temperatures, to reach a maximum value of 0.135 A
{{, at about 1200 °C. Surprisingly, it slightly decreases at higher

temperatures, while the electric conductivity continuously in-

- 7 creases. We note that the maximum of thealues appears

N N TN S R B in the temperature interval where the phase transition occurs.

However, though the simple harmonic approximation
gives interesting qualitative results, it is not suitable for a
%(H % gquantitative evaluation of the parameters, because of the

large degree of local disorder evidenced by the large values
| of o and it yields unreliable measurements of the coordina-
+ { {%} tion numbers, of the Debye-Waller factors and, to a lesser
(% extent, of the interatomic distances. Actually, we note that
the first-shell coordination number is certainly underesti-
0.09 | ¢ ¢® * | mated in the metallic state since it is smaller than 1. This
would correspond to isolated sdimers, and this is unreal-
istic since, in the fluid state, short Se chains exist which lead
¢ to a coordination number close to 2. Moreover, this small
232 @ * ¢ ‘} i coordination number is also in disagreement with the values
determined from the diffraction experiment results per-
formed by Tamura and Hosokaw&which suggest a coor-
ﬁ dination number around 1.7-1.8, thus slightly smaller than 2.
(H % The present discussion points out the need to go beyond the

R[A]

(c)

2.24 } 4

harmonic approximation to correctly analyze fluids at such
high temperatures.

Table Il gives the values of the parameters obtained for

NI PN S S the second shell within the harmonic analysis which give a
400 €00 800 1000 1200 1400 1600 clear indication about the existence of this second shell. Due
T[C] to the weak amplitude of the EXAFS oscillations, their un-
certainties are rather large. Within the uncertainties, it seems
that the coordination number can be considered constant,
e(vith a mean value of 0.450.15 neighbors. However, these
Values are an underestimation of the actual ones since we use
the harmonic approximation, which, as we discussed for the
first-shell case, yields too low coordination numbers for

approximation are shown in Fig. 5, where the two sets ofimilar o values. The second-shell interatomic distance ob-
measurements using an unfocused and a focused beam ed within the harmonic approximation does not change

displayed. The uncertainty is, of course, worse in the unfol'€ither with temperature and, within a rather large uncer-

cused mode because of a larger noise in the data, but bo{E!nty, is about 2.8&_0.04A. The strgctural interpretation of
series of results are in a rather good agreement. Table | givédis second shell will be discussed in Sec. V.

the structural parameters determined from the experiments

perfor_meql with the focused beam, which are less noisy. The \, geyoND THE HARMONIC APPROXIMATION:
coordination _number decreases from 2_to_ about 1.5 Wh_en th_e A CUMULANT EXPANSION

temperature increases up to 650 °C. Within the uncertainty, it

stays almost constant at temperatures between 650 and When the effective distributiorP(r,\) cannot be ap-
1250 °C with a statistically weighted mean value of 1.5. Thisproximated by a Gaussian one, the difference between the
corresponds to an average length of chains of four Se atomegal and effective RDF’s cannot be neglected. The use of the
which is not unrealistic, though rather short. The chainstandard formula in the harmonic approximation can lead to
length n is evaluated from the coordination numherby  significant errors. This occurs either if the real distribution
assuming a twofold coordination for all Se atoms except forp(r) is not Gaussian or if it is too broad to neglect the asym-
those at the ends of the chain which are onefold coordinateametry induced orP(r,\) by the other terms in Eq2). In

so thatN=2—2/n. However, as shown in Fig. 5 and Table I, order to go beyond the harmonic approximation, it is neces-
the coordination number extracted using the harmonic apsary to expand the effective distributi®{(r,\) given in Eq.
proximation decreases below 1 at temperatures higher thai2) to higher momenta than the second-order one. To do that,
1250 °C. This temperature dependence evidences a structurgé use the so-called cumulant method introduced by
transition occurring in the temperature range aroundBunker? We expand the logarithm of the characteristic

FIG. 5. First-shell coordination numbé¢a), Debye Waller pa-
rameter (b), and interatomic distancé&) determined in the har-
monic approximation. Solid and open circles refer to data obtaine
using a horizontally focused and unfocused x-ray beam, respe
tively.
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TABLE I. Structural parameters obtained for the first shell in the harmonic approximation and using the
cumulant expansion up t€¢. The interatomic distanceR,, are the mean values of the real RPEr),
calculated with the cumulants;,is the asymmetry op(r), N is the coordination humbeR the interatomic
distance, andr is the Debye-Waller parameter. We could correctly estimate the error bars only in the
harmonic approximation. We considered both the experimental statistical noise and the correlation between
the extracted parameters.

Harmonic approximation Cumulant expansion

T [°C] N 1072 o [A] R[A] N 1020[A]  Ry[A] 8

500 1.9%0.12 9.6-0.25 2.3270.003 No anharmonic effects

650 1.53:0.11 9.3:0.3 2.319-0.004 1.74 10.3 235 —0.048

800 1.28-0.12 9.10.4 2.328-0.004 1.91 13.1 2.35 —-0.167
1000 1.42-0.18 11.2:0.5 2.335-0.006 1.67 13.1 2.32 —0.143
1250 1.5G-0.23 13.3:0.6 2.292-0.009 Not calculated

1400 0.99-0.15 11.6:0.6 2.270-0.009 1.79 18.1 2.22 —0.200
1500 0.92-0.13 11.8:0.6 2.255-0.009 1.58 17.8 2.23 —-0.167

function (2k), which is the Fourier transform of the effec- AU NY 2

tive RDF, in a series of powers of the electron wave vector I 77 =In WHCS—CB)—ZkZ(C%—C’ZH 3 k*Cj
k" by using the so-called cumulan®, .?*> We then get

4
—4—5k6cg+--- : (6)

n-

% _ Z(2ik)"
In[t/f(2k)]=lnf P(r,\)e?dr= n! 4 8
0 e @ O!—d'=2K(C{~Cy)— 5 k’Cs+ g k°Cyt--- . (7)

o o Formulas(6) and(7) are obtained by assuming that the RDF
Co depends on the normalization of the distribution. The  js Gaussian for the reference sample, so that the harmonic
andC, terms correspond to the mean value of the effectiveypproximation can be used in that ca€¥ (,=0).
interatomic distance and to its variance, respectively. Higher-  gnce the cumulant€,, are known up to orden, we can
order cumulants measure the deviation of the distributionypiain the effective RDE by back Fourier transforming the
from a Gaussian behavior. They are zero for Gaussian dis”is‘:xpansion of(2K) up to thek" term. Then, to extract the
butions.C; measures the asymmetry of the distribution. The,gg RDFp(r), we choose the mean valae=11.7 A of the
meaning of higher-order terms is less intuitive. electron mean free path(k)=1y/k averaged over thé

It is of course possible to express the EXAFS amplituderamge 3-11 A we considered in the fitting procedure for
and phase as functions of the cumulants by using(EH.  he extraction of the cumulant values.

odd and even cumulants determining phase and amplitude, tape | gives the structural parameters for the first shell

respectively: obtained from such an anharmonic reconstrucfioising the
cumulant expansion up t@g and compares them with the
5 corresponding values obtained using the harmonic approxi-
X(k)Z% I (K, )] mation. To allow us to perform a cumulant analysis, the
k ' EXAFS spectrum has to extend over a wide enokghnge

Xexp( Co—2k2C2+ z k4C4— i k6C6+ .. . TABLE II. Str.uctural paramgters obtained for the secoqd shell
3 45 in the harmonic approximation at 600 bars and different
4 4 temperatures: near-neighbor numbeM)( interatomic distance
X sin| 2kC, — 3 k3C3+ e k5C5+ 428 (R), and Debye-Waller parametér).
T [°C] N R[A] 1072 o [A]
+argF(k, 77)) : ) 1150 0.45-0.50 2.81+0.03 12+4
1225 0.3:04 2.89£0.03 15
1250 0.4:0.2 2.92£0.01 12
The values of cumulantS, and coordination numbéd can 1300 0.5-0.4 2.83-0.03 14
be obtained by a polynomial fitting of the phase difference1376 0.5-0.4 2.86-0.02 123
®'—d" and of the logarithm of the ratio of amplitudes, 1400 0.4:0.4 2.92:0.02 13+3
In(AYA"), of the EXAFS modulations for the unknowm) 1450 0.15-0.20 2.810.03 123
sample and the reference)(one, by means of the following 1550 0.5-0.4 2.82+0.02 113

relationships:
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4 for the experiment at 800 °C with the cumulants extracted up,to
e T C ° 1 (a) and up toCg (b).
oL 6 °
Y ol e® ® 1 We found that only for data af =650 °C are the results
© o obtained by calculating the cumulants upQGg or up toCgq
— almost the same. That is not the case at higher temperatures.
N | T T T T In every case, we tested the convergence of the cumulant
400 800 1200 1600 expansion up t&€g using formula(4). As an example, Fig. 7
T [°C] shows the real parts of the characteristic functions at 800 °C

btained using cumulants up =4 [Fig. 7(@)] or n=6

Fig. 7(b)]: At largek values, there is no convergence to zero
for the expansion calculated using the cumulants only up to
with rather good statistics. This prevented us from analyzindg=a-
the data obtained using an unfocused beam, so that all data in S0, as shown in Table | and Fig(&, using the anhar-
Table | refer only to spectra recorded using a focused beanfmonic corrections untiCg for data atT=650 °C, we find
At 1400 and 1500 °C, the intensity of the second peak in théhat the coordination numbét does not decrease drastically
RDF is weak enough to allow us to accurately separat in at the SC-toM transition temperature despite this being sug-
space the first shell from the second one. However, agested using the harmonic approximation. However, the lo-
1250 °C, temperature at which the second peak is the mos@l disorder strongly increases at the transition as is evi-
intense, it is not easy to do this and consequently we werdenced by the increase of the Debye-Waller parameter
not able to get reliable values of the cumulants, which do nofrom 0.13 to 0.18 Asee Fig. &)].
depend on the filtering process in tHe space. AtT We also reconstructed the reg{r) distributions to get
=1250 °C, in the metallic state, we could analyze quantitaboth their peak valueR,,, and the mean values of the in-
tively only the first shell. The contribution of the second teratomic distanceRq,, as well as the value$ of the
shell is too weak and too noisy to allow a cumulant expanasymmetry of the distributions. Heré is defined asé
sion analysis. =(w1— w,)/ (w1t wy), Wherew; and w, are the right and

Actually, at 500 °C and 600 bars, we found that the valuedeft half widths. As already suggested by the harmonic analy-

of the cumulants are negligible for=3, so that there is no sis, the interatomic distance is found to decrease by about 0.1
need to correct the results obtained with the harmonic analyA at the SCM transition[see Fig. €a)]. However, already at
sis. At higher temperatures, we first calculated the cumulant800 °C, in the temperature range below the transition, the
only up toC,, but in that case their behavior does not showmean interatomic distand®,,.,,is lower than the peak value
a regular dependence with increasing temperature, which B, and a large negative asymmetry parameieis ob-
not satisfacton?> For this reason, we then extracted the cu-servedFig. Ab)]. Figure 10 shows as an example the recon-
mulants up to order 6. As Fig. 6 shows, they become largestructedp(r) curves at 600 bars in the semiconducting state
as the temperature increases, which means that the distange500 °C and in the metallic state at 1400 °C: The asymme-
distribution more and more deviates from a Gaussian ondry at the highest temperature is evident.

FIG. 6. Temperature dependence of the cumulants of the fir
coordination shell fon=3.
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0.2 FIG. 10. Reconstructed real distribution functions calculated at
; ] 500 °C(solid line) and 1400 °Qdotted ling, at 600 bars, using the
0.18 ¢ g cumulant expansiom(r) is clearly asymmetric at the highest tem-
0.16 E (b) ] peratures.
< oaaf ] . . .
© i ™ = ] interatomic distance at about 2.3 A is concerned, we have
0a2¢ ] shown in this work that the anharmonic analysis gives reli-
o1k = ] able coordination numbers at all temperatures up to the high-
| ] est one at about 1550 °C. Their values are found to be
0-0%0' 500006 1350 12001600 slightly lower than 2 already at rather moderate temperatures
T[°C] T>600 °C. Despite the spread in their values, they seem to

slowly decrease with temperature down to about 1.7 in the
FIG. 8. Coordination numbexs) and Debye-Waller parameters metallic phase. This is in good agreement with a previous
(b) obtained using the cumulant expansion Toe650 °C and the  x-ray-scattering experimetit performed in the same tem-

harmonic analysis at 500 °C. perature range, but at a higher pressure of 1420 bars, which
gave coordination numbers slightly smaller than 2 in the
VI. DISCUSSION semiconductor state and around 1.7 in the metallic one. Our

EXAFS results thus fully support a twofold intrachain coor-

The goal of this work is to try to characterize the local dination of the Se atoms at about 2.23 A in the metallic

s_trl_Jgture of the 'S.e meta}lllc fluid phase which is found in thephase and at about 2.35 A in the semiconductor one.
vicinity of the critical point.

: L . The coordination number smaller than 2 may be related to
As far as the first coordination shell corresponding to an e lengths of the Se chains. The average chain length
can be calculated from the coordination numNdsy assum-

2.4 L A S ing that all the Se atoms along a chain are twofold coordi-
2.4l - (a) 1 nated except the two at the ends which are supposed to have
— a onefold coordination. One gets thes2/(2—N). From
L 235+ n O 0o W + this formula it is clear that abl approaches 2, even a small
3 @) error barAN on the coordination number yields a large un-
g 237 ma | certainty in the chain length. For this reason our EXAFS data
2251 W o u 1 cannot give an accurate estimation of the chain length, espe-
© Rmean o 0 cially in the semiconducting state. Anyhow, the chain length
2.2 : : : ' ; seems to slowly decrease as the temperature increases, and in
400 600 800 1000 1200 1400 1600 the metallic phase at 1500 °C, estimatihty on the basis of
Tra the uncertainties found within the harmonic analy&se
0.05 ‘ ‘ ‘ J Table ), we find that 4<n<7. We point out that this result
' ' ‘ ‘ ‘ is in a good agreement with previous NMR restilghich
or m + estimate a chain length of seven atoms at 1550 °C and 400
bars.
-0.05+ T As shown in Fig. %), while the RDF’'s are symmetric
© 0.1+ (b) i below 700 °C, they become asymmetric at higher tempera-
tures, with a tail extending towards small interatomic dis-
-0.15+ . s tances. In that case, the reconstruction of the actual RDF'’s
0.2 - U evidences a distribution of the interatomic distances with a
i : | | : mean valueR.anabout 0.05 A smaller than the peak one at
400 600 800 T10[(38] 1200 1400 1600 their maximum, as shown in Fig(&. While the width of the

RDF’s increases from about 0.2 A at 500 °C to about 0.4 A
FIG. 9. Interatomic distances defined as the mean vaRigs,)  at the highest temperatures around 1500 °C, the asymmetry

and the peak valuesR(,,,) of the reconstructed real distributions ratio does not change much when increasing the temperature

p(r) of distancega) and their asymmetry parametéi(b). beyond 700 °C through the transition range around 1250 °C
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and in the metallic state. This asymmetric distribution oftance, it should be of the same order of magnitude of the
interatomic distances suggests a distribution of the chaierror we made for the first shdlD.05 A in the worst case
lengths with a significant proportion of shorter ones, sincesee Table )| being the Debye-Waller factors of the two
the interatomic distances are expected to decrease with ttehells of the same order of magnitjdBut in order to have
chain length to ultimately reach the value of 2.17 A found byat least a bond angle of 90°, corresponding to a second-shell
EXAFS for isolated Semolecules in the vapor phaséAc-  intrachain distance of 3.15 A, we would underestimate it by
tually, the reconstruction of the RDF’s indicates that a no-about 0.3 A. Thus, in our opinion, this coordination shell at
ticeable fraction of the Se atoms forms very short chains2.86 A should be very likely associated with interchain and
even in the semiconductor state, provided the temperature isot with intrachain second neighbors. The interchain bond-
higher than 700 °C. This is in agreement with simulationsing would be related to the connection of two short Se chains
performed for that state by using a density-functional mothrough a threefold-coordinated Se atom. This bonding
lecular dynamics methdtior a tight-binding Monte Carlo should be at least partly covalent to give a rather well-
simulation®* Both suggest, despite an average coordinationyefined second coordination shell. We like also to point out
number around 2, the presence of short chains in the strugnat 4 Jarge fraction of the Se atoms should be concerned
ture of liquid semiconductor selenium. , with such a threefold coordination. Such a model would be
The main structural changes associated with the electronig, agreement with thab initio molecular dynamics calcula-

transition are, first, a significant decrease of the intrachai@i n of Kirchhoff et al,?8 suggesting that foff>1370 K
interatomic distance between nearest neighbors and, secorg{ere is a substantial penetration into the first coordination

the occurrence of a second coordination shell at about 2.8 . : . . ) :
A. We find that the nearest-neighbor interatomic distance ell of interchain second neighbors, having an interatomic
decreases from about 2:39.01 A in the semiconductor distance Iowgr than 3.02 A, .
state to 2.230.01 A in the metallic one. We point out that '!'he resulting average local atomic structure would be a
both the mean distance and the peak one decrease in tf@rant of the one proposed long ago by Cabane and
same way, as is shown in Fig(ed, so that their shortening Friedef for liquid metallic tellurium. In agreement with the
cannot be attributed to an increase in the asymmetry of thBeutron-diffraction results by Tourand and _Breﬁlthey
RDF’s towards lower distances. Therefore, our EXAFS reJointed out the importance of the interchain interaction and
sults demonstrate without ambiguity a shortening of the inconcluded that liquid Te has a network structure consisting
teratomic distance in the metallic fluid state. This support®f threefold-coordinated atoms at the high-temperature limit
the hypothesis of a stronger intrachain bond in the metalli@nd at lower temperature, near the melting point, of a mix-
state than in the semiconductor one already suggested liyre of threefold and twofold bonding. However, it is to be
Tamura and co-worket€ on the basis of x-ray-scattering noticed that there are several differences between the experi-
data at 1420 bars, indicating a similar, though smaller, shifmentally determined local structure of Se and Te. Recently,
from 2.33 to about 2.27 A. the structure of liquid Te was determined over a wide tem-
Our results also evidence the formation in the metallicperature range including the supercooled region by Menelle
state of a second coordination shell at 2:8604 A. This et al?® Their results suggest a splitting of the first coordina-
distance occurs between the fif&33 A) and the second tion shell into two different kinds of atoms: the two co-
(3.44 A) coordination shells in crystalline S8 Thus its ap-  yalently bonded atoms and a third atom at a slightly larger
pearance in the metallic fluid state results from a structuradjistance. It is now suggested that the two neighbors belong-
_change. We recall that its contribqtion to the EXAFS spect_ra}ng to the same chain might be inequivalent: short and long
is too weak to allow us to determlne.several gumu!ants W'tlbonds are observed by EXAF&Ref. 13 and neutron-
a reasonable accuracy. The harmonic analysis which we h ffraction measuremenf8. A computer simulation by Bi-

to perform is certa'mly'not quantitatively correct, esDec""‘"ycharaet al3! supports the observed local structure of liquid
as far as the coordination numbers are concerned. Therefor.

our estimation of 0.450.15 neighbors is an underestimation fe: a short-long alternation of the distances along the chain

of the true coordination number. Nevertheless, it implies thaf";md a sr_]ort_ened mt_ercham distance. They claim that,_as the
a large amount of the Se ator80—50 % are involved in interchain distance is shortened, a resonance effect arises be-

such a bonding. This second shell might correspond either tBYEEN the two lone pair orbitals on the two neighboring at-
a Se-Se interchain bond occurring at a larger distance thafms Pridging two chains which broadens their energy widths
the intrachain one or to second neighbors along the Se chaii"d fills the gap at the Fermi level, thus explaining the
In that last case, we can calculate the bond angle along teemiconductor-to-metal transition that is found for Te upon
chain from the interatomic distance 228.01 A and the Melting. Thus they conclude that the local structure of liquid
second-neighbor one, 2.8®.04 A. We get 80%1°, which  Te is an asymmetric variant of the one proposed by Cabane
is not realistic for ap covalent bonding. Simple consider- and Friedel with three different neighbor distances.

ations show that the bond angle should be at least 90° in the This is not the case for fluid Se. In our work we do not
case of purg-wave functions and should actually be larger observe any evidence for the presence of two different intra-
because of the hybridization of the4lectrons with the ¢  chain distances for Se, but an asymmetric distribution to-
ones. Indeed, for helical chains in trigonal crystalline Se, itsvards lower distances. Although the hypothesis proposed by
value is 103°. For planar zigzag chains, density functionalamura and co-worke¥g explains the shortening of the
calculations suggest a larger value of 124Even consider- first-shell interatomic distance, from the present stage we
ing the fact that within the harmonic analysis we probablyhave to take into account interchain bonds in order to make
make an error of the estimation of the second-neighbor diselear the mechanism of the S@-transition.
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VII. CONCLUSION interatomic distance for Se dimers. This indicates a broad
distribution of the chain lengths at high temperatures. Its

) P . idth and shape, which are rather accurately determined us-
good-quality EXAFS spectra for liquids at very high tem- ing the cumulant method, yield a detailed information which

peratures d?sp'te the strong damping of their mOdU|at'0nﬁ1eoretical simulations of fluid Se should reproduce.
with increasing th? photoelectron energy. Actu_ally, We SUC~ 1) the metallic fluid state near the critical point, we find
ceeded in registering the weak EXAFS oscillations for fIUIdthat the interatomic distance along the chains is strongly re-

. _ _ 71 . . . . o
Sili?l?luum l:g tlcggozbc_ 2,[2 éOO It?atrge _\Il_'ﬁi'g'%rogthrzncrg'ﬁﬁl theduced in comparison to the semiconductor phase. This indi-
point, up ) : arg 9 ctates a stronger bond in the metallic state, which might result
scattering vectoq yields a better resolution than the one

X . in important chan in the electroni . The most impor-
obtained up to now by x-ray scattering and allows us to portant changes in the electronic state. The most impo

. . . Lo 07 tant changes concern the two lone pair electrons, which
determine the shape of the first-neighbor atomic distribution g P

. . hould give rise to a conduction band. By themselves, our
The good q“"i!"‘y of the EXAFS data has been obtaine esults do not allow us to suggest a detailed possible mecha-

Hism. They are nevertheless in agreement with the model

x-ray-absorption studies of liquids under those extreme Conéuggested by Tamutaof a change from helical to planar

ditions and of the high brightness of the focused x-ray bearT(‘Ehains at the phase transition. This planar geometry allows

available on the IF beam line at ESRF. Due to the efficient, .\ o pair orbitals to become orbitals, which may over-

focqsmg optics, a 080.3 m_n? beam. spot is actually lap and form a strong covalent bond, resulting in a decrease
achieved at the sample location, allowing us to reduce th f the interatomic distance. They would give rise to a con-

d‘”?eT‘S‘O”S o_f the high-temperature and high-pressure vess uction process along the short chain. In addition, a main
This IS a major advantage fqr safety reasons, as well as fogtructural change in going from the semiconductor to the
ensurng a good homogeneity of the temperature over th‘renetallic fluid state is the appearance of a new bond at a
illuminated part of the sample. We found that the quality of

. " significantly larger distance, about 2.9 A. It most probably
the EXAFS data obtained under these extreme condltlons_lﬁ(nplies the presence of a third neighbor for a large fraction

f the EXAFS litudes b ing th lant /S1%f the Se atoms, which should be related to interchain inter-
ot the ampiitudes by using the cumuiant expansion, ;g and form a network in the metallic phase. The struc-

method, at least for the first coordination shell. Such Nyre of metallic fluid Se would then resemble that of liquid

analysis is mandatory because of the high level of local OIIS'Eellurium with, however, two different interatomic distances

Orﬁ.?r' t:;[ g'r:/ es rel!able valu.es (t)'f the_ ﬁgorg'natt'.on”num%erscorresponding, respectively, to intra- and interchain interac-
whiie the harmonic approximation yields drastically under-;.,o The metallic conductivity from chain to chain would

estimated ones. Moreover, knowledge of the cumulant valu en appear as a consequence of the resonance of the lone

up to sixth order allows us to reconstruct the shape of th air orbitals of two atoms belonaing to neiahboring chains
first peak in the RDF with fairly good accuracy. This dem'?s)uch a model based on our gEX?AFS fin%ings r?eeds, O'f

onstrates the unique possibilities of EXAFS spectroscop)éourse, to be supported by other results and especially by

Sounces io investigate the structure of euids under extrom!2Y-difraction experiments performed up o algealues
9 q 8imulations of the structure and of the electronic properties

conditions and, especially, of liquid alloys. : : .
Our EXAFS results clearly support the existence of shortOf the metallic state in fluid Se would also be necessary.

Se chains in the metallic fluid phase at high temperatures.
They show that the first peak in the RDF, which is related to
the twofold coordination along the chains, is quite asymmet- The authors are indebted to R. Argoud, R. Bruyere, and
ric with a tail extending on the low-distance side up to theO. Geaymond for their helpful technical assistance.

This work demonstrates that it is possible to measur
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