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Abstract. We present for the first time a high-temperature x-ray absorption spectroscopy study
of ReO3 at the Re L3 edge. The analysis both of the XANES and of the EXAFS regions
shows that, in ReO3, a progressive localization of the 5d states following the temperature rise
is accompanied atT > 350 K by a distortion of the ReO6 octahedra, which increases up to
the ReO3 decomposition temperatureTd ' 673 K. The distortion leads to the lowering of the
rhenium site symmetry from Oh(T 6 350 K) → D4h(T ' 513 K) → C4v(T ' 668 K) and
is due to the electron–phonon coupling of the 5d electrons with theM3 andM ′Z

3 phonons and
to the Jahn–Teller effect caused by the rhenium 5d1 electron which becomes localized at high
temperature.

1. Introduction

The physical properties of transition metal (TM) oxide materials are mainly determined
by the outer-shell electrons, among which the d electrons of metal ions have the greatest
importance [1]. The d electrons can be found in localized and/or collective states and,
in some cases, the transition from one state to another can be induced. The intermediate
character of the d electrons is due to the fact that they are not screened from the neighbouring
ions by outer s and p core electrons [1]. Besides, the d electrons are characterized by strong
correlations and by electron–phonon coupling, leading to a different degree of local lattice
distortions [1, 2]. Thus, thanks to their properties, the d electrons are responsible for a large
number of effects occurring in TM oxides: high-Tc superconductivity [3], ferroelectric and
other phase transitions [4], charge-density waves (CDW) [5] and so on.

Rhenium trioxide (ReO3) is a TM oxide with a unique perovskite-like structure (ABO3)
composed of ReO6 octahedra joined by corners with the A sites being vacant [6]. Rhenium
atoms are located at the centres of the octahedra and oxygen atoms at their vertices. In
many perovskites, such as SrTiO3, BaTiO3 and KNbO3, the condensation of one or more
optical modes causes a re-arrangement of the local electronic and atomic structures and
consequent structural phase transitions [4]. In contrast, the structure of ReO3 is non-distorted
at atmospheric pressure down to liquid-helium temperature [7]. Since ReO3 has metallic
conductivity below 500 K [8], the stability of its cubic lattice was explained in terms of
the suppression of the screening effect on the lattice vibrations [1, 7]: here the screening is
not free-electron-like as in simple metals but has an atomic (rhenium 5d and oxygen 2p)
character.
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However, a sequence of pressure-induced phase transitionsPm3m → P 4/mbm →
I4/mmm → Im3 was found in ReO3 at room temperature (RT) starting from 5 kbar [9, 10].
These transitions are related to the condensation ofM3 modes and consist of successive
rotations of therigid ReO6 octahedra around [100] axes [10]. Only small distortion of the
ReO6 octahedra, resulting in two short 1.875 Å and four long 1.8707 Å Re–O distances,
was found at 5.2 kbar in the tetragonalP 4/mbm phase by neutron powder diffraction [10].
A similar sequence of phase transitions had been observed earlier upon cooling from 500
to 3 K in the metallic perovskite NaxWO3 (x > 0.5) by x-ray diffraction (XRD) [11] and
low-frequency Raman measurements [12]. Note that, as in ReO3, the WO6 octahedra in
NaxWO3 (x > 0.5) are also considered to be rigid [12].

Our previous x-ray absorption spectroscopy (XAS) studies of ReO3 at the Re L3 edge
agree well with the absence of any local distortion around rhenium atoms at atmospheric
pressure in the temperature range from 77 K to RT [13–15]. We point out that XAS is an
accurate local probe insensitive to the presence of long-range order, therefore it provides
information complementary to that available from diffraction techniques.

In this work we present for the first time the results of a high-temperature XAS study
of ReO3. They show evidence of a progressive 5d electron localization at rhenium sites
which is accompanied atT > 350 K by a distortion of the ReO6 octahedra, increasing up
to the ReO3 decomposition temperatureTd ' 673 K [16].

The paper is organized as follows: in section 2, the experimental procedure of the x-ray
absorption measurements at the Re L3 edge in ReO3 is described; in section 3, data treatment
procedures used in the analysis are discussed; in section 4, the results of the XANES and
EXAFS analyses are presented; in section 5, we discuss the possible model being able to
explain the high-temperature behaviour of ReO3; in section 6, a summary of the present
work and the main conclusions are given.

2. Experimental details

X-ray absorption spectra of the Re L3 edge in ReO3 were recorded in transmission mode
at the LURE DCI storage ring (Orsay, France) on the D13 bending-magnet beamline
(EXAFS-3). The electron energy was 1.85 GeV and the maximum stored current 312 mA.
A standard transmission scheme with a Si(311) double-crystal monochromator de-tuned to
50% of intensity for harmonic rejection and two ion chambers containing argon gas was
used. The data were recorded during a single injection of the storage ring with an energy
spacing of 2 eV, count rate 2 s per point and energy resolution about 3 eV achieved with
a 0.7 mm vertical slit. Special attention was paid to the linearity of the ionization chamber
response. The sample for x-ray absorption measurements was prepared from commercial
99.9% polycrystalline ReO3 (Metalli Preziosi SpA) whose quality was checked by x-ray
powder diffraction. ReO3 was finely ground and mechanically mixed with boron nitride
powder. The mixture was placed in a boron nitride cell mounted in a furnace. The obtained
sample thickness corresponded to an absorption jump1µ ' 1.4 at the Re L3 edge. The
temperature was varied within the range from RT to 670 K and stabilized within±2 K during
each measurement. No change in the absorption jump was observed in the temperature range
from RT to 643 K; however, it decreased by about 30% to1µ ' 1.0 for the last spectrum
measured atT = 668 K, close to the ReO3 decomposition temperatureTd ' 673 K [16].
The normalized x-ray absorption near-edge structures (XANES) at several temperatures are
shown in figure 1(a).

Low-temperature measurements (from 77 to 350 K) of the Re L3 edge in ReO3 had
previously been performed in transmission mode at the ADONE storage ring (Frascati,
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Figure 1. (a) Normalized XANES spectraµ(E) at the Re L3 edge in ReO3. The variation
of the white-line intensity and position with the temperature increase is clearly visible.µc(E)

is the contribution of transitions from the 2p3/2(Re) level to the continuum of the unoccupied
free-electron-like states given by equation (5). (b)µWL(E) = µ(E) − µc(E). The vertical
dotted lines show the range of the integration used to obtain the WL area. (c) The variation of
two Gaussian components describing the WL with the temperature increase. The narrow higher
curves correspond to the t2g(π∗) sub-band and the broad lower curves to the eg(σ ∗) sub-band.
The amplitude scale is the same as in figure 1(b). (d) The temperature-dependence of the ratio
|〈t2g(π∗)|ε̂ · r|2p3/2〉|2Nt2g(π∗)(E)/|〈eg(σ ∗)|ε̂ · r|2p3/2〉|2Neg(σ∗)(E) showing the variation in
the number of free states and the degree of localization for the two sub-bands. The broken line
corresponds to the completely localized orbitals (atomic case) with the number of unoccupied
states equal to five in t2g and four in eg .

Italy) on the PWA-BX2 wiggler beamline. Their details and analysis have been published
by us elsewhere [15]. A comparison between the two sets of data, measured at different
experimental sites (ADONE and DCI), showed that they differ slightly in the experimental
resolution. Using the room-temperature spectrum available in both sets of data, we found
that this difference can be compensated by convolution of the spectra measured at ADONE
with a Lorentzian curve having the full width at half maximum (FWHM) 1.7 eV. This
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procedure was applied to the whole set of spectra from [15] to allow a meaningful
comparison with the present high-temperature measurements. Note that no change in
the values of the structural parameters was observed for the corrected set of spectra in
comparison with the previous results [15]. It was also checked that the used correction
procedure does not affect the results of the decomposition of the Re L3 edge XANES into
two components, discussed in section 3.1.

3. Data analysis

3.1. XANES

The experimental Re L3 edge XANES spectrum (figure1(a)) consists of a prominent peak,
the so-called ‘white line’ (WL), located just above the absorption edge and a fine structure
which is located above the WL and is due to the scattering of the photoelectron by atoms
surrounding the absorber.

The part of the XANES spectraµWL(E) related to the WL was singled out by subtracting
from the total normalized absorptionµ(E) the contributionµc(E) of transitions from the
2p3/2(Re) level to the continuum of the unoccupied free-electron-like states in the absence
of the surrounding atoms, figure 1(a). The contributionµc(E) is defined as [17]

µc(E) = 1
2 + (1/π) tan−1[2(E − E0)/1] (1)

where the position ofE0, related to the energy of the continuum threshold, was chosen in the
usual way [13–15] as shown in figure 1(a) and1 depends on the experimental broadening
and on the lifetime of the photo-absorption process [17]: it can be roughly chosen in such a
way as to give a slope ofµc(E) in the vicinity of E0 equal to the slope of the experimental
µ(E) close to the absorption edge. The amplitude and the area of the WL and the position
of the WL maximum were determined fromµWL(E) in the energy range from−30 to 5 eV
relative to theE0 position (figure 1(b)). Their variations with temperature are shown in
figure 2 and will be discussed in section 4.1.

The WL (see figure 1(b)) in ReO3 corresponds to the unoccupied states in the 5d(Re)–
2p(O) conduction band split by the crystal field of six oxygen atoms. It was found that the
WL cannot be described by a single Gaussian or Lorentzian function. However, a model
consisting of two Gaussians gives excellent results. The obtained Gaussian components are
shown in figure 1(c), in which the higher set of narrow Gaussian curves (Gt ) is attributed
to the t2g(π

∗) sub-band and the lower set of broad Gaussian curves (Ge) to the eg(σ ∗) sub-
band [1, 18]. The temperature-dependence of the ratio of these two components is presented
in figure 1(d) and will be discussed in section 4.1.

3.2. EXAFS

The x-ray absorption spectra were treated following a standard data analysis procedure
[15, 19]. Particular attention was devoted to the EXAFS zero-line removal through a multi-
step polynomial/cubic-spline procedure [19], in order to have a correct behaviour of the
EXAFS signal from the first shell. The extracted extended x-ray absorption fine structure
(EXAFS) spectraχ(k)k2 and their Fourier transforms (FT) are shown in figure 3. A
significant decrease in the peaks’ amplitudes with increasing thermal disorder is well visible
in figure 3(b); however, on the whole, the shape both of the EXAFS signals and of their
FTs remains similar with the exception of the highest temperature (T = 668 K) spectrum.
Note that the positions of peaks in the FTs are shifted from their true crystallographic values
because the FTs were calculated without phase-shift correction.
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Figure 2. The temperature-dependence of the white-line (WL) amplitude (a), the area under
the WL (b) and the position of the WL maximum (c). Dotted lines are guides for the eye. The
vertical broken line shows the ReO3 decomposition temperatureTd ' 673 K [16].

The attribution of peaks in the FTs to different coordination shells was described by two
of us previously [13, 14]. Here we will focus our attention only on the two peaks located at
0.7–1.9 and 4.4–5.5 Å, whose low-temperature structural data were presented earlier [15].
These peaks are mainly due to the first shell (O1) and the fourth shell (Re4) contributions,
respectively; however, the outer 30 oxygen atoms (O5) of the fifth shell, located in the
undistorted ReO3 structure atR(Re–O5) ' 5.63 Å from the absorber, also produce some
contribution to the second peak [13–15]. Among the remaining two peaks at 2.1–3.2 and
3.2–4.0 Å only the latter has a simple structural origin: it corresponds to the contribution
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Figure 3. The temperature-dependence of the experimental EXAFSχ(k)k2 spectra measured at
the Re L3 edge in ReO3 (upper panel) and their Fourier transforms (FTs) (lower panel). Only
five spectra are shown for clarity. Note that no large changes occur inχ(k)k2 and in their
FTs below about 668 K except for the continuous increase in thermal disorder, leading to the
damping of the EXAFS signals’ amplitude and to the decrease in the FT peaks’ magnitudes.
However, a shift of the position of the first shell occurs atT = 668 K (see lower panel).

from the rhenium atoms (Re2) of the second shell and from the oxygen atoms (O3) of the
third shell [13, 14]. However, the EXAFS signal from the intense peak at about 3.5 Å
is strongly influenced by the multiple-scattering (MS) due to six Re–O1–Re2 atom chains
that complicates its quantitative analysis [13, 14]. Note only that qualitative analysis of
this signal shows that its total phase remains nearly unchanged up toT = 643 K but its
amplitude decreases significantly when the temperature increases. Thus, only the EXAFS
signals of the first (at about 1.4 Å) and fourth (at about 5.0 Å) peaks, singled out by the
back-FT procedure, were utilized in further analysis.

The first-shell EXAFS signals were analysed using several models of different
complexity and flexibility. The first model (model 1) corresponds to the standard one-shell
harmonic approximation in which the radial distribution function (RDF) of the absorber–
backscatterer distance has a Gaussian shape [20]:

χmodel 1(k) = [N/(kR2)]fref (π, k) exp(−2σ 2k2) sin[2kR + φref (π, k)]. (2)
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Here k = [(2me/h̄
2)1E]1/2 is the photoelectron wavevector (1E = E − E0 is the

photoelectron kinetic energy),N the coordination number,R the interatomic distance and
σ 2 the mean square relative displacement (MSRD) (or the EXAFS Debye–Waller (DW)
factor) related to the thermal and static disorder.fref (π, k) and φref (π, k) are the total
scattering amplitude and phase-shift functions of the photoelectron which were extracted
from the reference EXAFS spectrum measured at low-temperature (T = 77 K) [15]. Note
that fref (π, k) includes the mean free path (MFP)λ(k) correction and the multi-electron
amplitude reduction factorS2

0. The use of the experimental amplitudefref (π, k) and phase-
shift φref (π, k) functions in (2) and (3) leads to relative values of the determined structural
parameters. However, since ReO3 at T = 77 K (used as a reference) can be considered
harmonic to a good approximation [15], we setN(77 K) = 6, RRe−O(77 K) = 1.8737 Å
[21] and σ 2

Re−O(77 K) = 1.83× 10−3 Å2 [15]. Therefore all the data extracted at higher
temperatures (T > 77 K) have theabsolutevalues.

The second model (model 2) represents a model-independent approach to the
reconstruction of the RDFG(R) from EXAFS. It will be described here only briefly (the
details can be found in [19, 22]). For an arbitrary RDFG(R) the first-shell EXAFS is given
by [23]

χmodel 2(k) = fref (π, k)

∫ Rmax

Rmin

G(R)

kR2
sin[2kR + φref (π, k)] dR (3)

where the RDFG(R) corresponds to the number of atoms located in the spherical shell
around the photo-absorber betweenR and R + dR. Our problem is to reconstructG(R)

starting from an experimental signalχexp(k) which is limited in the interval(kmin; kmax)

and affected by systematic and statistical uncertainties.
A functional relationship exists betweenχ(k) and G(R) within the Fourier theory

formalism [24]: if χ(k) is given in k-space from 0 tokmax with a step dk, then G(r)

is defined inr-space from 0 tormax ' π/(2 dk) with a spatial resolutionδr = 1/(2kmax)

(for exampleδr ' 0.03 Å for kmax = 16 Å−1) [25]. Therefore, let us define anarbitrary
RDF G(R) on a grid fromRmin to Rmax with a step dR ' δr. To find the shape ofG(R),
we consider the standard least-squares problem for the EXAFS functionχmodel2(k), defined
by (3),

‖χmodel 2(k)kn − χexp(k)kn‖2 (4)

wherekn is the weighting factor withn being a positive number (n was set to 2 in the present
work). Note also that the shape of the starting RDF influences only the time of convergence
to the solution and does not affect the final result since, if the algorithm described below
is run for sufficiently long, it will eventually lead to the same RDFG(R) being in best
agreement with experimental data.

Since the experimental EXAFS signalχexp(k) is limited in k-space, it is convenient to
discuss the influence of thekmin and kmax values on the determination of the RDFG(R).
The low-k limit, kmin > 0, leads to limitations on the information about strongly broadened
and long-distance parts of the RDF whose contribution to the EXAFS signal is restricted
to the range(0; kmin). If inversion of (3) is perfomed directly, the limitkmin introduces
spurious variations inG(R) due to the abrupt change inχexp at kmin under the integration
[25]. Note that the value ofn = 2 in (4) was chosen in such a way as to make the weight
of the low-k part (k < kmin = 2 Å−1) of the EXAFS spectrum small enough compared to
the other part used in the fit. However, the absence of the low-k information limits the
accuracy of the obtained RDF in any case. The high-k limit, kmax = 14 Å−1, is responsible
for the resolution of the obtained RDF (see above). Besides, if inversion of (3) is performed
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directly, as in the splice method [25], the abrupt change inχexp at kmax leads to truncation
problems in the Fourier transform, resulting in the appearance of spurious variations in
G(R) [19]. In the present approach, the last difficulty has been overcome, because the
integration was performed overG(R) instead ofχexp: the large separation between the first
and the second shell in ReO3 implies that the RDF for the first shellG(R) tends to zero
whenR → Rmin andR → Rmax .

Two numerical approaches [22, 19] exist to solve the problem (4) and, thus, to find the
RDF G(R) which best reproduces the experimental signalχexp(k). The first approach, used
in the present work, is based on the iterative solution of (4) with an additional requirement
on the smoothness ofG(R) [19]. The criterion of smoothness is realised via a standard
nonlinear seven-point smoothing algorithm based on a third-order polynomial function. The
smoothing is performed at each step of the iteration procedure, continuously keeping the
smooth shape of the RDF during the fit. Such a procedure plays the role of a high-frequency
filter, allowing one to exclude situations in which sharp artificial peaks and side lobes [22]
may grow inG(R) due to the noise present inχexp(k). However, it was found that the
smoothing procedure has little importance when the fit of an EXAFS signal singled out by
a Fourier transform is performed. Note that this approach is similar to the regularization
technique [26], with the difference that additional terms with the regularization parameters,
which should appear in (4) and make the problem solvable using the methods of linear
algebra within the regularization approach [26], are substituted by the smoothness constraint
on the shape ofG(R) and then the problem (4) is solved using an iterative procedure [19].
This approach was tested on a set of model distributions [19] and was successfully applied to
the analysis of a number of crystalline compounds such as WO3−x , MoO3, W(Mo)O3 ·nH2O
and MoxW1−xO3 [19, 27].

The second approach corresponds to a method [22] similar to the one-dimensional
reverse Monte Carlo (RMC) technique [28] in which the final RDF is found by the successive
raising and lowering ofG(R) within each dR interval until the best agreement between
χmodel(k) andχexp(k) has been achieved. This approach was applied recently to disordered
systems [22].

The RDF G(R) obtained by method 2 can be directly compared with that obtained
by other experimental techniques or computer simulations. However, it is often useful
for comparison with the results of other techniques to have a set of structural parameters
instead of a total distribution function. Therefore a parametrization of the obtained RDF
using a proper analytical model can be performed. In the simplest case, a decomposition
into a set of Gaussians can be performed, leading to results close to those which can
be obtained by a standard multi-shell least-squares fitting approach. The advantages of
method 2 in comparison to the multi-shell fit are as follows: first, the number of shells
and their positions can be chosen in a more adequate way, depending on the shape of
the obtained RDF; second, the obtained structural information is less sensitive to the low-
frequency non-structural oscillations (due to the inaccuracies of the EXAFS background
removal and the possible presence of atomic-like oscillations [29]) which are often present
in the experimentalχ(k) data even after the Fourier filtering procedure [19]. It is necessary
to point out that, if parametrization is performed, one should take into account the total
number of parameters used in the model: it must be less than that given by the Nyquist
theorem [30, 31]

Mmax ' (21k1R)/π + 2 (5)

where 1k and 1R are respectively the widths ink- and in r-space used in the Fourier
filtering procedure. For the first shell of rhenium in ReO3, 1k = 12 Å−1 and1R = 1.3 Å
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so thatMmax ' 12. Note that an approximate relationship exists betweenMmax and the
number of pointsMr = 1R/dR + 1 in which G(R) is defined inr-space:

Mmax ' (Mr − 1)/π + 2 (6)

where the following approximations are used:1k ' kmax and dR ' 1/(2kmax).
Besides the two above-mentioned methods, the standard multi-shell fitting procedure

within the single-scattering harmonic approximation (method 3) [20, 23] and the splice
technique (method 4) [25, 32] were also applied in the present work to the analysis of the
first-shell EXAFS signal. The results obtained by method 3 agree quite well with the results
of method 2. However, due to the above-discussed disadvantages of method 3, the obtained
structural parameters have larger error bars. The application of the model-independent
splice technique (method 4) [25, 32] gives RDFs which are more noisy than those obtained
by using method 2. This can be explained in terms of the reason mentioned above [19]:
the thermal MSRD value for the Re–O pair in the first shell is small enough (even at high
temperatures) to result in the high amplitude of the EXAFS signal atkmax ; consequently,
the so-calledtruncation effect [24] occurs in the calculation of the integral over the reduced
EXAFS signal within the splice approach [25] that leads to the appearance in the RDF of
a set of spurious peaks.

The EXAFS signals from the fourth peak at about 5.0Å were analysed in the same way
as previously [15]. We used a two-shell single-scattering harmonic approximation in which
the RDF related to the fourth peak consists of the sum of two Gaussians corresponding to the
groups of 12 rhenium (Re4) and 30 oxygen (O5) atoms. The EXAFS signal of each of the
two shells was calculated by equation (2) with backscattering amplitude and phase functions
obtained theoretically using the FEFF code [15, 33]. The values of coordination numbers and
interatomic distances were fixed at their crystallographic values (N(Re4)=12,R(Re–Re4) =
5.30 Å, N(O5) = 30 andR(Re–O5) = 5.63 Å). Only the MSRDsσ 2 of Re–O5 and Re–
Re4 pairs were used as fitting parameters, satisfying completely the Nyquist criterion for
the fourth shell of rhenium in ReO3: Mmax ' 10 at1k = 12 Å−1 and1R = 1.1 Å.

4. Results

4.1. XANES

The results of the XANES analysis, described in section 3.1, are presented in figures 1(c)
and (d) and 2. The formal valence state of the rhenium ion in ReO3 is 6+, therefore it has
a [Xe]5d1 ground state configuration. At the Re L3 edge, following the dipole transition
rule 1l = ±1, a 2p3/2(Re) core electron is excited to an empty quasi-bound5, εd state in
the continuum (ε) with 5d(Re) atomic character and the final state is described as 2p55d2

[34]. This transition gives the origin of the WL (figures 1(a) and (b)). The second possible
channel 2p3/2(Re) → 6, εs was found to be smaller by a factor of about 50 [13], therefore
we have neglected it in the further analysis. The bar over5, εd and6, εs indicates that the
final state of the photoelectron is the relaxed excited state in the presence of the core hole
at the 2p level screened by other electrons.

The integral intensity of the WL (the WL area) is proportional to the squared radial
matrix element times the number of empty 5d states: it remains constant in the whole range
of temperatures except for very low (T < 130 K) and high (T > 600 K) temperatures
(figure 2 (middle panel)). However, the WL amplitude increases with temperature
(figures 1(b) and 2 (upper panel)) and a shift of the WL maximum to higher energies
occurs atT > 470 K (figures 1(a) and 2 (lower panel)).
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The following discussion will be based on a single-particle model taking into account
the 2p core spin–orbit coupling and the crystal field splitting15d ' 6.5 eV [18] (4.7 eV
[35]) of the 5d conduction band. Other effects such as 5d spin–orbit coupling (1so ' 1.5 eV
[1]), correlations within the 5d band and the correlations between the 2p core hole and the
5d holes are considered to be smaller [36] and will not be discussed here.

In the initial state, the 5d conduction band is split by the ligand field of six oxygen
atoms into the sub-band t2g(π

∗), a sixth of which is filled, and the completely empty sub-
band eg(σ ∗) [1, 18, 35]. There are five and four unoccupied states in the t2g(π

∗) and eg(σ ∗)
sub-bands, respectively. The t2g(π

∗) sub-band is characterized by a sharper density of
states compared to eg(σ

∗) [18]: this situation is in agreement with the two-Gaussian (Gt

andGe) decomposition shown in figure 1(c). In the final state, which is actually observed,
the separation between the t2g(π

∗) and eg(σ ∗) sub-bands is modified due to their different
relaxations in the presence of the core hole [37]. Note that the separate transitions into
the non-bonding t2g(π

∗) and antibonding eg(σ ∗) states are not observed directly in the
experiment (figure 1(a)) due to the large core-hole level width0L3(Re)=3.4 eV [38] and the
experimental broadening. They can be found only by decomposition of the WL into two
Gaussian components (Gt andGe) (see figure 1(c)) (as has been mentioned in section 3.1,
no one single Gaussian or Lorentzian distribution is sufficient to describe the WL shape).

The increase in temperature leads to modifications both ofGt and ofGe components: (i)
the positions of their maxima shift to higher energies by about 0.7–0.8 eV; (ii) the FWHMs
decrease by about 1.2 and about 3.9 eV for theGt and Ge curves, respectively, and (iii)
the amplitude of theGt component decreases slightly while it increases strongly for theGe

component. Besides, the ratioGt/Ge

Gt/Ge ' |〈t2g(π
∗)|ε̂ · r|2p3/2〉|2Nt2g(π∗)(E)/|〈eg(σ

∗)|ε̂ · r|2p3/2〉|2Neg(σ ∗)(E) (7)

decreases continuously with increasing temperature, indicating a strong and progressive
localization of the electron states within the two sub-bands occurring with temperature
(figure 1(d)): at high temperature (T ' 600 K), the ratioGt/Ge is close to that in the pure
atomic case (Nt2g(π∗)(E)/Neg(σ ∗)(E) = 5

4) (see the broken line in figure 1(d)).
These results indicate that the increase of temperature leads to the narrowing of the

t2g(π
∗) and eg(σ ∗) sub-bands with a strong localization of the electron states (especially

of those having eg character) at rhenium sites due to the electron–phonon coupling [1].
Moreover, a shift in the position of the WL (orGt andGe) maximum allows us to suppose
that the effective charge of the rhenium ions increases with temperature due to the decrease
of the rhenium–oxygen pd covalent mixing. As a result of the localization, it is expected
that, at high temperature, a distortion of the local rhenium environment should occur due
to the Jahn–Teller effect. For the d1 configuration [39] of Re6+ ions, the regular ReO6
octahedra should become compressed with two short and four long Re–O distances.

4.2. EXAFS: the first shell

The first-shell contributions to the experimental EXAFS signals were analysed following
the procedures described in section 3.2. The best-fit results obtained using models 1 and 2
are presented in figure 4.

The low-temperature data (T < 350 K) have been interpreted well previously using
the standard one-shell Gaussian model (model 1) [15]. At higher temperatures, however,
the quality of the fit decreases with increasing temperature: the simple model 1 is able
to reproduce the experimental data only up tok ' 9 Å−1, giving worse results at large
wavevector values (figure 4(a)). This means that, at high temperatures thermal disorder or
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Figure 4. Best fits (full lines) of the experimental EXAFSχ(k)k2 signals of the first shell
(dotted lines) at different temperatures using two models described in the text: (a) a one-shell
harmonic model (model 1) and (b) a model-independent RDF approach (model 2). Only four
spectra are shown for clarity.

static distortions influence the distribution of Re–O distances which strongly deviates from
the Gaussian one. Model 1 is anyway suitable to extract an average behaviour of structural
parameters (figure 5) and, besides, it is very stable numerically due to the small number
(three) of fitting parameters (N , R andσ 2).

The results obtained by using model 1 show that the number of oxygen atoms in the first
shell of rhenium is always equal to six (upper panel in figure 5). However, a decrease in
the average Re–O distance from the value given by XRD [21] occurs atT > 600 K (middle
panel in figure 5). Besides, a strong deviation of the MSRDσ 2 from the Debye model
(2D = 780 K [15]) occurs already atT > 350 K (lower panel in figure 5): we attribute
this difference to the presence of the static/dynamic distortion of the ReO6 octahedron.

Model 2 gives good agreement between experimental and calculated EXAFS signals
in the whole experimentalk-range (figure 4(b)). This is not surprising, since model 2
is limited only by the inaccuracies in the scattering amplitude and phase-shift functions:
those used here were extracted from experimental data measured at 77 K and therefore
their reliability can be considered good. In model 2, the RDFG(R) is not fixed to some
analytical form; therefore it can have an arbitrary shape and takes into account any kind
of possible distortion, thermal as well as static [19, 22]. The obtained RDFsG(R) are
presented in figure 6(a). Of course, the accuracy of their shapes is limited by the lack
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Figure 5. The temperature-dependence of theaveragecoordination numberN (O1) (the number
of oxygen atoms), the interatomic distanceR(Re–O1) and the MSRDσ 2(Re–O1) in the first
shell of rhenium. The full and open circles show the results obtained by using models 1 and
2, respectively. Full lines correspond toN = 6, the interatomic distance given by diffraction
[10, 21] and the MSRD given by the Debye model with2D = 780 K [15]. The vertical broken
line shows the ReO3 decomposition temperatureTd ' 673 K [16]. Note a decrease in the
average Re–O1 distance atT > 600 K and a large deviation of the MSRD from the Debye
model occurring atT > 350 K.

of k < kmin and k > kmax information (see section 3.2). The RDFs have two interesting
peculiarities. First, the asymmetry of the RDF begins onT = 383 K and increases with
temperature up to 643 K: it appears as a tail on the low-R side of the distribution, whereas
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for a purely thermal anharmonic pair potential, one generally expects to find a high-R tail.
Second, a clear distortion of the first shell into two sub-shells occurs at 668 K (figure 6(a)).
A rough single-Gaussian approximation of the RDFs in figure 6(a) gives results similar to
those given by model 1 (see the open circles in figure 5).

Figure 6. (a) RDFG(R) for the first shell of rhenium in ReO3 at various temperatures obtained
using the model-independent RDF approach (model 2). An asymmetry in the RDFG(R),
consisting of the tail on the left-hand side of the peak (R ' 1.7 Å), progressively increases
with temperature, the peak passing to the double-peak shape atT = 668 K. (b) A schematic
representation of table 1. The positionsR of the groups of oxygen atoms in the first shell of
rhenium are shown by vertical lines. The amplitudes of the vertical lines are equal to coordination
numbersN .

More refined analysis shows that, within the first approximation, the obtained RDFs for
383 6 T < 563 K can be decomposed into two Gaussians (six parameters:Ni , Ri , σ 2

i

and i = 1, 2) whereas forT > 563 K three Gaussians (nine parameters:Ni , Ri , σ 2
i and

i = 1, 2, 3) (table 1 and figure 6(b)). Such parametrization of the model-independent RDFs
(figure 6) satisfies the criterion given by the Nyquist theorem [30, 31] (Mmax ' 12 in our
case). To examine the significance of adding a new Gaussian component, the method based
on anF -test was also used [40]. The fitting errorεi between the RDFGmodel 2(R) obtained
by method 2, and the fitted RDFGf it

i (R), which is equal to the sum ofi Gaussians, was
found to be

εi = Mmax

Mr(Mmax − Mf it )

Mr∑
j=1

(G
f it

i (Rj ) − Gmodel 2(Rj ))
2 (8)

whereMr is the number of points inr-space,Mf it is the number of fitting parameters and
Mmax is given by equation (5). Choosing the significance level equal to 5%, the criterion
of adding a Gaussian component is given by [41]

εi/εi+1 > F0.95 (9)

where the value ofF0.95 can be taken from a table (see, for example, table VII in [41]).
The results of theF -test are presented in table 1: they support the numbers of Gaussian
components used for the decomposition of the RDFs obtained by method 2.

The use of two Gaussians for the RDFs corresponding to the EXAFS spectra at
383 6 T < 563 K allows us to describe the low-R-side asymmetry ofG(R), while the
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Table 1. Structural data for the local environment of rhenium in ReO3 at T > RT (see also
figure 6(b)). The data were obtained by the decomposition of the RDFG(R) into one, two
or three Gaussian-like sub-shells representing symmetry-inequivalent groups of oxygen atoms
within the first coordination shell. The Schoenflies symbol for the rhenium site symmetry group
is given in the second column. The fitting errorsεi are calculated by equation (8) and the values
of Fisher’s quantityF0.95 are taken from table VII of [41]. The errors of structural parameters
are1N ' ±0.3, 1R ' ±0.005 Å and 1σ 2 ' ±0.0005Å2.

One sub-shell Two sub-shells Three sub-shells
Space

T (K) group N1 R1 (Å) σ 2
1 (Å2) N2 R2 (Å) σ 2

2 (Å2) N3 R3(Å) σ 2
3 (Å2) εi/εi+1 F0.95

RT Oh 6.1 1.876 0.0024
350 Oh 5.9 1.875 0.0024
383 4.9 1.894 0.0033 1.1 1.832 0.0014 5.3 4.8
463 4.9 1.890 0.0042 1.0 1.838 0.0019 6.3 4.8
513 D4h 4.2 1.891 0.0050 1.6 1.850 0.0027 55.8 9.8
563 3.7 1.862 0.0040 2.1 1.9169 0.0057 0.3 1.678 0.0012 10.3 9.8
613 5.3 1.868 0.0048 0.4 1.990 0.0024 0.4 1.674 0.0017 12.9 9.8
643 5.3 1.855 0.0056 0.4 1.998 0.0015 0.4 1.660 0.0023 12.5 9.8
668 C4v 3.6 1.801 0.0049 1.1 1.952 0.0019 1.2 1.707 0.0019 51.1 9.8

three-Gaussian parametrization describes further broadening (the peak at about 1.67Å in
figure 6(a)) of the RDFs at higher temperatures. Note that, even if the RDF atT = 668 K
has a double-peaked shape, the first peak at about 1.75Å is so wide that two Gaussians are
required for its description.

Thus, model 2 allows us to interpret in detail the distortion of the first shell in ReO3,
discovered within the one-shell model 1. According to the results of the analysis (see
table 1), the group of six oxygen atoms surrounding the rhenium atom in the form of a
regular octahedron (R(Re–O) = 1.875 Å) at T 6 350 K are split into two and three sub-
groups (sub-shells) at higher temperatures. Our results show that a progressive distortion
takes place so that rhenium sites having different local symmetry are present in ReO3 at
some intermediate temperatures (in 3836 T 6 513 K and 5636 T 6 643 K).

4.3. EXAFS: the fourth shell

The peak at 4.4–5.5̊A in the FT (lower panel in figure 3) corresponds to the fourth shell,
composed of 12 rhenium atoms at about 5.30Å and to the fifth shell formed by 30 oxygen
atoms at about 5.63̊A. The rhenium atoms produce the main contribution for two reasons:
(i) the rhenium backscattering amplitude is much larger at high energies than that of oxygen
atoms and (ii) the thermal disorder (the MSRD values) of rhenium atoms is smaller than
that of the oxygen atoms [15]. As a result, since the oxygen atoms contribute mainly at
low-k values, it is possible to separate partially the contributions of rhenium and oxygen
atoms ink-space and thus to decrease the correlation in the best-fit procedure between the
structural parameters of two shells.

The EXAFS signals of the fourth shell, singled out by back-FT, were analysed using
a two-shell Gaussian model containing contributions from oxygen and rhenium atoms in
the same way as in [15] (see also section 3.2). The analysis shows that only the amplitude
varies with temperature due to the increase in thermal disorder whereas the total phase of
the EXAFS signal, related to the peak position in the FT, remains unchanged within the
experimental accuracy (lower panel in figure 3). This means that the variation of the Re–
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Re4 (R(77 K) = 5.30 Å) distance is very small, as expected from the XRD measurements
[21]: 1R(Re–Re4) = R(670 K)–R(77 K) = 0.0035Å.

The obtained high-temperature MSRDs for the Re–Re4 atom pair are shown in figure 7.
They are in good agreement with previous low-temperature measurements and the correlated
Debye model with2D = 333 K [15]. Note that the correlation in the atomic motion for the
Re–Re4 pair, corresponding to the difference between the dotted and full curves in figure 7,
is smaller than that for the Re–O1 pair in the first shell for reasons discussed in [15]. The
MSRD for the Re–Re4 atom pair increases with temperature according to the Debye model
for T 6 643 K. However, it has an abrupt rise atT ' 668 K (see the last point in figure 7),
that can be explained in terms of the strong decrease in the correlation of the Re–Re atomic
motion near the ReO3 decomposition temperatureTd ' 673 K. This conclusion is supported
by the fact that, atT = 668 K, the value of the MSRDσ 2(Re–Re4) is close to the value
given by the uncorrelated Debye modelσ 2

MSD (dotted line in figure 7) equal to the sum of
the mean square displacements (MSD)u2

Re [15]. Therefore one can use the value of the
MSRD σ 2(Re–Re4) at T = 668 K to estimateσ 2

MSD andu2
Re: u2

Re ≡ σ 2
MSD/2 ' 0.0053Å2.

Note that the value ofu2
Re at T = 668 K is more than double the room temperature MSD

of rhenium atomsu2
Re(RT) ' 0.0018Å2 observed by XRD [42]. It could be interesting to

compareu2
Re(T = 668 K) estimated by EXAFS with that determined by XRD, however,

the known XRD data are available only up to 300 K [42].

Figure 7. The temperature-dependence of the MSRD for the Re–Re4 (R ' 5.3 Å) atom
pair. Full and dotted curves correspond to the correlated and uncorrelated Debye models with
2D = 333 K, respectively [15]. The vertical broken line shows the ReO3 decomposition
temperatureTd ' 673 K [16].

5. Discussion

In this section, on the basis of the results of x-ray absorption spectra analysis, we will discuss
a model which is able to explain the behaviour of the electronic and atomic structures
in ReO3 within the temperature range 77–668 K. The perovskite-like structure of ReO3,
composed below 380 K of regular ReO6 octahedra joined by vertices, is characterized by
the strong covalentσ -bonding between rhenium and oxygen atoms involving the cationic
e2

gsp3
σ and anionic spσ orbitals [1, 18, 35]. The presence of the strong Re–O bonds is

manifested in the high anisotropy of oxygen thermal vibrations [42–44] and was recently
confirmed by EXAFS measurements [15]. As a result of the strong covalent bonding, the
Re–O π bonds formed by O 2pπ and Re 5d(t2g) orbitals are highly directional [1, 18]
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and rhenium oxide, having a broadened conduction band with 5d character and one
electron per rhenium atom, exhibits high metallic conductivity [8, 45]. The presence of
an electron in the conduction band is responsible for the stability of the ReO3 lattice since
structural distortions lead to an increase in the total energy of the conduction electrons
and, consequently, of the total crystal energy [7, 46]. The absence of any phase transition
in ReO3 at temperaturesT < 350 K was confirmed by XRD [42] and EXAFS [15]
studies. One should point out that, in contrast to ReO3, tungsten oxide WO3 has a
distorted ReO3-type structure whose symmetry changes consequently upon cooling from
tetragonal→ orthorhombic→ monoclinic(I) → triclinic → monoclinic(II) due to the
condensation in each phase of the particular soft phonon modes [46]. The formal valence
of tungsten ions in WO3 is 6+, as of rhenium ions in ReO3. However, for tungsten this
results in the [Xe]5d0 ground state configuration with an empty 5d band. Thus the series
of structural phase transitions observed in WO3 is explained in terms of the inter-band
screening of the phonon modes involving the empty conduction and filled valence bands
[7].

The possibility of a phase transition in ReO3 was suggested on the basis of the high
anisotropy of oxygen thermal vibrations [44]: the XRD data [42] show that the amplitude
of the oxygen vibrations is much larger (about 2–3 times) in the direction perpendicular
to the Re–O–Re chain than it is along it. Such thermal behaviour is similar to that
observed in perovskites, in which a displacive phase transitions occurs at low temperatures
due to the optical mode softening [4]. However, in ReO3, a set of phase transitions
Pm3m → P 4/mbm → I4/mmm → Im3 due to the consequent condensation of one,
two and threeM3 phonons, consisting of the rotation of ReO6 octahedra around [100]
axes and related to the anisotropy of the oxygen vibrations, was only found at room
temperature and high pressure (above 5 kbar) [9, 10]. One should point out that a first
pressure-induced transition at 5.2 kbar from the cubicPm3m to the tetragonalP 4/mbm

phase is accompanied by a small distortion (compression) of the ReO6 octahedra, resulting
in four long R(Re–O(1)) = 1.875 Å and two shortR(Re–O(2)) = 1.8707 Å distances
whereas at higher pressure the ReO6 octahedra remain undistorted withR(Re–O)= 1.872–
1.874Å [10]. Similar behaviour was also observed in NaxWO3, a metallic perovskite-type
compound, in which a condensation ofM3 phonons occurs upon cooling from 500 to 3 K
[12].

In the present work, based on the results of the XANES and EXAFS analyses (section 4),
we obtained direct evidence that, in ReO3, a progressive localization of the 5d states
following the temperature rise is accompanied atT > 350 K by a distortion of the ReO6
octahedra which increases with temperature up to the decomposition pointTd ' 673 K [16].

To explain the behaviour of the local electronic and atomic structures around rhenium
atoms in ReO3 within the temperature range 77–668 K, we propose a model (see figure 8)
which is based on the electron–phonon coupling mechanism. The description of the model
is presented in the following. It is known [42] that the amplitude of vibrations of the oxygen
atoms in the direction perpendicular to the Re–O–Re chain (M3 phonons [10]) increases
continuously with temperature. These vibrations lead to the decrease of the overlap (and
interaction) between the 5d rhenium and 2p oxygen orbitals and, besides, their effect is
stronger for theσ -type bonding (lobes pointing along the Re–O bond axis) than for the
π -type bonding (lobes perpendicular to the Re–O bond axis). Therefore, in the case of the
antibonding eg(σ ∗) and t2g(π

∗) orbitals, which contribute to the conduction band of ReO3,
the overlap (and interaction) between the eg(σ

∗) orbitals of the cation and the p(σ ∗) orbitals
of anions should decrease with temperature faster than does the overlap (and interaction)
between the t2g(π

∗) orbitals of the cation and the p(π∗) orbitals of anions. This conclusion
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is consistent with the results of the XANES analysis (figures 1(c) and (d) and 2) discussed
in section 4.1. The decrease in the 5d(Re)–2p(O) interaction results in the contraction of
the radial extension of the atomic 5d rhenium orbitals and, consequently, in a narrowing
of the t2g and eg sub-bands with the localization of the 5d electron states at rhenium sites.
The decrease in the covalent mixing between rhenium and oxygen orbitals leads also to
an increase in the effective charge on rhenium ions since the bonding oxygen orbitals
screen less the rhenium 5d orbitals [1]. As a result, the energy of the unoccupied 5d
states increases and the position of the absorption edge (or the WL maximum) shifts to
higher energies (see figures 1(a)–(c) and the lower panel in figure 2). A similar effect of
conduction-band narrowing due to a decrease in the cation–anion interaction was observed
recently for NaxWO3 [47]. The analysis of the oxygen K edge showed that the presence
of sodium ions (which arerandomly distributed at the A sites of the ABO3 lattice [1] and
compete with tungsten ions for bonding to the O 2p states [1]) results in a weakening of
the O 2p–W 5d interaction, leading to a reduction in the t2g–eg splitting and to the 5d band
narrowing [1, 47, 48].

Figure 8. A model of the high-temperature behaviour of ReO3 within the first coordination
shell: the local symmetry at the rhenium site decreases consequently from Oh to D4h and C4v .
The rhenium atom is shown by an open circle and the oxygen atoms by full circles. The
displacements of oxygen atoms leading to the distortion of the first shell are shown by arrows.

Within our model, due to the progressive localization of the 5d states with increasing
temperature, atT ' 380 K the 5d electrons start to behave partially as localized and
the Jahn–Teller distortion of the ReO6 octahedra occurs. For the 5d1 ≡ t

1
2g configuration

of the rhenium ion, the compressed octahedron should be energetically more favourable
than is the elongated one [39]; therefore the octahedral rhenium site symmetry Oh

(R(Re–O) = 1.875 Å) is lowered by the Jahn–Teller effect to the tetragonal D4h with two
short (1.86Å) and four long distances (1.89̊A) (see figure 8 and table 1). Similar Jahn–
Teller distortions were observed earlier in perovskite SrTiO3 doped with Cr5+ [49] and V4+

[50] ions which both have the 3d1 ≡ t
1
2g configuration with the 3d states being localized.

The Jahn–Teller distortion does not displace the cations from the centres of symmetry of
their anionic interstices and does not enlarge the crystallographic unit cell [1, 39]: this is in
agreement with the unchanged distances between the absorber and rhenium atoms located
in outer shells: the peaks corresponding to the rhenium shells in the FTs are located nearly
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at the same position atT < 668 K and, in particular, the distance between the absorber
and rhenium atoms in the fourth shell, which was analysed in the present work, remains
unchanged within the accuracy of the experiment (see section 4.3). We should note that the
XAS results (figures 1(c) and (d) and table 1) do not allow one to distinguish whether the
localization occurs at all rhenium sites simultaneously or not. Therefore, in the range of
temperatures 3836 T < 513 K, there can be two possibilities: (i) a progressive lowering
of the local symmetry at all rhenium sites occurs at the same time and (ii) both distorted
(D4h) and undistorted (Oh) octahedra coexist so that the obtained structural parameters give
average values over the rhenium sites of both types.

Further distortion of the ReO6 octahedron, observed from the EXAFS data atT > 563 K
(figure 6(a)), can be explained in terms of the electron–phonon coupling of the 5d localized
electrons with theM ′Z

3 phonons (which are responsible for a set of phase transitions in WO3

[46]) leading to thez displacements (by about 0.12̊A) of rhenium atoms and to the lowering
of the rhenium site symmetry from D4h to C4v. It was found (see figure 8 and table 1)
that the rhenium ions located at the sites with the C4v symmetry have one short (1.71̊A),
four intermediate (1.80̊A) and one long (1.95̊A) Re–O distances. Also in this case, it is
difficult to conclude whether the distortions at intermediate temperatures 513< T < 668 K
occur simultaneously for all rhenium sites or not.

6. Summary and conclusions

We have presented for the first time an x-ray absorption spectroscopy study on the Re L3

edge of the high-temperature structure of ReO3. The measurements were performed in the
temperature range from RT up to the ReO3 decomposition temperatureTd ' 673 K [16].
Both XANES and EXAFS regions have been analysed, and their results are discussed,
together with those obtained by us earlier at low temperatures (T < 350 K) [15].

A modification of the local electronic structure was observed with increasing
temperature. It can be explained (i) in terms of a progressive narrowing of the t2g and
eg sub-bands with a localization of the electron states (especially having eg character) at
rhenium sites due to the electron–phonon coupling and (ii) in terms of the increase in the
effective charge on rhenium ions.

The beginning of a distortion of the ReO6 octahedra was observed atT ' 380 K. It
leads to the lowering of the local symmetry at rhenium sites from Oh to D4h. This distortion
is explained by the modifications occurring within the electronic structure of ReO3 due to
the Jahn–Teller effect caused by the rhenium localized 5d1 electron which becomes localized
at high temperature. When temperature increases, atT ' 563 K, a further distortion of the
ReO6 octahedra from D4h to C4v local symmetry appears which can be explained in terms of
the coupling of the 5d electron with theM ′Z

3 phonon. The obtained results suggest that the
temperature-dependence of the ReO3 conductivity at high temperatures (500< T < 670 K)
could deviate from its low-temperature behaviour [45].
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