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Concentration dependence of superconductivity and the order-disorder transition in the hexagona
rubidium tungsten bronze RbxWO3: Interfacial and bulk properties
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We revisited the problem of the stability of the superconducting state in RbxWO3 and identified the main
causes of the contradictory data previously published. We have shown that the ordering of the Rb vacancies in
the nonstoichiometric compounds have a major detrimental effect on the superconducting temperatureTc . The
order-disorder transition is of first order only nearx50.25, where it cannot be quenched effectively andTc is
reduced below 1 K. We found that the highTc’s that were sometimes deduced from resistivity measurements
and attributed to compounds with 0.25&x&0.30, are to be ascribed to interfacial superconductivity that
generates spectacular nonlinear effects. We also clarified the effect of acid etching and set more precisely the
low-rubidium-content boundary of the hexagonal phase. This work makes clear thatTc would increase con-
tinuously ~from '2 K up to '5.5 K) as we approach this boundary (x'0.20), if no ordering would take
place—as it is approximately the case in CsxWO3. This behavior is reminiscent of the tetragonal tungsten
bronze NaxWO3 and asks the same question: what mechanism is responsible for this large increase inTc

despite the considerable associated reduction of the electron density of stateDFE? By reviewing the other
available data on these bronzes we conclude that the theoretical models that are able to answer this question are
probably those where the instability of the lattice plays a major role and, particularly, the model that calls upon
local structural excitations, associated with the missing alkali atoms.

DOI: 10.1103/PhysRevB.65.144528 PACS number~s!: 74.62.2c, 74.70.Dd, 61.50.Nw, 81.30.Hd
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I. INTRODUCTION

Tungsten bronzes with general formulaMxWO3 are the
first oxides where superconductivity has been observe
1964.1 Much attention has been paid to these nonstoich
metric compounds in which it seemed possible to study h
the normal and superconducting states react to the filling
the conduction band—as this can be adjusted within ra
large ranges by varying theM content (M5alkali). The most
extensive investigations have been carried out
NaxWO3—which displays distorted perovskite structures
and particularly on the tetragonal phases, in which a la
increase of the superconducting transition temperatureTc has
been observed by reducing the Na content (Tc'0.7 K for
x50.4 whereasTc'3 K for x50.2).2 This Tc(x) depen-
dence was rather puzzling because it seemed quite clear
the density of state at the Fermi levelDFE was decreasing
with x. At the same time, an enormous amount of data w
accumulated on those properties that are related to the
mobility of the small M atoms, and which could lead t
applications in electrochromic devices and solid electroly
These highly mobileM atoms—and the associated Einste
like phonon modes—were also suspected to play a deter
ing role in the electron-phonon coupling; however, no cle
correlation has been found between the characteristic en
of these modes and the stability of the superconducting s
Many studies have been also devoted to the hexagonal t
sten bronzes~HTB!, where higherTc’s were obtained,3 but
they yielded many conflicting results, particularly about t
Tc(x) dependence, and this apparently discouraged fur
attempts to get a better knowledge of these systems.
cently, however, this issue came back in the foreground
0163-1829/2002/65~14!/144528~10!/$20.00 65 1445
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cidentally after superconductivity and even high-temperat
~superficial! superconductivity was observed in WO32x ~Ref.
4! and Na0.05WO3 ~Ref. 5!, respectively. This encouraged u
to revisit the HTB, and particularly RbxWO3 where the high-
estTc had been observed.

The structure of these bronzes has been described firs
Magnéli.6 It is based on a framework of WO6 ~distorted!
octahedra that are linked by their corners, as they are in
tetragonal tungsten bronzes, but forming here hexagonal
nels in which the alkali atoms are accommodated. This str
ture is stabilized by these atoms if they are large enough~K,
Rb, and Cs! and if they fill more than a half of the tunne
sites (0.19&x&0.33).

The electronic structure of the tungsten bronzes has b
calculated only for cubicMWO3 and hexagonal WO3 model
systems7 and is rather in good agreement with the results
photoemission measurements carried out on NaxWO3.8

These calculations seem to indicate that the main feature
the valence and conduction bands are not very sensitiv
the symmetry of the WO3 framework and rather independe
of M: the role of the alkali atoms being above all to give th
s electrons to the conduction band whose bottom is ma
built of W 5d(t2g) orbitals, hybridized with the O 2p’s.

The hexagonal tunnels running along thec direction are
quite open and this allows the smaller alkali atoms to be v
mobile. In the substoichiometric compounds of RbxWO3 and
KxWO3, they tend to order below or near room temperatu
respectively.9,10 According to Satoet al.9 this ordering could
be responsible for the drastic reduction ofTc around x
'0.25 and for the electron-transport anomalies observed
Stanleyet al.11 and Cadwellet al.12. Similar but much less
©2002 The American Physical Society28-1
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pronounced behaviors were recognized in CsxWO3 by Sko-
kan et al.,13 as if the larger size of the Cs atoms imped
their ordering. These authors—belonging to what we sh
refer to as the Florida group—also reported an unexplai
anisotropy of the upper critical field and Stanleyet al.11 un-
derlined the poor reproducibility of their data: some RbxWO3
samples displayed largeTc ('7.5 K) whereas no super
conductivity was observed in others belonging to the sa
composition range. Moreover, other investigations detec
no anomaly in the transport properties.14 Another point was
left controversial: acid etching was found to increase
Tc

15,16and it was not clear if it was due to a reduction of t
Rb content in the bulk or only at the surface of t
samples.17,18 These rather confusing results even l
Lefkowitz19 to attribute any higherTc’s observed in non-
stoichiometric samples to surface effects. We have resu
the experimental investigations on RbxWO3, also encouraged
by the acknowledgment that interesting phenomena are o
hidden behind poorly reproducible data.

A great part of our work had to deal with physical chem
istry issues. It will be described in a forthcoming paper20

hereafter referred to as II.

II. EXPERIMENT

A. Preparation of samples

In the first stage of our investigations, we studied sin
crystals grown electrolytically from a melt consisting
Rb2CO3 and WO3—according to the method developed b
Sienko and Morehouse.21 Contrary to some authors wh
claimed to have obtained big single crystals with 0.19,x
,0.33, we had good results, by using this method, only
the stoichiometric (x'0.33) melt. Moreover, it was very dif
ficult to guarantee that these crystals were completely
from occlusions of the melt. As our aim was first to clari
how the superconducting properties depend onx, we needed
homogeneous samples and a good knowledge of their c
position. Therefore, we preferred carrying out this study w
powder samples that have been prepared by the usual s
state reaction: for each nominalx value, the starting materia
was made up from high-purity Rb2WO4, WO3, and W that
were ground together and placed in a quartz tube. Before
tube was sealed, the mixture was pumped to 1026 Torr and
baked repeatedly at about 150 °C until we observed no m
outgassing. The tube was then heated at 900 °C for 2 da

As discussed in more detail in II, we found no bene
from increasing the temperature above 900 °C, as we did
try to obtain single crystals; on the contrary, we observ
that higher temperatures resulted in attack on the quartz
the rubidium escaping from the Rb-rich samples.

This procedure yields fine crystalline powders with gra
sizes ranging between about 10 and 100mm ~bigger crystals
being found near thex'0.33 content!. By checking that the
x-ray powder diffraction patterns of these samples agree w
the HTB symmetry, and display no trace of another pha
we can be quite confident in taking forx its nominal value.
This has been confirmed by the microprobe analysis of so
of the samples.
14452
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It should be noticed that a solid-state reaction cannot l
to a perfectly homogeneous nonstoichiometric compou
each crystal is poorly connected to its neighbors in a lo
pressure vapor and should reach an equilibrium weakly
pending on its morphology and neighborhood. From our m
croprobe analysis we estimate the dispersion of the
content in our batches at 0.005&dx&0.01.

B. Characterization of the superconducting transition

We used a mutual-inductance bridge and a standard4He
cryostat to systematically characterize the superconduc
transition by monitoring the diamagnetic expulsion in
small, (,231024 T) low-frequency ~33 Hz! magnetic
field. Magnetic susceptibility measurements in static fie
were also done with a superconducting quantum interfere
device magnetometer. These methods are better suited t
investigations we were concerned with than conductiv
measurements. The width of the magnetic transition give
good picture of the homogeneity of the sample, wherea
zero-resistance state may be due only to minute super
ducting sheets or filaments. Moreover, as we shall show la
a crystal that was grown from the vapor and has a suita
size for conductivity measurements may not be a represe
tive of the nominal composition of the batch, whereas t
can be checked readily on powder samples by taking th
from different parts of the powder batch.

We also carried out magnetic susceptibility and cond
tivity measurements on various single crystals but th
experiments—which will be discussed in due course—w
not be included in our determination of theTc vs x depen-
dence.

The amplitude of the magnetic transition of the powd
samples could vary on a rather large range (620%), but we
determined that this was only related to the size and m
phology of the grains as well as to the compactness of
samples.

III. RESULTS

We tried to find out the cause~s! of the nonreproducibility
of the superconducting transition temperatureTc by first
looking for a phase transition between room temperature
900 °C. We used differential thermal analysis and differen
scanning calorimetry~DSC!, and tried to anneal and quenc
the samples from various temperatures but we found no
of a phase transition. However, these heat treatments h
brought to light some aspects of the physical chemistry
these compounds, which could explain a part of the discr
ancies previously noticed. We shall deal with this in II a
here we describe what appeared to be the major caus
these discrepancies: theTc of the nonstoichiometric com
pounds is sensible to the cooling rate below the room te
perature. This was the expected consequence of an orde
of the Rb vacancies like the one described by Satoet al.,9 but
we first missed this cooling-rate effect because we tried
detect it in the region of the composition range where
previously observed dispersion ofTc(x) was the highest, i.e.
nearx'0.25. In this range, we never observed supercond
tivity above 1 K, contrary to what claimed by Stanleyet al.11
8-2
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CONCENTRATION DEPENDENCE OF . . . PHYSICAL REVIEW B65 144528
A. The cooling-rate effect

We have observed this effect for 0.29&x&0.31 and for
0.19&x&0.23, and it is exemplified in Fig. 1: the ‘‘slowly
cooled’’ sample has been cooled down to 90 K within a f
hours before we transferred liquid helium; the sa
‘‘quenched’’ sample reached 4.2 K within a couple of mi
utes after it has been introduced directly in the cryostat fil
with liquid helium. As shown in Fig. 1, it is the ‘‘slowly
cooled’’ samples that have a lowerTc , contrary to what is
expected—and most usually observed—for a better orde
state. We also experimented with a faster cooling down to
K by dropping and stirring the sample in liquid nitrogen, b
we observed no further increase inTc . We also observed tha
the quenched state can be annealed at temperatures a
Tm'(110610) K and, in this respect, we saw no differen
between the three samples studied withx50.19, x50.22 or
x50.29.

The cooling-rate effect clearly confirms the ordering
the Rb atoms in the nonstoichiometric HTB and their e
treme mobilities. We shall present now the other informat
we obtained on the order-disorder transformation.

B. Calorimetric study of the order-disorder transformation

After several unsuccessful attempts, we finally obser
the enthalpy anomaly accompanying this transformation,

FIG. 2. DSC thermograms observed on a powder sample
Rb0.25WO3 ('50 mg) on heating and on cooling at610 K/min.

FIG. 1. Superconducting transitions~mutual-inductance varia
tions! of a powder sample of Rb0.22WO3 after different cooling
rates.
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only in the samples withx'0.25. The apparatus we use
was a Perkin-Elmer DSC-7 and our measurements exten
down to;100 K. As the anomaly is quite weak, we had
use rather sizeable powder samples and high heating or c
ing rates. This could partly explain the large temperat
range of the anomaly and the thermal hysteresis, which
exemplified in Fig. 2. However, by comparing the behavio
of different samples, it appears that the width of the anom
is mainly related to its strongx dependence and to the im
perfect homogeneity of the samples. The data presente
Fig. 3 indicate that a composition differencedx'0.01 in the
neighborhood ofx50.25 leads to a shift of the anomaly b
about 20 K—the largest extrapolated peak onset tempera
we observed being about 240 K.

Our results are rather in good agreement with those
Satoet al.,9 however, we observed no anomaly for 0.16&x
&0.23 and 0.27&x&0.33, which shows that the transition
first order only forx in a narrow range aroundx50.25. Out-
side this range, the transition should become continuous
actually, it is what is observed in the powder-diffraction pa
tern of Rb0.27WO3.

In our x'0.25 samples, we estimate the maximum h
absorptionDH that accompany the order-disorder transiti
to be 80610 J/mol K, and the maximum entropy increa
DS to be 0.3560.05 J/mol K. This value indicates that th
degree of order in Rb0.25WO3 is quite low just before it trans-
forms into the high-temperature disordered state. Actua
the molar configurational entropy of the disordered state
then associated with the number of ways~w! of arrangingN
rubidium vacancies over 4N sites, i.e.,Sdis5kBln w, with

w5
N!

S N

4 D ! S 3N

4 D !

and N5N0/3,

asx50.25 corresponds to 1/4 of the Rb atoms missing fr
the N0/3 sites per mole available in the HTB structure.
gives Sdis51.56 J/mol K. If we eliminate all the arrange
ments where two vacancies or more are first neighbors
find thatw should be

of

FIG. 3. DSC thermograms observed for two powder sample
Rb0.26WO3 on heating~10 K/min!.
8-3
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R. BRUSETTI, P. HAEN, AND J. MARCUS PHYSICAL REVIEW B65 144528
w5

S 3N

4 D !

S N

4 D ! S N

2 D !

,

which givesSdis51.32 J/mol K. Accordingly, the increase o
entropy DS that we observed at the first-order transiti
amounts to about 22–26 % ofSdis. This is rather in good
agreement with the simple Bragg-Williams approximati
applied toAB3 alloys, which givesDS/Sdis517.5%.

C. The resistivity anomaly

As mentioned earlier, Satoet al.9 had noticed that the
order-disorder transition temperatureTs that they determined
from their neutron-diffraction data seemed to correspond
the temperatureTB of the resistivity anomaly observed b
Stanleyet al.11 It was therefore very tempting to attribut
this anomaly to the ordering of the Rb atoms. Since
results clearly confirmed this ordering and showed its str
effect on the stability of the superconducting state, it was s
more difficult to understand why this resistivity anomaly h
not been observed by other authors. This led us to under
new resistivity measurements on single crystals obtained
following the same procedure as that of Stanleyet al.,11 i.e.,
a solid-state reaction at 950 °C for 5 days. In this way,
prepared about 5 g of Rb0.26WO3 and obtained the usua
poorly crystallized, partly sintered powder, plus a few mil
grams of needlelike crystals. These often radiate in bun
from tiny crystals attached to the quartz surface; this sho
that they grew from the vapor. Most of these needles w
dark blue and displayed the hexagonal symmetry of
HTB, but we also observed light-blue whiskers and ev
transparent ones, some of which were curved and even
raled. We selected some of the dark-blue needles, w
were about 5 mm long in thec-axis direction and rathe
ribbon shaped, therefore, well suited to resistivity measu
ments~about 20–50mm in width and 2 –5 mm in thick-
ness!.

FIG. 4. Temperature dependence of the resistivity (ic) of two
vapor-grown type-A fibers, compared with two massive acid-etch
samples (x'0.19) cut ('c) in an electrochemically grown crysta
~full and dashed curves!.
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Silver or gold paints that are usually used to attach curr
and potential leads to small samples, do not give satisfac
electrical contacts on RbxWO3 even by using freshly pre
pared crystals. While evaporated coatings are not very ef
tive, we obtained very good results by first sputtering gold
the contact areas. This nonconducting behavior of the sam
surface will be considered in II. The device we used p
duces contact areas partly enveloping the samples, spec
at their ends, which should allow fairly uniform current line

We measured the temperature dependence of the res
ity of seven of these samples between 300 K and 1.2 K,
using always slow cooling or heating rates~about 2 K/min!
and we observed:~1! in two samples (A), an anomalous
hump in the resistivity (r) as a function of temperature~Fig.
4!—similar to the one observed by Stanleyet al.;11 ~2! in the
other samples (B), a low-temperature upturn ofr ~Fig. 5!;
~3! in all samples, a vanishing ofr occurring between
'8 K and '2 K ~Fig. 6!, whereas, as usual, no sign o
superconductivity was detected in the magnetic susceptib
of the powder samples of the batch; and~4! and large non-
linear effects, in the same temperature range~see Sec. III D!.
These conflicting observations prompted us to question

FIG. 5. Temperature dependence of the resistivity (ic) of two
vapor-grown type-B fibers.

FIG. 6. Temperature dependence of the resistivity (ic) of the
two types of vapor-grown fibers near the superconduct
transition.
8-4
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CONCENTRATION DEPENDENCE OF . . . PHYSICAL REVIEW B65 144528
identity of these fibers and to carry out their examinat
with a JEOL 840-A scanning electron microscope~SEM!
fitted with an energy dispersive spectrometer. This revea
that none of these vapor-transported crystals are really
resentative of Rb0.26WO3: their rubidium content are muc
higher than the nominal content of the batch, samplesB be-
ing structurally and chemically more homogeneous. We s
pect that the special transport properties of these fibers
the consequences of their structural nonhomogeneity
could affect microscopic as well as mesoscopic scales.
suggest that crystallization from the vapor might lead to
growth of rather decoupled layers of HTB sometimes wi
possibly, really different Rb contents. Besides, each laye
strip might be often perturbed by extended defects. We s
discuss the possible nature of these interlayers and interl
defects in II.

Within this framework, we propose the following descri
tion of the features listed above.

~1! The main decrease of the resistance—occurring
about 2.5 K in samplesA—is probably associated with th
superconducting transition of nearly stoichiomet
Rb0.33WO3 strips. But in some samples, and particularly
samplesB, the resistance begins to decrease at about 8
which is much higher than the highestTc’s ever observed in
HTB via magnetic measurements~cf. Sec. III E!. We are not
dealing here with intrinsic superconductivity but rather w
superficial or filamentary effects similar to those observed
NbSe3,22 for instance.

~2! The low-temperature nonlinear conductivity is
symptom, which is related to the defects mentioned abo

D. The nonlinear resistivity behavior of the vapor-grown fibers

At temperatures below about 2 K, the differential res
tancedV/di steeply rises when the bias current exceed
critical value I c and then decreases toward the value of
normal state resistance~Figs. 7 and 8!. Sweeping the bias
current up or down at different rates does not modify sign
cantly the current dependence ofdV/di, which is not very
sensitive either to the thermal cycling. Well below and a

FIG. 7. Low-temperature differential resistance of the vap
grown sample no. 5 as a function of the bias current. The in
magnifies the low-current range.
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beyond I c the differential resistance displays rather erra
features that seem to be related to noise generating insta
ties.

Assuming a uniform current distribution, theI c values at
'1.2 K would correspond to current densitiesj c ranging
between about 0.05 A/mm2 and 20 A/mm2, depending on
the samples. We found no correlation between this sprea
the j c values and the morphology of the samples or th
apparent resistivities—which are also widely spread and
nificantly greater than that quoted in the literature: at 300
they range between '431024 V cm and 3.5
31023 V cm whereas the published values stand betw
331025 V cm and 1.531024 V cm.

We shall notice also that the nonohmic behavior is o
served too, above 8 K, in the ‘‘normal’’ state of thos
samples that display the greatest resistivity upturn: where
temperatures up to'20 K, increasing the bias current lead
to a significant decrease in the resistance.

We think that these nonlinear effects originate from a d
tribution of weak links throughout the samples, which lea
to complex tunneling effects; in particular, below'2 K, the
features exemplified in Figs. 7 and 8 are quite reminiscen
those observed in granular materials and are attributed to
Josephson tunneling between the grains.23 This picture is
consistent with the high resistivity of these crystals and s
gests that normal tunneling could be responsible for
nonohmicity displayed in the normal state below about 20

We shall now sum up the information we have on t
anomalous hump in the resistivity, which motivated th
study. We only observed this hump in two of the sev
vapor-grown samples and never observed it—whatever
the Rb content—in more massive crystals prepared by fus
salt electrolysis.24 In these the resistivity decreases quite li
early with temperature down to about 100 K, before it pr
gressively saturates~Fig. 4!. This is also the behavio
observed by Aristimu´no et al.14 in the crystals that were
carefully selected to be electrically homogeneous. On
contrary, we showed that the vapor-grown crystals are
homogeneous and display a transition towards a ze
resistance state, which begins at about 8 K. This resista
anomaly is not observed magnetically in any bulk HTB. T
foregoing remarks lead us to suspect that the resisti
anomaly is extrinsic and related to the inhomogeneity of

-
et

FIG. 8. Low-temperature differential resistance of the vap
grown sample no. 6 as a function of the bias current.
8-5
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samples. However, its occurrence in the same tempera
range as the order-disorder transition is certainly not me
a matter of chance. Actually the same Florida State Univ
sity group observed the same anomalies in KxWO3,12 but at
higher temperatures, and no anomaly in CsxWO3 ~Ref. 13!—
which is consistent with the greater tendency for the sma
ions to order. As described below, this also agrees with
quite different Tc(x) dependences observed in the thr
bronzes. The only explanation we can offer to rational
these behaviors is the following: the ordering of the Rb
oms leads to a reduction of the density of states at the Fe
level DFE, which destabilizes the superconducting state
has only a minute effect on the resistivity of the normal st
in the massive samples.25 On the other hand, in the vapo
grown samples, the loss of conductivity associated with
structural defects—those revealed by the nonlinear eff
described above—could be enhanced by the reduction ofDFE
and could lead to the hump observed.

E. The Tc„x… phase diagram

The information collected above confirms that we sho
not rely on the composition of the vapor-grown samples
establish the tungsten bronzeTc(x) phase diagram. It also
allows us to dismiss the high values ofTc observed by Stan
ley et al.11 nearx50.25. As we just saw, they are probably
be ascribed to a kind of filamentary superconductiv
whereas theTc’s of the corresponding bulk material deep
decrease—as a result of the ordering of the Rb vacanc
Thex dependence ofTc therefore displays a pronounced d
near this Rb content which allows the greatest degree
order and leads to the highest transformation tempera
Tord ~Fig. 9!. This dip is less pronounced when the samp
are quenched from room temperature but ordinary quenc
rates are not sufficient to prevent a significant ordering w
0.23&x&0.28, and superconductivity cannot develop abo
'1 K within this composition range. Beyond this range,Tc
steeply increases withx up toTc'3 K for x'0.30, and then
slowly decreases down toTc'2 K, when the Rb conten
approaches the stoichiometric value. On the other side of

FIG. 9. The superconducting transitionTc as a function of the
rubidium contentx. Empty or full markers refer to measuremen
after slow cooling or quenching from'300 K, respectively. The
grey marker corresponds to an intermediary cooling in a3He-4He
dilution refrigerator. The curves are only guides to the eye and
monotonous one extrapolates what we think would be theTc(x)
dependence if the vacancy ordering could be prevented.
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dip, Tc increases still more abruptly with the decrease of
Rb content and seems to level off atTc'5 K for x&0.21.
However, this asymptotic behavior seems to conflict with
higherTc’s ('5.5 K) that we can obtain in the samples
which the Rb content has been reduced by acid etching o
a slight oxidation.26

This inconsistency prompted us to question the stability
the HTB phase forx&0.22. By examining more systemat
cally the x-ray powder patterns, we found that thex depen-
dence of the lattice parameters shows a discontinuity n
x'0.21560.005 in samples prepared by the usual solid-st
reaction method~Fig. 10!. This clearly indicates that anothe
phase coexists with the HTB’s when the rubidium conte
falls below this value. In the slowly cooled samples, t
corresponding diffraction peaks begin to appear unamb
ously only whenx&0.19, a value which was therefore ass
ciated, until now, with the boundary of the HTB-phase r
gion. In these samples, we found that WO3 coexists with the
HTB phase and gives hardly perceptible diffraction peaks
which agree with the fact that Rb0.21WO3 should be in equi-
librium with only about 10% of WO3 when the nominal
Rb/W ratio is 0.19. In samples that were quenched at the
of their otherwise similar preparative treatment, the larg
additional peaks can be attributed to the intergrowth tungs
brozen ~ITB! phases and seem compatible with a cont
amounting to 20%. These observations are consistent wit
ITB-WO3 boundary situated near 700 °C2800 °C, as pro-
posed by Hussain.27

On the other hand, the acid-etched or slightly oxidiz
samples in which we observed the highestTc’s, display also
the lowestc-parameter values. Moreover, these values co

e

FIG. 10. Dependence of the lattice parameters of the HTB ph
as a function of the rubidium content. Nominalx values are used for
the pristine samples whereas the mean values deduced from
SEM analysis are used for the other samples. Belowx'0.20, most
of the data for thea parameter have been omitted because of th
very poor accuracy—probably due to the blurring effect of the pa
sitic phase.
8-6
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spond to what is expected for an HTB phase with 0.19&x
&0.20—extending the linear decrease ofc with x observed
at higher Rb contents~see Fig. 10!.28 Correspondingly, we
think that the superconducting transitions that begin abov
K in the latter samples are to be attributed to this struct
and to the rubidium content.

This led us to complete the low-x region of Tc(x) dia-
gram as displayed in Fig. 9. The transition temperatureTc

has been defined here at the onset of the diamagnetic e
sion, as the width of the transition considerably depends
the samples: it can be only about 0.2 K in nearly stoich
metric samples (x&0.30) that are less sensitive to the ord
ing transformation, but it can be more than 1 K when the Rb
content of the samples leads to the stronger cooling-rate
fect. We also observed that the powder samples withx
&0.23, which were annealed at 950 °C and partly sinter
displayed much steeper transitions, but they recover t
pristine behavior when they were powdered again. T
probably indicates that the penetration depthl in these
samples is close to the size of a notable proportion of
grains, i.e., of the order of at least 1mm.

Although at first sight it looks quite different, thisTc(x)
diagram cannot but recall the corresponding CsxWO3 dia-
gram that displays a monotonic increase ofTc with decreas-
ing x. Actually, the strong reduction ofTc nearx'0.25 in
RbxWO3 is the signature of the rubidium vacancies orderin
This effect is still more pronounced in KxWO3—where the
ordering is very easy10—whereas it is absent in the cesiu
tungsten bronze, where no noticeable ordering seems to
cur. In other words, theTc(x) diagrams of the potassium an
rubidium hexagonal tungsten bronzes would be quite sim
to the diagram of CsxWO3, if we could prevent the smalle
alkali ions from ordering. Finally, we shall notice that thex
dependences we obtained for the lattice parameters
RbxWO3—as displayed in Fig. 10—are now quite similar
the corresponding ones in CsxWO3:29 the decrease of the
alkali-metal content leads to a decrease of thec/a ratio; the
larger alkali metals giving the larger effect and, probab
playing a more effective role in the stabilization of the HT
phase, as indicated by the fact that they lead to a far
extended homogeneity range, on its low-x side.

IV. DISCUSSION

A. The Tc„x… issue

We shall first remark that this increase ofTc with decreas-
ing x was also observed in the TTB NaxWO3 and KxWO3.30

Well before the discovery of the high-Tc cuprates this behav
ior aroused a great interest. The point is that it seems
conflict with the simple BCS model because a decreas
the alkali content should correspond to a decrease of
density of state at the Fermi levelDFE. This has been wel
established in the case of the most extensively studied tu
sten bronze NaxWO3.31,32The increase inTc with decreasing
x in these compounds is therefore probably due to an
hancement of the electron-electron interaction in the lowx
range. Although we have less clues to support this diagn
14452
5
e

ul-
n
-
-

f-

d,
ir

is

e

.

c-

r

in

,

er

to
of
e

g-

n-

is

as far as RbxWO3 is concerned,33 we think it remains the
most likely in view of the various analogies between the t
systems.

Salchowet al.34 attributed the increase inTc with increas-
ing x to a better screening of the electron-phonon interacti
We think that this mechanism is probably not very effecti
in the HTB, because it would imply that the ordering of th
alkali vacancies—which certainly reducesDFE—would in-
creaseTc , whereas it is drastically reduced. Another med
tion of the electron-electron interaction has been proposed
Kahn and Ruvalds35 who invoked acoustic plasmons but,
the moment, we consider that the reliable experimental d
on these bronzes are in favor of those models that rely on
lattice instability.

Actually the crystal structure of these bronzes is not v
stable: according to Satoet al.,9 a distortion of the WO3 cage
takes place in RbxWO3 below about 420 K. Above this tran
sition the space group isP63 /mcm, but below this tempera-
ture the exact structure remained unsolved at that time
similar poor agreement with any structural model is obser
in KxWO3.10,36 Most of these studies indicate that the topo
ogy of the oxygen octahedra is disturbed around an al
vacancy. Moreover, the great versatility of these octahedr
well known: they are able to join along different direction
by sharing their corners, or even their edges, and to yield
various deformations—which makes the structures they fo
able to sustain large deviations from stoichiometry. T
leads to the spectacular ‘‘crystallographic shear’’ planes
WO32x , to the lamellar intergrowth of HTB and WO3 in
low-alkali-content ITB’s and to many WO6-based metastable
structures formed at rather low temperatures, via the meth
of soft chemistry.

On the other hand, we have many evidences of the g
mobility of the small alkali atoms in the tungsten bronzes.
the HTB, particularly, low-frequency Einstein-like phono
modes are associated to the vibrations of these atoms w
the large channels running along thec direction.37 These
modes were made responsible for the ‘‘excess’’ heat capa
observed above about 10 K, and which can be fitted—
Rb0.33WO3—by an Einstein contribution withQE'60 K.18

However, as their characteristic energy seems to hardly
pend onx,9 they probably are not the main cause for t
anomalousTc(x) dependence.

Other special phonons have been invoked, originally
Shanks,2 and have given rise to the local structural excitati
~LSE! model proposed by Ngai and Silberglitt,38 and then
treated by Vujicˇić et al.39 They attribute the enhancement
the electron-electron attractive interaction in the tungs
bronzes to local structural instabilities: their model is bas
on the idea that a local ground-state configuration could
separated from one or more configurations by a sm
amount of energy and by a potential barrier. According
these authors, the excitations between these local stat
which they called LSE’s—could not only enhance the ph
non pairing of electrons but also mediate a supplemen
effective electron-electron interaction through a spec
electron-LSE interaction.

One of the strong points of this model lies in the fact th
the local structural instabilities are associated with the alk
8-7
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vacancies and it is conceivable that increasing their con
should increase the instability of the lattice and the part
the LSE in its dynamics, whereas the ordering of these
cancies should have the opposite effect. Following the
proach of Ngai and Silberglitt,38 we may imagine, in the cas
of RbxWO3, that there are microscopic regions where t
local densityxl is smaller than the average valuex and thus
where there is a tendency, for the WO6 octahedra, to collapse
into a WO3 structure—which reminds us of the intergrow
mechanism leading to the ITB phases whenx<0.2. Where a
local transformation has occurred, a kind of WO3 defect has
been formed. On the other hand, if the local transformat
has not condensed, the local structural instability is p
served, and the elemental WO3 defect can be viewed as a
excited state of the local group of atoms and bonds. Fina
it is also tempting to speculate that the large amplitude
brations of the alkali atoms could facilitate the tunneli
between the free-energy minima of two structural configu
tions or, more generally, that combinations of these lo
instabilities with the alkali-atom vibrations could lead to
specially effective coupling with the conduction electrons

The LSE model has been adopted by Satoet al.9 and ap-
plied to RbxWO3 by using the McMillan’s equation40 where
they introduced an electron-phonon coupling parameterlLSE
proportional tonLSE—the number of LSE—and toDFE. This
simple approach is able to describe thex dependence ofTc as
it provides the necessary increase ofl with the decrease ofx.
However, the inelastic neutron scattering experiments un
taken by these authors on powder samples have not allo
to observe any significantx dependence. As proposed b
these authors, a tentative explanation of this failure could
in the broadness of the LSE spectrum; however that may
and this issue deserves to be experimentally settled.

B. Interfacial superconductivity

Besides this problematicTc(x) dependence, supercondu
tivity in RbxWO3 displays another unusual feature that h
been revealed by our resistivity measurements on the va
transported samples, namely, its stabilization—at temp
tures above the highestTc’s of the bulk material—in prob-
ably interfacial regions. Such a phenomenon has b
observed in WO32x ,4 and attributed to twin walls. Shee
superconductivity also develops on the surface of WO3 crys-
tals that have been subjected to a slight superficial enr
ment of sodium.5 The very highTc’s observed in the latte
case~up to 91 K! is evidently far from being explained bu
indicates how much the interfacial properties of these m
rials could be promising. The great versatility of the WO6
octahedra we discussed above, certainly plays a part in t
superficial or interfacial properties.

An explanation of such enhancements ofTc was pro-
posed, twenty five years ago, by Lefkowitz,19 who thought
that the anomalousTc(x) dependence in the tungste
bronzes was a surface effect: he stressed that a ferroele
instability can condense at low temperatures in WO3 and
hypothesized that this could lead to high electric fields at
boundary between the insulating material and the do
regions—thus inducing a new electron density of states at
14452
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Fermi level. Although we are now quite sure that the incre
in Tc with the reduction of the alkali content in these bronz
is really a bulk property, the Lefkowitz’s proposition seem
fairly seductive when considering the phenomenon we
served in the vapor-transported samples.

C. The order-disorder transformation

Finally, we shall add a few comments about the ord
disorder transition of the rubidium vacancies in RbxWO3. It
was observed first by the neutron-diffraction measureme9

and then by the electron-diffraction measurements.41 Our
calorimetric measurements have shown that this transfor
tion was first order only forx'0.25, which corresponds to
one-quarter of the Rb atoms being absent, to the most st
ordering and to a doubling of the lattice constants. It appe
that the positions of the O atoms are modulated to so
extent by the alkali vacancies,42 therefore a gap at the Ferm
surface is certainly induced by this new periodicity. Sub
quently, theK ordering in KxWO3 was also studied43 and
different ordering schemes have been proposed. A quite c
plex picture emerges from these studies, which indicates,
more time,44 that we are dealing with an ‘‘infinitely adaptiv
structure.’’

When we move away fromx'0.25, the transition tem-
peratureTord rapidly decreases: it is only about 200 K
Rb0.22WO3 ~Ref. 9! and about 123 K in Rb0.20WO3,41 i.e.,
very near from our estimate of the rubidium mobility thres
old Tm, and this agrees with our observation that the dis
dered state, then, can be quenched more effectively. C
versely, the low-temperature state will be usually le
ordered. Moreover, the complex ordering taking place wh
x,0.25 has probably a weaker effect on the Fermi surfa
Therefore, both mechanisms contribute to reduce
cooling-rate effect whenx approaches its minimum value.

Let us finally notice that similar issues, concerning ord
disorder phenomena and their influence on supercondu
ity, have been raised in the high-Tc cuprates.45 A thermody-
namical model for the ordering schemes of the oxyg
vacancies has been proposed,46 which leads to a concentra
tion dependence of the ordering temperature quite remi
cent of theTord(x) behavior observed in RbxWO3; in particu-
lar, a first-order transition is predicted only in a part of t
concentration range. However, ordering increasesTc in these
cuprates as well as in the low-Tc organic superconductors
whereas it is just the opposite in the HTB.

V. CONCLUSION

We have identified the main reasons why the availa
results on the physical properties of the HTB MxWO3 were
so contradictory. We have described here the effect of
order-disorder transition and interface-related artifacts; ot
causes of discrepancies result from the physical chemistr
these compounds and will be described in the forthcom
paper II. We now have a much clearer vision of the HT
which brings to the fore a common unusual feature of
superconducting state whose critical temperatureTc in-
creases when theM contentx andDFE decrease. This behav
8-8
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CONCENTRATION DEPENDENCE OF . . . PHYSICAL REVIEW B65 144528
ior is also shared by the tetragonal tungsten bronze NaxWO3.
After reviewing the reliable available information on the
systems we concluded that a strong-coupling mechanism
probably responsible for this feature. At this respect,
model appealing to local LSE’s seems the most attract
and it is backed up by our observations that the superc
ducting state is destabilized by the ordering of theM vacan-
cies, whereasTc increases with their number. Actually, it i
the only model, till now, which is able to conciliate these tw
features. However, we established that superconductivit
nearly completely suppressed in the HTB when 1/4 of theM
atoms are missing and ordered, and this cannot be due
to the LSE mechanism as superconductivity exists up
;2 K in the stoichiometric HTB. Thus, theM-atom order-
ing also has a deep effect on the Fermi surface—in con
diction with the previous rigid-band descriptions. Co
versely, this indicates that the strong-coupling LS
mechanism— if present—must be the most effective wh
Tc is the highest andDFE is simultaneously reduced by th
B.
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highest vacancy content and by their ordering, i.e., fox
50.19. It is, therefore, near this concentration that more
tensive lattice-dynamics studies should be carried out. M
generally, from a fundamental point of view and irrespect
of the quest for room-temperature superconductivity,
think that the possible building up of an attractive electro
electron coupling via localized interactions should be inv
tigated most seriously and that RbxWO3 is now a system
where this task may be tackled profitably.
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