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We report on the superconducting properties of the K,WOs; tetragonal tungsten bronze. The highest
superconducting transition temperature (7, = 2.1 K) was obtained for K;3sWOs;. T, decreases linearly with
increasing K content. Using the measured values for the upper critical field H,, and the specific heat C, we
estimate the orbital critical field H.(0), coherence length £(0), Debye temperature ® p, and coupling constant
Ae-p- The magnitude of the specific-heat jump at T, suggests that the K, WOs3 tetragonal tungsten bronze is a
weakly coupled superconductor. The superconducting phase diagram of the doped tungsten bronze family is

presented.
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I. INTRODUCTION

The M,WOs; tungsten bronzes, where M is an ion that
donates electrons to the WOj; framework, show a wide
range of interesting physical properties and several distinct
crystal structures. Many studies have been performed on the
superconductivity in this family since its initial discovery [1].
Tungsten bronzes share features with other oxide supercon-
ducting systems, such as having a relatively low density of
electronic states at the Fermi energy and 7,’s that are highest
close to a structural phase boundary. The superconducting
M, WOs; tungsten bronzes are nonstoichiometric compounds
that can have hexagonal bronze (i.e., HTB), tetragonal bronze
(TTB-D), or perovskite-derived tetragonal (TTB-II) and cubic
(CTB) structures [1-28].

Although the superconducting HTBs in particular have been
well-studied, a detailed investigation of the superconducting
properties of the tetragonal tungsten bronze (TTB-I) system
is lacking up to the present time. Superconductivity in
TTB-I bronzes has been reported for Na, WO3 0.2 < x(Na) <
0.5, K,WO; 0.4 < x(K) < 0.57, and Bay13WOs [2,5,13].
However, TTB-I K(ssWO;3 has recently been reported as a
semiconductor [29]. Here we report a detailed study on the
superconducting K, WOj3 tetragonal tungsten bronze TTB-I
phase. The experimental characterization is supplemented by
electronic-structure calculations. Finally, we present a phase
diagram for superconductivity across the full HTB, TTB-I, and
CTB tungsten bronze family.

II. EXPERIMENT AND CALCULATION

The K,WOs3 samples were prepared by the solid-state
reaction method starting from pre-made K, WOy, purified WO,
(99.8%; Alfa Aesar), and WO;3 (99.8%; Alfa Aesar) according
to the following reaction:

%szo4 + (1 — x)WOs + %Cwo2 > K,WO0s. (1)

The K, WOy precursor was prepared by reacting stoichio-
metric amounts of Ko CO3z and WOj5 in air at 650 °C for 12 h.
Stoichiometric amounts of materials according to Eq. (1) were
mixed and pressed into pellets inside an Ar-filled glove box.
The pellets were transferred into alumina crucibles and sealed
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inside evacuated quartz glass tubes that were heated at 650 and
800 °C for two nights with intermediate grinding. The reacted
samples were kept inside the glove box. (Such handling is
necessary to avoid the decomposition that may result in the
observation of semiconducting behavior.) The purity and cell
parameters of the samples were evaluated by powder x-ray
diffraction (PXRD) data at room temperature on a Bruker
D8 FOCUS diffractometer (Cu K o). Lattice parameters were
refined by the Rietveld method [30] using the FULLPROF
program integrated in the WINPLOTR software [31]. Elemen-
tal analysis performed using energy-dispersive spectroscopy
(EDS) showed that the potassium content in the samples is very
close to the nominal values; therefore, the nominal potassium
stoichiometries are used in this paper.

The electrical resistivity was measured using a stan-
dard four-probe dc technique with an excitation current of
10 mA; small-diameter Pt wires were attached to the sample
using silver paste. Data were collected from 0.4 to 300 K
in zero field and also in magnetic fields up to 1 T using
a Quantum Design Physical Property Measurement System
(QD-PPMS) equipped with a *He cryostat. The specific
heat was measured between 0.4 and 20 K under fields of
uoH =0 and 1 T in the PPMS using the time-relaxation
method. The electronic-structure calculations were performed
by density functional theory (DFT) using the WIEN2K code
with a full-potential linearized augmented-plane-wave and
local orbitals (FP-LAPW + lo) basis [32-35] together with
the PBE parametrization [36] of the generalized gradient
approximation (GGA), including spin-orbit coupling (SOC).
The plane-wave cutoff parameter Ryt Kmax Was set to 7 and the
Brillouin zone was sampled by 2000 k points. Experimental
lattice parameters from the Rietveld refinements were used
in the calculations. A fully ordered Kg¢sWO; TTB crystal
structure (KgW190O30) was employed for the calculations.

III. RESULTS AND DISCUSSION

Figure 1 shows the structural analysis of the materials
by PXRD. Samples from x = 0.40 to 0.50 are purely the
tetragonal-1 phase (P4/mbm, space group number 127)
without any impurities. The x = 0.38 sample shows a small
amount of HTB impurity [asterisks in Fig. 1(a)]. A linear
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FIG. 1. (Color online) Analysis of the x-ray diffraction data for
the K-doped TTB-I bronze. (a) PXRD patterns of the K,WO;
samples in the range of 0.38 < x < 0.50. Asterisks in the x = 0.38
PXRD pattern indicate impurity peaks from HTB phase. (b) Lattice
parameters a and c as a function of K doping. (c) The crystal structure
of the tetragonal tungsten bronze superconductor.

variation of lattice parameters with composition can be
observed in Fig. 1(b). This behavior is a good indicator that the
TTB-I series is successfully formed in this composition range.
The x = 0.38 sample falls very well on the trend, and also on
the trend of the linear variation of 7, with potassium doping
[see the inset of Fig. 2(b)]. These observations, in addition
to the presence of the small amount of impurity phase in
the PXRD pattern, indicate that x = 0.38 is very close to
the HTB-TTB phase boundary. The crystal structure of the
K, WO; tetragonal tungsten bronze is shown in Fig. 1(c).
WO; itself is a semiconductor with a band gap of approxi-
mately 2.5 eV [37]. For the tungsten bronzes, alkali metals such
as K or Nain the tunnels donate one electron per ion to the WO3
framework, inducing metallic behavior and superconductivity
in the framework at a sufficient electron doping level. Figure 2
shows the electrical resistivity data for the K,WO3; TTB-I
phase in the range of 0.38 < x < 0.50. Figure 2(a) shows the
normalized resistivity from 300 to 0.4 K. The normal-state
resistance behavior of the TTB-I system is quite different
from that of the HTB system, which shows anomalous peaks
in R(T) and semiconducting behavior in some composition
ranges [4,14]. The present system is a bad metal, showing an
almost temperature-independent resistance in the normal state
for most compositions of the TTB-I phase, with a residual
resistivity ratio (%) that decreases with increasing K doping.
This may indicate that the disordered K in the tunnels (which
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FIG. 2. (Color online) Analysis of temperature-dependent resis-
tivity data for the K-doped TTB-I bronze. (a) Temperature-dependent
normalized resistivity. The inset shows the temperature-dependent
resistivity for the K,WO;3; and x = 0.40 and 0.42 samples. The
solid line represents the Fermi-liquid fit, with p = po + AT".
(b) Low-temperature superconducting transition for 0.38 < x <
0.50. The inset shows the normal-state resistance drop of 10%, 50%,
and 90% as a function of doping. The dashed line represents the linear
fit to the 50% drop point.

would be filled for K¢ 50WO3) has a stronger influence on the
resistivity at higher electron doping levels.

The temperature dependence of the resistivities for the
x = 0.40 and 0.42 samples between 2 and 50 K is shown
in the inset of Fig. 2(a). The behavior is metallic (3—; > 0).
The normal-state resistivity is fairly low (about 1 m2cm at
room temperature) and the residual resistivity ratio (RRR =
1.7) is small. The low-temperature resistivity data can be
described by the power law, p = pg + AT" with n = 2, the
residual resistivity pp = 0.27 mQcm, and the coefficient
A =0.00001 u2cm/K?. The Fermi-liquid fits are shown as
solid lines in the inset to Fig. 2(a). The value of pq is small, an
indication of the good quality of the polycrystalline samples
employed for the measurements. The value of A is often taken
as a measure of the degree of electron correlations; the value
found here suggests that K, WO3 is a weakly correlated elec-
tron system, and the variation of the low-temperature resistivity
with T2 indicates Fermi-liquid behavior [38]. Figure 2(b)
shows the superconducting transition for all the K-doped
TTB-I bronze samples. The quality of the superconducting
transition is high — the 10-90 % width for all the samples
is smaller than 0.2 K. The raw data clearly show that the
superconducting 7, decreases with increasing electron doping
(i.e., increasing K content) of the TTB-I phase. The behavior
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FIG. 3. (Color online) Magnetoresistance analysis of the
Ko.40WO;3 sample. The main panel shows poH,., as a function of
T., and the inset shows resistivity as a function of temperature with
applied magnetic field. The solid line represents a linear fit.

of T, with doping is extracted from these data and is presented
in the inset of Fig. 2(b).

Figure 3 shows an analysis of the magnetoresistance data
for the x = 0.40 sample. The width of the superconducting
transition increases slightly with increasing magnetic field.
Selecting the 50% normal resistivity point as the transition
temperature, we estimate the orbital upper critical field,
noH(0), from the Werthamer-Helfand-Hohenberg (WHH)
expression, oH(0) = —0.693T, dﬁ"z |r=7,. A very linear
relationship is observed in Fig. 3 between o H,, and T,. The
slope is used to calculate woH(0) = 0.14 T for x = 0.40.
The value of 11y H.(0) is much smaller than the weak-coupling
Pauli paramagnetic limit o H! = 1.84T, = 3.22 Tforx =
0.40. Small values of the upper critical field are an intrinsic
property of the superconducting tungsten bronze family; the
upper critical field [pnoH»(0)] that we find for the K, WOs3
TTB-I superconductor is lower than that reported for the HTB
and CTB systems (see Table I), with the exception of the

TABLE I. Superconducting parameters of the tungsten bronze
family.

HTB TTB CTB
(Refs. [22,39]) (Ref. [15])

Parameter Units beW03 K0'40WO3 W02‘59F0A41

T, K 2743 1.73 0.4

00 mS2 cm 0.27

Malry,  TK'  —0.067t0—04  —0.12 ~1.89

,bL()H(.l (0) T 53-140

oHe(0) T 0.11-1.2 0.14 0.53

o HP T 4.9-79 322 0.74

£(0) A 538-113 485 250

A(0) A 2450-1506

y(0) e 4.2 4.15 1.59

A 1.43 1.03 1.1

Op 415 242 340

heop 0.52
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FIG. 4. (Color online) Analysis of the heat capacity of the
Ko.40WO; sample. (a) Temperature-dependent heat capacity at zero
field and at 1 T field. (b) % as a function of T2, and the solid line
represents the fit with % =y + BT?. The inset of (b) shows equal
area construction to find 7, and ﬁ—g.

Rb-doped HTB [39], which shows similar values of H»(0).
The upper critical field value (1o H»(0) of the Ko 40WO3; TTB-I
superconductor can be used to estimate the Ginzburg-Landau

coherence length £(0) = /®o/27m H»(0) =485 A, where

Oy = ’2'—2 is the magnetic flux quantum [40,41]. This value
is comparable to that for the Rb-doped HTB and larger than
that for the F-doped CTB [15,39].

Figure 4 shows the characterization of the superconducting
transition by specific-heat measurements. Figure 4(a) shows %
as a function of T, which shows the specific-heat jump at the
thermodynamic transition. This jump is completely suppressed
under 1 T applied magnetic field. The superconducting
transition temperature 7, (x = 0.40) = 1.5 K is shown in
the inset of Fig. 4(b), as extracted by the standard equal

area construction method. The ratio 25 can be used to

T.
measure the strength of the electron-phyonon coupling [42].
The low-temperature normal-state specific heat can be well
fitted with % =y + BT?, where y T represents the electronic
contribution and BT represents the lattice contribution to the
specific heat. The solid line in Fig. 4(b) shows the fitting; the

electronic specific-heat coefficient y (x = 0.40) = 4.15 #JK?

and the phonon/lattice contribution 8(x = 0.40) = 0.59 mgﬂc‘
are extracted from the fitting.

The value of y obtained is relatively small, but is slightly
higher than that of the cubic tungsten bronze superconductor
at approximately the same degree of electron doping [15,43].
The low value of y is an indication of a low density of
states near the Fermi level, which is a characteristic of
the superconducting tungsten bronze family (see Table I).
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The specific-heat jumps % for the sample are about
5 mJ mol~! K2, setting the values of 2S£ to 1.03 for

T,
x = 0.40. This is smaller than the theoreticyal value of 1.43
for a conventional BCS superconductor. The results suggest
that TTB-I K,WO; is a weakly electron-phonon—coupled
superconductor.

In a simple Debye model for the phonon contribution
to the specific heat, the g coefficient is related to
the Debye temperature ®p through g =N 15—27(4R®B3,
where R =28.314 Jmol™'K~!. The calculated Debye
temperature for Ky 40WOj3 is 242.4 K. This value of the Debye
temperature is slightly lower than that of the CTB [15,43] and
HTB [44] superconductors. High values of Debye temperature
are often deduced for the tungsten bronze family. This can
be explained by including an Einstein term in the heat
capacity, due to the rattling of the dopant ion in its cavity. The
measurements give only the sum of the framework Debye and
dopant ion Einstein contributions [44].

An estimation of the strength of the electron-phonon
coupling can be derived from the McMillan formula [45,46],

1.04 + p*In22

1457,

hep = LI @)
(11— 062#*)1“1,45% —1.04

McMillan’s model contains the  dimensionless

electron-phonon coupling constant A..,, which, in the
Eliashberg theory, is related to the phonon spectrum and the
density of states. This parameter A.., represents the attractive
interaction, while the second parameter ©* [45] accounts for
the screened Coulomb repulsion.

Using the Debye temperature ®p, critical tempera-
ture 7., and assuming p* = 0.15, the electron-phonon
coupling constant (A..,) obtained for Ko4WO; is 0.52,
which suggests weak-coupling behavior. This agrees well
with f—TC; = 1.03. The value of y extracted from the
measured specific-heat data corresponds to an elec-
tronic density of states at the Fermi energy N(Ep) of
0.27 states/(eV f.u.) (f.u. = formula unit), as estimated from
the relation [38]

y = m G NER + heop). 3)

Assuming that the diamagnetic and Van Vleck contributions
to the magnetic susceptibility are small, susceptibility at

10K (xy =12x 1078 mm—;) can be considered as the spin

susceptibility and estimate Wilson ratio Ry =

0.6, which is small but close to the free-electron value of
1. Also, the coefficient of the quadratic resistivity term can
be normalized with the effective-mass term from the heat
capacity, which gives the Kadowaki-Woods ratio %. This ratio
is found to be 0.24ay, where ay = 107> (mj‘/i% Ry and %
both indicate that Ky 4 WOs3 is a weakly correlated electron
system [47-50].

Figure 5 shows the analysis of the electronic density of
states for the potassium-doped tetragonal tungsten bronze.
Figure 5(a) shows the band structure in the vicinity of Ep,
and Fig. 5(b) shows the total DOS of Ky sWO3 as a function
of energy. A similar calculation was done on tetragonal
WOs; without potassium, suggesting that the rigid band
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FIG. 5. (Color online) Analysis of the electronic density of states
(DOS) for the potassium-doped tetragonal tungsten bronze. (a) The
electronic structure of the Ko¢WO; tetragonal tungsten bronze.
(b) The total DOS as a function of energy. The dotted line represents
the Fermi level corresponding to a x = 0.4 doping level.

model works well for K-doped TTB-I. The dotted lines in
Figs. 5(a) and 5(b) represent the Fermi level for the x = 0.4
doping level, which was found by integrating the DOS. The
band-structure calculation clearly shows that near x = 0.35,
the Fermi level transitions through a van Hove singularity
(vHs) followed by a flat band between the I' and Z points.
This anomalous electronic structure is found close to the
change from hexagonal to tetragonal structural phases in the
K, WOj; system. Although it is generally expected that a vHs
has a significant influence only on superconductivity in 2D
electronic systems [51-54], the highest 7, observed at x =
0.38 in the doped TTB-I phase appears to be well correlated
with the vHs present in the band structure. Figure 5(b) shows
the potassium-doping effect, i.e., of increased electronic
concentration, on the insulating WO;3; system. The Fermi
level (Ef) is shifted upward [16,19] into the bottom of the
conduction band. This leads to the metallic behavior of the
K.WO3 TTB-I phase up to the highest possible K doping
level x = 0.6.

The superconducting parameters for representative HTB,
TTB-I, and CTB-doped tungsten bronzes are presented in
Table I. Our determined values for the TTB-I phase are
employed. The phase diagrams for all the characteristic struc-
ture types in the superconducting tungsten bronze family are
shown in Fig. 6. The diagram shows that the superconducting
T.’s generally decrease with increasing electron doping of
the WOj; framework. It also shows that the superconducting
transition temperatures are highest at the lowest doping levels
for both the HTB and TTB-I systems; the well-known anomaly
in the HTB system near x = 0.25 is displayed [4,5,14].
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FIG. 6. (Color online) The superconducting phase diagram for
the tungsten bronze family. 7, vs electron count for the In-doped
HTB hexagonal tungsten bronze superconductor, the K-doped TTB-I
tetragonal tungsten bronze superconductor, and the F-doped CTB
cubic tungsten bronze superconductor, respectively, from left to right.
The insets show the 3D crystal structures projected on the ab plane.
The phase diagrams for the HTB and CTB are derived from data in
Refs. [14] and [15], respectively.

Finally, it is seen that at comparable doping levels, the
perovskite-based CTB is a significantly worse superconductor
than the TTB-I bronze phase. This is one of the few systems
known in which a direct comparison of perovskite-based and
non-perovskite-based structure superconductors is possible at
the same electron count; in this case, the perovskite is the worse
superconductor.
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IV. CONCLUSION

We have synthesized and characterized the superconducting
properties of the K-doped tungsten bronze with the tetragonal-I
structure type. A bulk superconducting transition for the
TTB-I phase is confirmed through resistivity and heat-capacity
measurements of K, WO;. The highest T, observed is 2.1 K.
The electronic contribution to the specific heat is relatively
small, y =4.15 = 1K2 , and the electron-phonon coupling con-
stant A.., = 0.52. The electronic density-of-states calculations
indicate that close to the HTB-TTB structural phase boundary,
the Fermi level in the TTB-I phase transitions through a van
Hove singularity at x = 0.35; the highest 7 in the tetragonal-I
system is at a correspondingly low doping level. Finally, with
this characterization of the TTB-I superconductor, it is now
possible to present a complete superconducting phase diagram
for the tungsten bronze family. The highest superconducting
T, is observed in general at the lowest electron doping level
for the WO3 framework, and also at the lowest doping level for
the HTB and TTB-I superconductors individually; it is almost
independent of doping for the CTB. The cubic bronze phase is
less favored for superconductivity than the tetragonal bronze
phase, where the connectivity of the WOg octahedra is different
from what is seen in the perovskite. The data provided suggest
that a global theoretical treatment of all the compounds in this
family of superconductors would be of interest.
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