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Since the first superconductivity in vanadium oxides was discovered in 3-Naj33V,05 under high pressure,
B-vanadium bronzes have drawn much interest. In this paper, we report our current high-pressure studies on
monovalent B-vanadium bronzes, 8-A(33V,05 (A=Li, Na, and Ag). The superconducting states are realized by
suppressing the charge ordering states under high pressure in all monovalent B-vanadium bronzes, in contrast
to divalent -Ag33V,05 (A=Ca, Sr, and Pb). The superconducting phases adjacent to the charge ordering
phases imply an important role of charge fluctuation for the superconductivity. The obtained pressure-
temperature phase diagrams tell us that the superconducting states compete with not only charge ordering states
but also new nonsuperconducting metallic states under high pressure. The superconducting states are very
sensitive to A-cation nonstoichiometry, suggesting a close relation to the commensurability of carriers and a

possibility of non s-wave superconductivity.
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I. INTRODUCTION

Discovery of new pressure-induced superconductivity has
opened the gates to frontiers of condensed matter physics.
The fascinating superconductivity in heavy fermion systems
and in organic conductors was found under high pressure.'?
Pressure has a crucial advantage because it can change elec-
tronic properties without randomness effects.

Transition metal oxides, one major class of materials in
highly correlated electron systems, have drawn much atten-
tion after the discovery of high-T,. superconducting cuprates
(HTSCs). In short, the key to the high-T,. superconductivity
(HTS) was hole doping to Mott insulators by chemical
substitution.? This situation has caused fluorescence of dop-
ing study on transition metal oxides. Actually, chemical dop-
ing is a powerful method to control electronic states of the
transition metal oxides and/or other compounds; however, it
has another kind of influence; doped atoms inevitably induce
random potential to the electron system, which makes the
system complicated. On the other hand, pressure is free from
such difficulties.

Although transition metal oxides frequently need rela-
tively higher pressure to observe some pressure-induced
phase switching rather than organic and/or heavy fermion
systems do, recent improvements of high-pressure technique
pave the way to capture drastic phase transitions of many
kinds of transition metal oxides.

One of the typical examples is a series of vanadium ox-
ides represented as a chemical formula -4, 43V,05 (A=Li,
Na, Ag, Sr, Ca, and Pb). These compounds which are called
B-vanadium bronzes are quasi-one-dimensional (q1D) con-
ductors. All of them except for 3-Pb,33V,05 show charge
order type metal-insulator transition (MIT) as frequently ob-
served in mixed valent binary vanadium oxides.*"'* Among
them, B-Naj33V,05 was an epoch-making compound be-
cause it was found that it shows a peculiar pressure-
temperature (P-T) electronic phase diagram where a super-
conducting (SC) phase competes with a charge ordering
(CO) phase at around 7 GPa.!!
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Since this discovery of superconductivity in vanadium ox-
ide, we have carried out high-pressure studies on all mem-
bers of B-vanadium bronzes using highly hydrostatic pres-
sure technique up to about 10 GPa as described below. As
the results of these studies, we have observed pressure-
induced superconductivity adjacent to the charge order in all
monovalent A'* (A=Li, Na, and Ag) compounds. On the
other hand, it has been elucidated that all divalent A2*
(A=Ca, Sr, and Pb) compounds do not show any sign of
superconductivity within the observed pressure-temperature
region, although all of them show metallic conduction as
well as the monovalent compounds.

The monoclinic crystal structure of 8-A(33V,05 consists
of a characteristic V,05 framework and A cations as illus-
trated in Fig. 1. The V,05 framework is formed by (V1)Og,
(V2)Og4 octahedra, and (V3)Os pyramids, where V1, V2, and
V3 are three distinct V sites. Each polyhedra forms infinite
chains along the b axis (the q1D conduction axis). The A
cations are located in the straight tunnels along the b axis and
occupy only one of the two nearest-neighboring A sites in the
same ac plane. Therefore, the stoichiometric composition of
A cation is strictly 1/3, namely, 0.33. Incidentally, 8’ struc-
ture has a similar V,05 framework to that of S structure, but
A cations (A=Li and Cu) can occupy both sites of nearest-

FIG. 1. (Color online) Crystal structure of S-vanadium bronzes.
This view is a projection along the monoclinic b axis which is a
direction of quasi-one-dimensional conduction.
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neighboring A’ sites (A’ sites differ from A sites of B
structure), giving the stoichiometric composition of 2/3;
~0.66.12:13

As characteristics of 8 and B’ structures, A-cation non-
stoichiometry is well known and it crucially affects the
electromagnetic properties of these compounds. For instance,
even the MIT steeply disappears when the A-cation con-
tent becomes slightly off stoichiometric, x~0.30 in
B-Na, V,0s* We have also performed high-pressure
study on slightly off-stoichiometric S3-Naj3,V,05 and
B-Lij33V,05 crystals. The results will be presented and dis-
cussed later.

The major aim of this paper is to report the detailed re-
sults of Li compound and review the results of our current
high-pressure studies on all monovalent S-vanadium
bronzes, 5-Ay33V,05 (A=Li, Na, and Ag). The detailed re-
sults of resistivity measurements under high pressure are re-
ported and the electronic P-T phase diagrams are constructed
from the results. We will report that all these compounds
have pressure-induced SC phases adjacent to CO phases and
show very similar P-T phase diagrams. The common char-
acteristics in these P-T phase diagrams will be discussed in
terms of the ground state competition and dimensionality,
comparing with those of divalent (A=Ca, Sr) compounds and
other typical compounds which show MIT. We will also dis-
cuss what is responsible for the superconductivity, taking the
results of nonstoichiometric compounds and B’-Cug5V,05
into the consideration.

II. EXPERIMENT

To obtain hydrostatic pressure above 10 GPa, a cubic-
anvil-type high-pressure apparatus was equipped with pre-
cisely scoured sintered diamond anvils. A technique using a
droplike pressure medium surrounding a sample crystal was
also applied in this study to ensure better hydrostatic pres-
sure and to avoid damage of sample crystal. A drop of
methanol-ethanol-water (16: 3: 1 in volume) mixture, as
shown in Fig. 2, was used as a pressure medium. The out of
droplike pressure medium was filled with the second pres-
sure medium, Fluorinert, to prevent the evaporation of
methanol-ethanol-water drop during long time experiments
about several weeks.

The resistance under high pressure was measured along
the b axis by ordinal four-probe method under several exci-
tation currents to check its Ohmic behavior. To ensure the
reliability of the electrical and mechanical contacts to sample
crystal under pressure, four gold thin wires (15 wm diam-
eter) were knotted to sample crystal (typically 0.4 mm long)
and were fixed by gold paste (Tokuriki, Chem. No. 8560).
These wired crystals were calcined at 500 °C in evacuated
silica tube with large amounts of stoichiometric powder
sample. Furthermore, the contacts were reinforced mechani-
cally by epoxy silver paste (Epoxy Technology, H20S). To
keep good electric contacts to sample crystal during long
time experiments, the maximum applied voltage to sample
crystal must be less than 0.5 V, especially in 3-Lij33V,0s,
because electrochemical reaction occurs at higher voltage
and the electric contacts are damaged presumably due to Li-
ion transfer to the electrodes.
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FIG. 2. Resistivity measurement setting for high pressure up to
12 GPa. To obtain better hydrostatic pressure, a sample crystal is
surrounded by the pressure medium of methanol-ethanol-water
mixture. This mixture is further covered with Fluorinert as the sec-
ond liquid pressure medium. The diameter of Teflon cell is 1.5 mm.

The magnetic susceptibility measurement is one of the
most powerful methods to observe the electromagnetic states
of materials, nevertheless susceptibility measurements under
pressure are quite restricted because the pressure cell has
merely a quite small sample space. For instance, the sample
space of a cubic-anvil-type pressure cell (effectively 0.8 mm
¢ and 0.8 mm length) has a capacity of primary-40 and/or
secondary-40 turn pickup coils (0.5 mm ¢, inner diameter),
as shown in Fig. 3. Actually, superconductivity in - and
B’-vanadium bronzes was confirmed by measuring the ac
susceptibility using the inductively coupled coils in cubic-
anvil-type pressure cell. The coupled pickup coils are hand-
made with the thinnest Cu wire (35 um ¢) which is com-
mercially supplied. In the measurement, ac susceptibility of
the samples was detected as mutual inductance between the
coupled coils by lock-in amplifier 5610B (NF Co. Ltd). The
schematic electronic configuration for this measurement is
also illustrated in this figure. This quite simple experimental
system composed of pickup coils and a lock-in amplifier has
enough sensitivity to detect superconducting and ferromag-
netic transitions which show enormously large magnetic sig-
nals. In general, however, almost magnetic signals are too
small to detect the transitions such as antiferromagnetic or-
dering by this method.

Here, we touch about sample crystal preparation, because
A-cation stoichiometry of B-A,V,0Os is very sensitive to
sample preparation method. Sample crystals are grown in N,
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FIG. 3. ac-susceptibility measurement setup in a pyrophyllite
gasket. The susceptibility is detected by mutual inductance of in-
ductively coupled coils. The inner space of the coils is filled with a

sample crystal and methanol-ethanol pressure medium. Out of the
coils, Fluorinert is charged.

atmosphere by rf-heating Czochralski method using self-flux
in a Pt crucible. As fluxes for A=Li, Na, and Ag compounds,
LiVO;, NaVO;, and AgVO; were used, respectively, to pre-
vent VO, from growing. By changing chemical composition
(the ratio between an objective compound and a flux) in
crucible, optimum growing conditions were investigated. In
B-Na,V,05 and B-Ag,V,0s, as-grown crystals were almost
stoichiometric (x~0.33). On the other hand, as-grown
B-Li,V,0s5 crystals were off stoichiometric (x~ 0.38). These
compositions were determined by an inductively coupled
plasma atomic emission spectrometer (ICP-AES). The Li
concentration in the crystals can be tuned through the follow-
ing preparation steps: (i) washing as-grown crystals in hot
hydrochloric acid, and (ii) calcination of as-grown crystals
with a large amount of powder sample of x=0.33 in evacu-
ated quartz tubes at 600 °C for about 20 h. B-Naj3,V,05
crystals were also prepared by the calcination of crystals em-
bedded in large amounts of x=0.32 powder sample in an
evacuated quartz tube. Since the resolution of the chemical
analysis is about 2%, such small difference of A-cation con-
tent between x=0.33 and x=0.32 is difficult to detect. Hence,
we have characterized A-cation content of the sample crys-
tals as nominal concentration of powder samples. We also
characterized Na content of the crystals by checking the dif-
ference of the charge ordering temperature from the optimum
temperature, 135 K in the stoichiometric crystal.*>

II1. RESULTS
A. Stoichoimetric compounds

In this section, the results of the stoichiometric monova-
lent B-vanadium bronzes B-A(13V,05 (A=Li, Na, and Ag)
are represented. Especially, the temperature dependences of
resistivity (p-T curves) are checked, its reproducibility and
consistency among these three compounds. Here represented
p-T curves shows relevant behaviors which were not ob-
served in previous works'"!# probably due to an unsophisti-
cation of the experiments. These observations will be dis-
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FIG. 4. (Color online) Temperature dependences of resistivity
(p-T curves) for stoichiometric 8-A(33V,05 (A=Li, Na, and Ag) up
to about 10 GPa. The charge order transitions are suppressed under
pressure, as marked by an inverted triangle symbol and finally the
superconducting behaviors (the drops in p-T curves) are observed in
all compounds.

cussed in the later parts of this paper and lead us to insights
of these compounds.

1. p-T curves under pressure in [3-A(33V,0s,
A=Li, Na, and Ag

The p-T curves under several pressures are exhibited for
three stoichiometric monovalent compounds, S-Aj33V,0s5
(A=Li, Na, and Ag) in Fig. 4. Here, note that the resistivity
(p) was measured along the b axis, q1D direction, in all
compounds.

As shown in this figure, the charge ordering temperature
Tco marked by an inverted triangle symbol, where the p-T
curve bends, decreases as increasing pressure in all com-
pounds. Near the critical pressures (P,=9.9, 7.0, 6.8 GPa for
A=Li, Na, and Ag compounds, respectively) where the mini-
mum absolute p value in the p-T curves (at just above the
Tco’s) reaches 100 w() cm, both sudden upturn by charge
order and successive drop by superconductivity are observed
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in the same p-T curve for all compounds. These critical be-
haviors will be discussed later. Here, P, is defined as the
pressure where the drop of p is observed, namely, the SC
phase appears. With slightly increasing pressure above the
P, the p-T curves show zero resistivity within experimental
resolution except for Li compound. This experimental reso-
lution is dominated by excitation current and noise level of
the experimental setup (~1078 V). The resistivity measure-
ments suggest the SC phase is neighboring to the CO phase
in all compounds.

In moderate-temperature range, 100—-300 K, p-T curves
of all these compounds in some pressure range show clear
metallic behaviors (dp/dT>0), as shown in Fig. 4, where
the p becomes smaller than the Mott-Ioffe-Regel limit.!>-10
On the other hand, in the case of larger p than Mott limit,
some p-T curves naturally show temperature independent
and/or weakly insulating behaviors (dp/dT<0) even at
higher temperature than the 7. Here, the Mott limit, critical
resistivity is estimated at about 2.6—1.9 m{) cm by consid-
ering a free electron model for a layered two-dimensional
(2D) system and it is given by the equation p,
=hcyle*-1/kgl (kpl=1),"7 where ¢, shows the distance be-
tween layers. Note that the absolute values of the observed
resistivity have some errors within factors 2 or 3 mainly due
to the difficulty to estimate the quite small sample dimen-
sions precisely.

At present, there is no definite evidence for 2D conduc-
tion of B-vanadium bronzes at high pressure (~7 GPa);
however, some observations imply an occurrence of dimen-
sional crossover from q1D to quasi-two-dimensional (q2D)
systems with increasing pressure as discussed in the later
parts of this paper. It is naturally supposed that these conduc-
tion layers are the ab and/or bc planes, thus the ¢, can be
estimated at 9.9 A (ab plane) and/or 7.3 A (bc) by crystal-
lographic considerations.

It should be noted that the SC phase appears when the
conductance becomes about kpl/~20 (corresponding to
100 w€) cm). This value is relatively lager than that (k!
~4) observed in La,_,Sr,CuO4 system.'® This probably im-
plies larger coherent length & of Cooper pair in S-vanadium
bronzes than that in HTSC, which is consistent with the rela-
tively low SC transition temperatures, Tgc~ 8.5, 8.0, and 6.5
for Li, Na, and Ag compounds, respectively.

2. Superconductivity beyond charge ordering

To certify the appearance of superconductivity, ac-
susceptibility measurements were carried out using coupled
coils via a sample crystal and a lock-in amplifier as ex-
plained in the previous section (see Fig. 3).!' In the experi-
ments, the mutual inductance between primary and second-
ary coils was observed, expecting that floating capacitance
should not change with temperature sweeping. This means
the observed change of the mutual inductance should be at-
tributed to the change of ac susceptibility of the sample crys-
tal. The ac susceptibility around the superconducting transi-
tion of Pb metal was also observed as a reference, using
geometrically same coupled coils.

The results of ac-susceptibility, x(w) measurements
(w~534 Hz) in [B-Nay33V,0s under several pressures
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FIG. 5. (Color online) (a) Temperature dependences of ac sus-
ceptibility [x(w~534 Hz)-T curves] under several pressures
(5.0-9.5 GPa) for B-Najy33V,0s. These data already appeared in
Ref. 11. The inset shows ac susceptibility around the superconduct-
ing transition of Pb metal measured by the same method as a ref-
erence. (b) The p-T curves around the superconducting transition
for B-Nag33V,0s.

(5.0-9.5 GPa) are shown in Fig. 5(a). These y(w)-T curves
have already appeared in Ref. 11. The p-T curves (linear
plots) of similar P-T region are also exhibited in panel (b).
The sample crystal was inserted in the pickup coils along the
b axis, thus the observed y(w) should be the component
along the b axis. Furthermore, it should be noted that y(w)
was measured at almost zero external magnetic field. Panel
(a) shows the temperature dependences of the inductance
(lock-in output) between field and pickup coils, which should
correspond to the temperature dependences of the real part of
ac susceptibility [ x(w)-T curves].
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A substantial sharp drop in y(w)-T curve was observed at
8.0 GPa and at 6.5 K. This observation clearly certifies the
SC shielding effect, namely, the appearance of SC phase at
8.0 GPa. Using a simple proportional calculation, assuming
that Pb metal has 100% SC volume fraction, the SC signal in
x(w) corresponds to about 70% SC volume fraction. How-
ever, it should be noted that such a large signal can be ob-
tained in the case of geometrically favorable distribution of
few percent of superconducting phase for this ac susceptibil-
ity measurement. As well known, the real SC volume frac-
tion can be revealed by dc magnetization and/or specific heat
measurements, which needs intensive improvements of high-
pressure experimental technique. Despite this situation, the
two facts: an absence of SC signal in y(w) at 7 GPa where
the p-T curve reaches to zero resistivity and an appearance of
intensive SC signal in y(w) at 8 GPa, demonstrate rapid
growing of SC phase with slight increasing pressure. Thus
we can expect a massive SC ground state beyond the CO
phase. The features near P, will be discussed in the later
sections.

On the other hand, the y(w)-T curves do not show any
anomaly at the CO transition; nevertheless, MIT is clearly
observed in p-T curves as shown in panel (b). This probably
means that the susceptibility anomaly at Tq is considerably
smaller than that at Tgc. Actually, the anomaly on x(0)-T
curve at T is slightly observed at ambient pressure even by
a very sensitive magnetometer, superconducting quantum in-
terference device.

Here it should be emphasized again that both ac-
susceptibility and resistivity measurements in Figs. 5(a) and
5(b) proved the pressure-induced superconductivity in
B-Naj33V,05. A disagreement between the onset tempera-
tures of SC transition observed in resistivity (8.0 K) and in
ac-susceptibility (6.5 K) measurements at 8 GPa is fre-
quently observed in oxide superconductors as reported in the
literatures.!® On the other hand, the observed onset tempera-
ture in susceptibility coincides with the offset temperature in
resistivity for 8-Naj33V,0s.

In contrast to Na and Ag compounds, the p-T curve of Li
compound clearly shows a drop but p does not become zero
resistivity near the P., as shown in Fig. 4. To certify the
appearance of superconductivity in Li compound, magnetic
field dependence of p-T curve at 10.1 GPa was examined. As
shown in Fig. 6, the observed p-T curves up to 3.0 T clearly
show significant magnetic field dependence; only the tem-
peratures where p-T curves drop shift lower with increasing
magnetic field and the parts of p-7 above the drop do not
show field dependence. This feature strongly suggests the
appearance of SC phase at this pressure. From the results, the
magnetic field dependence of SC transition temperature
dTsc/dH was estimated at about —0.74 K/T.

At present, it is impossible to control the direction of the
sample crystal to the applied magnetic field because of the
experimental configuration. In compressing process, a
sample crystal surrounded by liquid pressure medium fre-
quently changes its direction in the pressure cell. Thus, it is
too simple to compare this field dependence of Tg- with
that of other pressure-induced superconducting oxide,
Sr,Ca;,Cuy04,,2%2! and organic one, (TMTSF),PF¢.?> How-
ever, we dared to compare each field dependence d7sc/dH
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FIG. 6. (Color online) Magnetic field dependence of p-T curves
at 10.1 GPa, near P, in B-Liy33V,05. The observed p-T curves up
to 3.0 T clearly show strong magnetic field dependence, which is an
evidence for the appearance of superconducting phase at this
pressure.

and found an intermediate value between the strongest and
weakest one in both oxide (-0.2 to —1.0 K/T) and organic
(0.3 to —3.6 K/T) systems.

The observation of magnetic field dependence is a good
evidence for existence of the superconductivity at P, where
the charge order is about to collapse; however, Li compound
does not show simple behaviors observed in Na and Ag com-
pounds. This is presumably due to the appearance of other
phase which breaks the superconductivity around P.. The
existence of a nonsuperconducting new higher-pressure
phase (NP) will be discussed later on.

3. Phase coexistence around the critical pressure

To show critical behaviors at the phase switching from
CO to SC phases, the detailed p-T curves of Na and Ag
compounds near the P, are exhibited in Fig. 7. These two
graphs are simply macrographs of the low-temperature part
of Fig. 4. The sudden drops of p which are marked by small
black inverted triangles in this figure are observed at 7.0 GPa
(Na) and 6.8 GPa (Ag), and the zero resistivity (within the
experimental resolution) is observed at 7.3 GPa (Na) and
7.5 GPa (Ag), respectively. Differing from the Li compound,
both Na and Ag compounds show typical SC metallic behav-
iors.

However, the details of p-T curves around the P, are dif-
ferent between Na and Ag compounds. In Na compound,
only one p-T curve at 7.0 GPa shows moderate drop to non-
zero resistivity as observed in Li compound. With further
increasing pressure only up to 7.3 GPa, the p-T curve shows
a sharp drop to zero resistivity with a typical transition width
~1.5 K. On the other hand, an anomalous behavior as
“cranked p-T curves” is observed at the superconducting
transition in Ag compound (see the p-T curves at
6.8—7.3 GPa, typically at 7.0 GPa). Such cranked p-T curves
near the P, were always observed in three different experi-
mental runs on Ag compounds, while such a peculiar p-T
curve was never observed on Na compound even in the three
runs.

This difference and peculiar behaviors in the two com-
pounds are probably explained by an inhomogeneity which
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FIG. 7. (Color online) Pressure dependence of p-T curves in
B-Nag33V,05 and B-Ag(33V,05 below 50 K. The behaviors of p-T'
curves clearly show that the superconducting transition is different
between B-Najy33V,05 and SB-Ag33V,0s. The relatively sharp
drop in p-T curve shows homogenous hydrostatic pressure gener-
ated in the experiments.

arises from a coexistence of CO and SC phases (probably
macroscopic) near the phase boundary. Such a coexistence is
generally an evidence for first-order transition between CO
and SC phases. Assuming the phase coexistence occurs in a
striped manner perpendicular to the b axis (current direction
of the measurements), the cranked behavior in Ag compound
can be explained by electrical serial connection of SC and
CO parts in the crystal. Different behaviors between Na and
Ag compounds near the P, might be attributed to different
manner of the phase coexistence. On the other hand, there is
another possible explanation for the inhomogeneity, that is,
very slight fluctuation of A-cation content in the sample crys-
tal. As mentioned later, the superconductivity disappears in
slightly off-stoichiometric 8-Nay3,V,05 crystal. This means
very tiny uncontrollable fluctuation of chemical composition
results in a phase coexistence of CO and SC phases, if P, is
crucially affected by the chemical compositions. In this case,
it is difficult to say something about the order of the transi-
tion between CO and SC phases.

In this paper, a term “coexistence” will express macro-
scopic coexistence hereafter. This means that both SC and
CO phases appear simultaneously and inhomogeneously on a
macroscopic scale. Besides, it still be unknown at present
whether microscopic phase coexistence intensively studied
in heavy fermion and/or organic systems®*?* is likely in
B-vanadium bronzes or not.

The coexistence of SC and CO phases cannot be attrib-
uted to the inhomogeneity of pressure. In Ag compound, the
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FIG. 8. (Color online) p-T curves of B-Liy33V,05 measured
above the critical pressure, 10.2 GPa and at 7.5 GPa in a pressure
decreasing process. With slightly increasing pressure from
10.2 to 10.5 GPa, the whole aspects on the p-T curve, charge order-
ing, superconducting transitions, and further metallic behavior, sud-
denly disappear. This implies the existence of a new phase above
10.5 GPa which breaks superconductivity.

transition width of superconducting transition is about 1.0 K
at 6.8 GPa. At this pressure, the pressure dependence of Tgc
is relatively large (~+9.2 K/GPa; the onset temperature
where the p-T curve shows drop is 4.01 K at 6.8 GPa and
5.95 K at 7.0 GPa). This means that the transition width
would be about 9 K, if the pressure inhomogeneity were
1 GPa. From simple calculation taking the observed transi-
tion width and the pressure dependence of the Ty into ac-
count, the pressure inhomogeneity is estimated at about
0.12 GPa. This is quite smaller than the width of the coex-
istence pressure region, 6.8—7.5 GPa.

4. New nonsuperconducting higher-pressure phases

The highest pressure in our pressure apparatus is about
13 GPa at present. For generating such high pressure, we
have employed sintered diamond anvils equipped with the
cubic-anvil-type pressure apparatus. Figure 8 represents the
p-T curves of -Lij33V,05 observed in the highest-pressure
region: four p-T curves measured in a sequence, 10.2
—10.5—10.9— 11.4 GPa and one p-T curve at 7.5 GPain a
pressure decreasing process. The p-T curves are different be-
tween 10.2 GPa and above that. The p-T curve at 10.2 GPa
clearly shows both a sharp CO upturn at 15.5 K and a sharp
SC drop at 8.5 K. This SC nature steeply disappears with
slightly increasing pressure only up to 10.5 GPa. Further-
more, the tendency of pressure dependence of overall p-T
curve drastically changes at around the critical pressure. Be-
low 10 GPa, p-T curves shift downward (low p) as increas-
ing pressure, as shown in Fig. 4. On the other hand, the
curves above 10 GPa shift upward (high p) with increasing
pressure, as exhibited in Fig. 8. The p-T curves at 10.5, 10.9,
and 11.4 GPa are qualitatively the same; very narrow gap
semiconductinglike behavior without SC nature.

These drastic changes with slightly increasing pressure
just above P, imply sudden appearance of a new phase (NP
phase) with a non-SC ground state around 10 GPa in
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FIG. 9. A compressing curve of resistivity (p-load curve) in
B-Lip33V,05 at room temperature. As increasing pressure, resistiv-
ity monotonically decreases up to about 10 GPa and then increases,
showing minimum at this pressure. Observed large hysteresis im-
plies any crystallographical phase transition around 10 GPa. The
estimated width of the hysteresis loop is about 3.0 GPa.

B-Lip33V,05. The NP phase seems to appear above room
temperature, because the two p-7 curves of 10.2 and
10.5 GPa are crucially different in the whole temperature
region below room temperature. This is also demonstrated by
resistivity as a function of compressing (resistivity-load, p-L
curve) at room temperature, as shown in Fig. 9. With increas-
ing pressure, namely, as increasing applied load, the p de-
creases and shows broad minimum at around 10 GPa
(95 tons) followed by a continuous increase up to 11.4 GPa
(110 tons). The pressure about 10 GPa around the minimum
is very close to the pressure where the NP phase appears.
Then the measurements with decreasing pressure were car-
ried out slowly, ~—0.5 ton/h, to avoid a fracture of the
sample crystal. With decreasing pressure from 11.4 GPa,
the p slightly increases and then suddenly decreases to the
value observed in a pressure increasing process around
50 tons; namely, the p-L curve shows a considerably large
hysteresis loop. This hysteresis behavior excludes an extrin-
sic origin of the upturn of p above 10 GPa such as microc-
racks of the sample crystal. Such microcracks might be gen-
erated when the pressure medium freezes under high
pressure (>10 GPa) at room temperature. However, if mi-
crocracks were in the sample crystal, the p would never re-
cover, namely, p-L curve would never show such hysteresis
loop. Therefore, this loop of p-L curve crucially demon-
strates the appearance of NP phase above 10 GPa.

Here it should be noted that the calibration between pres-
sure and compressing load does not work in a pressure de-
creasing process. However, the hysteresis width can be esti-
mated by observing p-T curve at the load just below the
hysteresis loop. The p-T curve observed at 48 tons in a pres-
sure decreasing process is shown in Fig. 8 as p-T curve at
7.5 GPa. The p-T curve clearly shows CO transition at 7Tcq
=33 K. From T-o=33 K, the actual pressure can be esti-
mated at 7.5 GPa. Thus, we found the hysteresis width about
3.0 GPa.

In B-Naj33V,0s, such a non-SC NP phase was also ob-
served; however, the behaviors of p-T curve were consider-
ably different from those in B-Lij33V,05, as shown in Fig.
10. This figure exhibits four p-T curves in the following
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FIG. 10. (Color online) p-T curves of B-Nag33V,05 measured
above 11 GPa and at 9.5 GPa in a pressure decreasing process. The
superconducting behavior drastically disappears between 11.2 and
11.8 GPa. The moderate drop in p-T curves above 11.8 GPa implies
coexistence of superconducting and nonsuperconducting phases. A
sharp drop of p-T curve at 9.5 GPa in a pressure decreasing process
excludes an extrinsic origin of the moderate drop above 11.8 GPa
such as crack of the sample crystal.

sequence: 11.2—11.8—12.7—9.5 GPa. The pressure of
9.5 GPa in a pressure decreasing process was determined
from the pressure at which p-T curve in the pressure increas-
ing process showed the same Tsc. The SC phase disappears
with increasing pressure from 11.2 to 11.8 GPa. The p-T
curves at 11.8 and 12.7 GPa show clear and moderate drops
to nonzero resistivity as frequently observed in the critical
pressure region between CO and SC phases. This implies
coexistence of SC and non-SC metallic phases at the pres-
sure region, 11.8—12.7 GPa. However, there is no crucial
difference of overall behaviors of p-T curves in the normal
metallic states in contrast to the case of -Lij;33V,0s. It
should be noted that the optical study on 3-Na, 33V,05 under
high pressure also revealed the appearance of an unknown
new phase above 12 GPa.?

From these results, we suppose that there exist non-SC
high pressure phases as a common aspect of B-vanadium
bronzes and these phases should be a key for the presence
ans/or absence of superconductivity as discussed later.

5. P-T phase diagrams

The relationship among charge ordering (CO), normal
metallic (NM), superconducting (SC), and nonsuperconduct-
ing higher pressure (NP) phases in 3-A33V,05 (A=Li, Na,
and Ag) is shown in Fig. 11 as the pressure-temperature
(P-T) electronic phase diagrams of the three stoichiometric
compounds. Note that these phase diagrams are represented
with a linear scale of temperature and pressure, differing
from those in the previous publications.!'"*® We have per-
formed high-pressure experiments for each compound sev-
eral times. As the results of sample dependence presumably
due to very slight deviation of A-cation composition from the
stoichiometry, the phase boundary was forced to scatter in
these phase diagrams.
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FIG. 11. (Color online) The pressure-temperature (P-T) elec-
tronic phase diagrams for 8-A(33V,05 (A=Li, Na, and Ag). Nota-
tions “CO,” “SC,” “NM,” and “NP” represent charge ordering, su-
perconducting, normal metallic, and newly observed higher
pressure phases, respectively. These notations also appear in the
main text. The different colors (online) of the symbols which rep-
resent Tco and Tgc correspond to the different experimental runs,
showing some discrepancy dependent on the samples.

The overview of these phase diagrams clarifies the fol-
lowing aspects: (i) CO phases are suppressed by pressure and
SC phases appear adjoining CO phases; (ii) the phase bound-
ary between NM and CO phases has a concave shape in all
phase diagrams instead of an ordinary convex shape, which
is discussed later; and (iii) the most noteworthy common
aspect is that the phase boundary between NM and CO
phases seems to terminate at the optimum point of SC phase.
This implies an important role of charge fluctuation for the
superconductivity.

Meanwhile, there is an important difference among these
phases diagrams; substantially different pressure ranges for
SC phases. It is wide in both Na and Ag compounds while
narrow in Li compound. This is probably caused by the re-
lationship between CO and NP phases, namely, it depends on
how far NP phase exists from CO phase in P-T phase dia-
gram. In Li compound, NP phase appears before CO phase
vanishes completely and SC phase progresses fully.
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FIG. 12. (Color online) The macrographs of P-T phase diagrams
in Fig. 11. Notations CO, SC, NM, and NP have the same meanings
in Fig. 11. A hatched area with CO+SC means the region where p-T
curves show moderate drops to nonzero resistivity. This behavior is
probably due to the coexistence of SC and CO phases. The small
square symbols (Na compound) represent T determined from ac-
susceptibility measurements.

As already mentioned, the phase boundary between NM
and NP phases is considered to be parallel to the temperature
axis in Li and Na compounds. To observe any crystallo-
graphic transitions between NM and NP phases, we are plan-
ning synchrotron radiation experiments using diamond anvil
cell for both Li and Na compounds. At this stage, we suppose
the NP phases in Li and Na compounds have different kinds
of nature, and semiconductive (Li) and metallic (Na) conduc-
tion properties. It should be emphasized that the appearance
of these NP phases is closely related to the presence and/or
absence of SC phase in whole stoichiometric S-vanadium
bronzes.

To make the phase relation around the P, clear, the mac-
rographs of the P-T phase diagrams near the P, are shown in
Fig. 12. Here the hatched area with a notation “CO+SC”
shows a coexisting region of SC and CO phases where p-T
curves show drops but do not reach to zero resistivity. If the
fraction of SC phase is beyond a percolation limit, the SC
paths are linked together and the sample crystal shows zero
resistivity. Thus, the CO+SC region presented here should
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be minimum in the coexisting region, in other words, the real
coexisting region should be wider than the presented area.
On the other hand, the bulk nature of the SC phase in Na
compound was definitely expected by ac-susceptibility
measurements'! as discussed above. The Tgc observed by
these susceptibility measurements are also plotted by small
square symbols in the middle panel of Fig. 12. Relatively
large discrepancy, ~2 K between Tc’s derived from the on-
set of the p-T and x(w)-T curves, has been frequently ob-
served in high-pressure studies. Incidentally, the Tgc’s from
x(w)-T curves well coincide with the offset temperatures
where the p-T curves reach zero resistivity. Moreover, a bulk
SC phase is expected to appear at 8.0 GPa in Na compound
where the upturn behavior in p-T curve completely disap-
pears. This fact allows us to suppose the bulk superconduc-
tivity appears when the CO phase is completely suppressed
by high pressure.

The pressure dependence of antiferromagnetic (AF) or-
dering transition temperature 7y and A-cation ordering
temperature 7% were investigated in Na compound in the
range up to 1.2 GPa using a piston cylinder-type pressure
cell and up to 3 GPa using diamond anvil cell (DAC),
respectively. Both T, and 7% increase moderately,
Ty: 24 K (0 GPa) to 31 K (1.2 GPa), T*: 250 K (0 GPa)
to 300 K (3 GPa). They, however, are not shown in the
phase diagrams. A recent preliminary NMR study at 6 GPa
revealed the absence of magnetic ordering down to 2 K in
Na compound. The precise NMR study under high pressure
beyond P, is desired, because what ground state is adjacent
to SC phase is crucial to discuss the superconducting mecha-
nism.

B. Off-stoichiometric compounds

In this section, some results of high-pressure studies in
off-stoichiometric compounds, underdoped [3-Nay3,V,05
and B-Liy3,V,05 and overdoped [-Liy;3V,0s, are repre-
sented, together with that in 8'-Cug5V,0s5.

1. Underdoped compounds

We prepared slightly deficient samples of 3-Naj3,V,0s5
and B-Lij3,V,05. The A-cation deficiency not only changes
the valence state of V,05 framework but also introduces ran-
domness into the host electronic state. The p-T curves under
high pressures are exhibited in Fig. 13 for Na poor (a) and
for Li poor (b) samples, respectively. Note that the exhibited
temperature range is 0—300 K for Na and 0-50 K for Li. In
both samples the distinct CO transition was observed and it
was suppressed by high pressure as in the stoichiometric
samples. Similar to the case of the stoichiometric samples,
the absolute value of the p became enough small (kI ~ 20)
and the Tq became enough low (<15 K). Nevertheless nei-
ther [-Naj3,V,0s5 nor S-Lij;,V,05 showed SC nature.
These results show that the superconductivity is more sensi-
tive to A-cation off stoichiometry and/or randomness than
the charge order. The behaviors of p-T curves above critical
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FIG. 13. (Color online) p-T curves under various pressures for
nonstoichiometric (under doped) compounds: (a) 8-Naj 3,V,05 and
(b) B-Liy3,V,0s.

pressures are a little bit different between both samples,
which is due to the different properties of NP phases, as
described in the previous section.

As well known, in conventional superconductors, non-
magnetic impurities and randomness little affect the SC tran-
sition temperature 7Tsc. For example, noncrystalline lead has
exactly the same Ty as the crystalline one. On the other
hand, in HTSC, slight amount of impurity such as Zn and Ni
(both magnetic and nonmagnetic) in Cu site crucially de-
creases Tgc. Typically, only 3% impurity destroys the SC
phase in La,_,Sr,Cu,_ M 0, (M=Ni, Zn, y~0.15, x~0.03).
Such sensitive nature of HTSC to impurity is regarded as a
characteristic of d-wave superconductivity. Note that the su-
perconductivity suffers significant damage only when on-site
Cu ions in CuO, plane are substituted by the impurity ions.
Moreover quite sensitive superconductivity to off-site’’ and
on-site impurities®?° has been reported on the spin triplet
oxide superconductor Sr,RuQ,. In this system, both mag-
netic and nonmagnetic impurities of only 0.2% break the
superconductivity. The observed off-stoichiometry effects on
the superconductivity in B-vanadium bronzes remind us the
case in Sr,_,La RuOy.
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FIG. 14. (Color online) p-T curves of off-stoichiometric

B-Lip33V,05 up to 11 GPa. The p-T curves are divided into two
groups: (a) the curves in 0.0-9.9 GPa with a semilog plot and (b)
the curves in 9.9-10.8 GPa with a linear plot.

2. Overdoped compound

One of the advantages of S-vanadium bronzes is chemical
variety. In the case of B-Li system, it was accidentally dis-
covered that Li ion can be tuned to relatively large excess
content, namely, overdoped composition of x=0.38 (ana-
lyzed by ICP-AES). This was probably realized by long time
contact between growing crystals and Li-rich molten sub-
stance in the crucible.

The p-T curves of the overdoped, -Lij33V,05 are shown
in Figs. 14 and 15. Figure 14 exhibits (a) overall (0—300 K)
curves with a semilog plot up to 9.9 GPa and (b) overall
curves with a linear plot in 9.9—10.8 GPa. Figure 15 also
shows p-T curves with a linear plot in 5.5-9.9 GPa below
70 K. The behaviors of overdoped, Li-rich nonstoichiometric
compound are quite complex.

The significant results are summarized as follows.

(1) The p-T curve at ambient pressure shows a large jump
at 220 K associated with a MIT and a small kink at 180 K
[Fig. 14(a)].

(2) The p-T curves show clear drops at around 4.5 K but
nonzero resistivity in 7.5-9.6 GPa (Fig. 15).

(3) The p-T curve shows a sharp drop at 8.5K
and zero resistivity by slightly increasing pressure from
9.6 to 10.1 GPa. However, the SC nature steeply disappears
with slightly increasing pressure merely up to 10.4 GPa [Fig.
14(b)].

Although almost p-T curves do not show zero resistivity
except the curve at 10.1 GPa, the origin of observed drops
can probably be attributed to SC transition. Here it should be
noted that the p-T curves of B-Lij33V,05 have four charac-
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FIG. 15. (Color online) The macrograph of Fig. 14(a) with lin-
ear plot. The inverted triangles show anomalies in the p-T curves
including SC transition. The complex behaviors are presumably at-
tributed to the coexistence of 8 and B’ phases, both which have
similar V,05 framework. The several kinds of symbols such as
open and/or solid squares and circles also appear in the phase dia-
gram exhibited later in Fig. 18.

teristic temperatures of 220 and 180 K associated with CO
transition and 4.5 and 8.5 K with SC transition. The two sets
of temperatures and pressures: 180 K at ambient pressure
and 8.5 K around 10 GPa are the same as the characteristic
transition temperatures and pressures of CO and SC transi-
tions in the stoichiometric 3-Lij33V,0s5, respectively. This
suggests that the non-stoichiometric S-Lij33V,05 includes
another phase responsible for both a CO transition at 220 K
under ambient pressure and a SC transition at 4.5 K under
7.5-9.6 GPa in one sample crystal, in addition to the stoi-
chiometric -Lij33V,05 phase. Such two phase mixture in
q1D conductor can explain the coexistence of two SC phases
(B phase and another phase) around 10 GPa. Here it should
be emphasized that zero-resisitivity behavior has never been
observed in the stoichiometric -Lij33V;,0s.

As a likely coexistence, the mixture of 8 and B’ phases
can be considered from the special situation that only ternary
Li-V-O system can form both 8 and B’ structures.>° Other
A-V-0O systems (A=Na, Ag, Ca, Sr, Pb, and Cu) can take
only B or B’ structure.

The crystal structures of 8 and B’ phases are illustrated in
Fig. 16. In this figure, A-cation is represented as balls and
V,05 framework is shown as a polyhedra network. Panel (a)
illustrates a projection along the b axis and (b) shows a cross
section (the b plane) of each B and B’ structure at the broken
line in panel (a). As shown in panel (b), the structural differ-
ence between B and B’ phases results from only different
A-cation arrays in the common V,O5 tunnels. As the result,
the stoichiometric composition of A cation in 8’ phase is two
times larger than that of B phase, namely, ideal 8’ phase is
represented as B'-A,3V,0s5. These characteristics suggest a
possible phase separation into 8 and B’ phases in the case of
excess Li content.
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FIG. 16. (Color online) Crystal structures of SB- and
B’-vanadium bronzes. The cross section at the broken line in the
upper panel (a) is shown in the lower panel (b) to demonstrate
A-cation arrays in the V,Os tunnels for each 8 and B’ structure.
The fact that only Li,V,05 system can form both structures and the
similarity of both structures imply a possibility of coexistence of 8
and B’ phases with the same V,0s5 framework in S-Lij33V,05
crystal with excess Li ions.

Actually, recent precise single crystal x-ray diffraction
(XRD) and 'Li-NMR measurements revealed the coexist-
ence of two phases.’!32 "Li-NMR reveals two sets of Li sig-
nal with clearly different local surroundings. On the other
hand, powder XRD profile of B-Liy;3V,05 seems to be al-
most identical to that of B-Lij33V,05 except slightly differ-
ent d spacing. In such phase separation, each phase of the
separated two phases might have a character of each stoichi-
ometric end member, although the stoichiometric 8’ phase
has never been synthesized under known conditions. Conse-
quently, it is impossible to directly examine the properties of
the stoichiometric pure B8’-Li compound under ambient and
high pressures. However, there is a good example from
which we can analogize the properties of the stoichiometric
pure B’ phase. That is 8'-Cug¢5V,0s.

PHYSICAL REVIEW B 77, 104529 (2008)
3. B'-CuysV,05

A ternary Cu-V-O system can form B’ structure and we
can control Cu ion content in B8’-Cu,V,05 system up to x
=0.65, very close to the stoichiometric composition 0.66.33
x=0.65 is the closest composition to the stoichiometric one,
which can be prepared under ambient synthetic conditions.
The nominal carrier number of B'-Cug¢5V,0s5 is almost the
same as that of stoichiometric divalent 8-A,33V,05 (A=Ca,
Sr, and Pb). In this Cu compound, pressure-induced super-
conductivity was discovered at about 5 K and at 4.5 GPa.?
This fact gives some validity to the superconductivity in
[B’-Li phase under pressure.

As a common feature of B- and B’-vanadium bronzes,
nonstoichiometry of A cations spoils its q1D metallic prop-
erty. In the case of B’-Cu system, the metallic features are
not so sensitive to off stoichiometry compared to the B
phases. At x=0.60, metallic behaviors on p-T curves disap-
pear. Note that all S-vanadium bronzes (A=Li, Na, Ag, Ca,
Sr, and Pb) lose its metallic nature even in x=0.32.

Single crystals of B'-Cue;V,05 were grown and high-
pressure experiments were carried out by using the crystals.
Here, in Fig. 17(a), we show the p-T curves of a x=0.65
crystal along the b axis up to 6.5 GPa which also appeared in
Ref. 26 The inset of this figure is an enlarged graph of the
low-temperature part below 30 K. This compound does not
show distinct MIT at ambient pressure but has a crystallo-
graphic transition at around the temperature with a hump of
the p-T curve. The XRD study claimed the occurrence of
partial charge ordering (PCO) at this transition.** The most
intriguing aspect is a clear drop in the p-T curves at 3.0 and
4.5 GPa, as clearly seen in the inset. The drops appear at
around 6 K; however, the p-T curves do not show zero re-
sistivity (down to 35% of the onset in the p-T curve of
4.5 GPa). As further increase of pressure up to 6.5 GPa, the
drop readily disappears. Note that such moderate drops in
p-T curves have been frequently observed in [B-vanadium
bronzes near the critical pressure P, where a SC phase be-
gins to appear in a CO phase.

In order to confirm the pressure-induced SC phase, ac-
susceptibility measurement was also performed under high
pressure with the same method employed in 3-Na com-
pound. The obtained temperature dependence of the ac-
susceptibility, y(w)-T curves (w~534 Hz) at 4.0 and
4.5 GPa are also shown in Fig. 17(b). A clear drop in y(w)-T
curve was observed at 4 K in 4.5 GPa, which was in good
agreement with the results of resistivity measurements under
pressure. Judging from the extremely low sensitivity of this
ac-susceptibility measurement, only SC transition is a likely
explanation for the drop in y(w)-T curve. Therefore this ac-
susceptibility measurement strongly supports a pressure-
induced SC phase in B’-Cug 45V,05. The SC volume fraction
was nominally estimated at about 6% as discussed above.

The SC signal on y(w) is quite smaller (~1/10) than that
in B-Na compound. Such a small signal is consistent with
non-zero-resistivity behavior in p-T curves. These poor SC
properties are possibly attributed to the quality of crystal,
namely, a slight off stoichiometry of Cu ions. However, the
superconductivity observed in B’-Cug¢;V,05 justifies that
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FIG. 17. (Color online) (a) p-T curves under pressure up to
6.5 GPa, which was also shown in Ref. 26 and (b) y(w)-T curves at
4.0 and 4.5 GPa for B'-Cug5V,0s. The inset in panel (a) is simply
a macrograph of the p-T curves under 30 K.

the second phase in the two phase mixture of 8-Lij33V,05 is
possibly B'-Lig ¢¢V,05 with a SC nature under high pressure.

4. P-T phase diagrams of B-Liy33V,05 and B'-Cus5V,05

Many complex aspects observed in “overdoped”
B-Lij33V,05 are summarized as a P-T phase diagram exhib-
ited in Fig. 18. In this phase diagram, several kinds of
anomalies, MIT jump, kink, and SC drop in p-T curves are
represented by filled and open small square and/or circle
symbols which also appeared in Figs. 14 and 15.

These anomalies can be divided into two groups: the iden-
tical ones observed in the stoichiometric compound and the
others. The former marked by filled symbols is attributed to
the stoichiometric 8 phase, while the latter shown by open
symbols could be responsible for the 8’ phase.

To demonstrate the sudden rise of Ty with slight increas-
ing pressure, 9.6—9.9 GPa, the phase diagram around the
SC phase is enlarged as an inset. Here, the lower and higher
Tgc are about 4.5 and 8.5 K, respectively. The SC phase with
Tsc=4.5 K plotted by open circles is absent in the stoichio-
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FIG. 18. (Color online) The P-T phase diagram of

B-Lig33V,0s. Note the common meanings of the notations: CO,
SC, NM, NP, and CO+SC. The inset is an enlarged picture around
the SC phase in the main panel.

metric compound. The notation “SC+CO” in the hatched
area means the coexistence of CO phase (8 phase) and
SC phase (B’ phase). Note SC+CO region spreads over
relatively wide pressure about 2 GPa compared with that
(<1.0 GPa) in the stoichiometric compound.

Just above the pressure of 9.6 GPa where T suddenly
rises up to 8.5 K, only one p-7 curve at 10.1 GPa shows zero
resistivity within the experimental resolution. This can be
understood that both 8 and B’ phases become to show SC
nature at this pressure and the whole electronic path is con-
nected by SC phases. With further slight increasing pressure
up to 10.4 GPa, the NP phase probably appears and breaks
SC phase as observed in the stoichiometric Li compound.

On the analogy of the phase relations in the stoichiometric
B compound, the pure B’-Li compound probably has both
CO and SC phases with a phase relation shown by two
anomalies marked with open squares and circles. In this
phase diagram, the phase boundary between CO and NM
phases is drawn as the interpolation between anomalies at
ambient and above 6 GPa, even though there is no distinct
anomaly on the p-T curves in the pressure range
2.0-5.5 GPa. The large error bars in this pressure region are
due to such uncertainty.

A P-T phase diagram of B'-Cug4s5V,05 is exhibited in
Fig. 19, as a good reference to imagine the phase relation of
B'-Li compound. The stoichiometric 8’-Li compound, if it
exists, is expected to show similar properties to this 8'-Cu
compound, because both compounds have common crystal
structure and almost the same carrier number. The fact that
B’-Cuyg 45V,05 clearly shows pressure-induced superconduc-
tivity gives some validity to the superconductivity in B’-Li
phase under pressure.

On the other hand, there are some different aspects be-
tween the properties of B’-Li compound deduced from the
results of B-Lij13V,05 and those of B’-Cu compound. The
most significant one is the presence and/or absence of a dis-
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FIG. 19. (Color online) The P-T phase diagram of

B’-Cug 65V,0s5. The notation “PCO” denotes partial charge ordering
phase (Ref. 34).

tinct MIT (observed at 220 K in the overdoped Li compound
at ambient) in B’-Li compound and/or B’-Cu compound.
This difference seems to be crucial. However, it should be
noted that the crystal structure transition (Tpco=260 K) in
B’-Cug5V,05 at ambient pressure has been discussed as a
PCO phenomenon.>* At present, the pressure dependence of
Tpco is observed only up to 1.5 GPa, showing the abrupt
vanishing of a sign of the transition in p-T curves.

In this phase diagram, the filled square symbols denote
Trco, and the filled and open circles show Tgc derived from
p-T and y(w)-T curves, respectively. Although, unfortu-
nately, the relation between SC and PCO phases is still un-
known, it may be similar to that between CO and SC phases
in the stoichiometric monovalent 8-vanadium bronzes.

IV. DISCUSSION
A. Pressure dependence of T¢q

As shown in Fig. 11, CO phases in all monovalent stoi-
chiometric B-vanadium bronzes are bounded by NM phases
with rare concave shape in the P-T phase diagrams. Mean-
while various kinds of ordering states which are suppressed
by pressure show a convex shape, for example, itinerant
magnetic ordering®> and Mott insulating phases.3®

Although there is no established formalization to treat the
pressure dependences of To, we dare to employ the formal-
ization discussed by Millis for magnetic ordering phase in
itinerant fermion systems?’ to discuss the observed pressure
dependences of T-o. With an analogy between the charge
degree of freedom on vanadium ions (V#/V>*) and spin
degree of freedom (spin up and/or down), the B-vanadium
bronzes can be considered as spin systems in the formaliza-
tion discussed by Watanabe.?® In this formalization, magnetic
transition temperature under pressure can be described as
follows:
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FIG. 20. (Color online) Pressure dependences of Tcg in
B-Ap33V,05 (A=Li, Na, and Ag). The exponent § is defined as
TCOM(Pj—P)ﬁ, where Pj is defined as the pressure at Tco=0 K
(see the text). For comparison, the typical pressure dependences of
Tco in some other CO oxide compounds, Ti;O;, Fe;O4, and
non-SC -Sr(33V,0s, are also exhibited. Three broken lines are the
guidelines of 6=0.5, 0.75, and 1.0.
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where the dynamic exponent, z, is expected to be z=3 in
ferromagnetic (F) and z=2 in antiferromagnetic (AF) sys-
tems, and d represents spatial dimensionality of the system.
Since the carrier d electrons should interact repulsively, it is
natural to suppose z=2 in the case of S-vanadium bronzes.

To demonstrate pressure dependence of Tg, we tried a
log-log plot of T¢q versus P:—P (=AP), (Tco-AP curves),
for several kinds of compounds as shown in Fig. 20. In this
plot, the exponent 6=z/(z+d—-2) for pressure dependence
of Teo is well represented as a slope of Tco-AP curve as
shown in this figure.

Here, it should be noted that the critical pressure, Pf, for
monovalent B-vanadium bronzes is different from P, in the
previous sections. The Pj is defined as the pressure where
Tco becomes 0 K and it can be determined without some
difficulty in ordinary cases. In the case of monovalent
[B-vanadium bronzes, however, SC phase suddenly appears
at P, before CO phase is completely suppressed, which
makes the determination of P:f difficult. Then the Pj is de-
termined so that the Tco-AP curves in this log-log plot have
the longest linear shapes. In other words, Pj is chosen in
such a way that the the single exponent & can describe the
phase boundary between NM and CO phases as a wide pres-
sure range as possible. The estimated critical pressures, Pj’s,
for B-Ay33V,05 (A=Li, Na, and Ag) were 11.5 (Li), 9.0
(Na), and 8.8 GPa (Ag), respectively.
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TABLE I. Simple calculations of exponent ¢ for ferromagnetic
and antiferromagnetic cases in one- to three-dimensional systems
using &=z/(z+d-2). The & was also calculated for one-
dimensional system which was not discussed in the formalization of
Millis.

System AF (z=2) F (z=3)

ID (d=1) 8=2/(2+1-2)=2 8=3/(3+1-2)=3/2
2D (d=2) 8=2/(2+2-2)=1 8=3/(3+2-2)=1
3D (d=3) 6=2/(2+3-2)=2/3 6=3/(3+3-2)=3/4

To show a peculiarity of monovalent S-vanadium
bronzes, the pressure dependences of T are also exhibited
in Fig. 20 for some other CO oxides, Ti, 07,340 Fe;0,,*' and
nonsuperconducting 3-Sr;5;V,05.4> The critical pressures,
P*’s for these compounds were naturally estimated at 2.13
(T14O7) 8.3 (Fe;0,4), and 1.46 GPa (B-Sr) in an ordinary
way from the literatures.

In Fig. 20, three broken lines are also drawn as the guide-
lines of 6=0.5, 0.75, and 1.0. As clearly shown in this figure,
there is a substantial difference in the exponents 6 among the
compounds: 6~ 1.0 for monovalent S-vanadium bronzes and
0.75> 6> 0.5 for others. The Jis a quantity which relates to
effective dimension of the system, expressed as d=z/(z+d
—2). In Table I, simple calculation data of & are exhibited for
one to three-dimensional (d=1~3) systems with F and AF
(z=3 and 2) interactions. From the calculation, one can
expect that both 2D F and AF systems are likely to show
6=1, while three-dimensional (3D) systems could have
smaller & than 3/4=0.75. It should be noted that 1D system
was not discussed in the formalization of Millis. However,
we also give the s for 1D systems in Table I.

The result that the data points of all monovalent
B-vanadium bronzes are scattered around 6=1 line implies
that they are 2D system, regardless of F and AF cases,
namely, they are governed by 2D charge fluctuation. This
also suggests that such 2D charge fluctuation is a possible
origin of the superconductivity under high pressure in all
monovalent B-vanadium bronzes. More over, one can also
find two expectable &’s for 3D other compounds Ti,O, and
Fe;0,, and one peculiar 6 for B-Sr33V,05. The later might
be attributed to its complex P-T phase diagram.*?

All B-vanadium bronzes show q1D conduction at ambient
pressure; however, a pressure-induced dimensional crossover
to 2D conduction was observed in divalent B-vanadium
bronzes.** Furthermore, x-ray diffraction measurements un-
der pressure revealed a relatively larger compliance along the
a axis in 3-Nag3;V,0s, compared with other directions.*>#
These facts allow us to suppose q2D conduction within the
ab-plane under pressure, being consistent with the observed
exponent 6.

B. AT?+p, behaviors in normal states

The p versus 72 curves for all stoichiometric monovalent
compounds, B-A(33V,0s (A=Li, Na, and Ag), near P, and
up to 70 K (72=4900 K?) are exhibited in Fig. 21. All curves
roughly show linear behaviors as p=p,+AT? in a rather wide
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FIG. 21. (Color online) p-T?> plots for all stoichiometric

monovalent compounds near P, up to 70 K (72=4900 K?). The
p-T? behaviors in the metallic phases of these compounds are ob-
served in relatively wide pressure and temperature regions, indicat-
ing Fermi liquid nature. At the P, no drastic discrepancy from the
7% behavior was observed.

temperature range, indicating their Fermi-liquid-like nature
in the normal metallic phases. Non-Fermi-liquid-like con-
duction such as linear-T behavior in HTSC and p-T'? curves
observed near the quantum critical point (QCP) in heavy
fermion system have not been observed; nevertheless, the
systems are probably governed by 2D charge fluctuation as
mentioned already.

The p-T? behaviors around P, are observed in a consider-
ably wide temperature range up to 50 K at least in Li com-
pound and up to the highest 100 K in Na compound. Similar
behaviors in the wide temperature range were observed in
one typical early 3d-transition metal perovskite oxides,
La,Sr,_, TiO;.% Such 7? dependence of p in the wide tem-
perature range reminds us of strong electron-electron scatter-
ing process rather than electron-phonon scattering process, in
spite of the large electron-phonon coupling suggested in
angle-resolved photoelectron spectroscopy study at ambient
pressure.*® These two observations at ambient and high pres-
sures imply quite large pressure compliance of electron-
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FIG. 22. (Color online) Pressure dependences of two param-
eters, residual resistivity py and A coefficient of 72 term. Both pa-
rameters were obtained by linear fitting in p-72 plot. The white,
light, and dark gray backgrounds show the metallic regions with
different ground states; CO phase without SC phase (white), coex-
istence of CO and SC phases (light gray), and SC phase without CO
phase (dark gray), respectively. The white region of Li compound in
the higher-pressure side corresponds to NP phase which breaks
superconductivity.

electron (enhanced by pressure) and/or electron-phonon
(suppressed by pressure) couplings.

Incidentally, since Fermi liquid is never realized in 1D
system, the results strongly suggest that dimensional cross-
over from qlD to 2D or higher dimension occurs with ap-
plying pressure.

Typical values of the coefficient A of T? term at the P, are
1.8 X 107® for Li compound, 2.3 X 1078 for Na compound,
and 1.2X 1078 Q cm/K? for Ag compound, respectively.
The A coefficients obtained in other early transition metal
oxides are typically 2.0 107 Q cm/K? for LiV,0, (Ref.
47) and (1.0-2.5) X 107 Q cm/K? for La,Sr,_, TiO;.* Since
the A coefficient is regarded as a measure of the electro-
nic specific heat (y), y near the P, in B-vanadium bronzes
could be relatively larger than that in La,Sr;_ TiO; (y
=8-16 mJ/K?>mol) and considerably smaller than that in
LiV,0, (350-400 mJ/K>mol). The 7y of monovalent
B-vanadium bronzes near the P, can be estimated at
30-55 mJ/K? mol, assuming the relation A/7”=constant
~1.0%x 107" Q cm(mol K?/mJ)?, which is frequently ob-
served in highly correlated electron systems. The estimated y
values are relatively larger than those of typical 3d'-electron
metallic vanadium oxides, CaVO; (7.3—8.6 mJ/K? mol)
(Ref. 48) and B’-Cug45V,05 (13.6 mJ/K? mol) (Ref. 49) at
ambient pressure.

The pressure dependences of two fitting parameters A and
po for all monovalent compounds are exhibited in Fig. 22.
The linear fitting for each compound was carried out in the
restricted pressure region where a linear relation of p-7°
curves was realized. The white, light gray, and dark gray
backgrounds in this figure represent the regions with CO,
CO+SC, and SC ground states, respectively. The white re-
gion in the higher-pressure side for Li compound corre-
sponds to NP phase which breaks both superconductivity and
T? behavior. The most significant feature of this figure is that
the pressure dependence of coefficient A (A-P curve) seems
to have a peak at around P, while the residual resistivity p
(po-P curve) monotonically decreases with increasing pres-
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sure. A clear peak of A-P curve was observed only in Na
compound. We cannot know the behavior in the higher-
pressure side than P, for Li compound because it is probably
masked by the NP phase. On the other hand, the region of 77
dependence below P, is too narrow to evaluate the behavior
for Ag compound. However, such peak behavior of A-P
curve is naturally expected in both Li and Ag compounds on
the analogy of Na compound.

In the ordinary Fermi liquid picture, the coefficient of 77
term, A, and residual resistivity, p, are proportional to (m*)?
and 1/ISg, respectively, where the m*, [, and S} are effective
mass, meaning free path, and area of Fermi surface, respec-
tively. Thus, A and/or p, are naturally expected to be relevant
to Tgc. Actually several high-pressure studies have discussed
A-P and py-P curves concerning the critical phenomena at
the QCP.

A typical heavy fermion compound CeCu,Ge, has been
known to show characteristic pressure dependences; a sub-
stantial drop of A-P curve and a definite peak of py-P curve
at the critical pressure ~16 GPa. This compound is also a
typical pressure-induced superconductor.’® The superconduc-
tivity appears at P>10 GPa and at 0.6 K, and the Tc is
suddenly elevated to the maximum 2 K at 13-16 GPa.
These anomalous behaviors, definite peak of p, and signifi-
cant drop of A around the critical point (where the pressure
dependence of Ty shows a peak), have been interpreted as
the change of the ground state degeneracy at the transition to
intermediate valence state from Kondo state.’! Moreover,
some relations between the anomalies on py-P/A-P curves
and the enhancement of Tgc have been argued in terms of
valence fluctuation of Ce.>?

Meanwhile, the SC pyrochlore oxide Cd,Re,O; shows
somewhat different aspects on the py-P and A-P curves.
Both py-P and A-P curves show unequivocal peak structures
at P, and these peaks are explained by structural phase tran-
sition between slightly different two phases.’® The SC phase
is confined in phase II which belongs to slightly distorted
space group F43m. This space group slightly differs from the

ideal pyrochlore space group Fd3m in phase I. As increasing
pressure up to 3.5 GPa, phase II and the superconductivity
disappear simultaneously. The peaks on both py,-P and A-P
curves were observed at this critical pressure. This phase
transition has been argued as charger order uncoupled with
MIT because Re’* is relatively unstable in oxides and is
expected to disproportionate into Re** and Re®*. Further-
more, this disproportionation model can fairly explain the
slightly distorted space group F43m of the phase II.%3

As seen in both compounds, CeCu,Ge, and Cd,Re,0-,
various types of behaviors on A-P and py-P curves; peak,
steep increasing, and decreasing, have been argued as critical
phenomena concerning charge degree of freedom. All stoi-
chiometric monovalent B-vanadium bronzes show similar
behaviors; a peak of A-P curve and substantial decreasing of
po-P at the P_ region. A significant characteristic of monova-
lent B-vanadium bronzes is the insulating-superconducting
(IS) transition. Thus, the observed monotonic p, decreasing
by a factor of 5 around P, seems to be natural for the IS
transition.

The relation py1/ISy suggests considerable increasing
of the Sy by a factor of 5 around P, (/ is naturally expected
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to be constant with increasing pressure). On the other hand,
the peak behavior of A-P curve demonstrates an enhance-
ment of effective mass m*? by a factor of 2 (Na compound)
at P.. Such enhancement of the coefficient A might be attrib-
uted to some increasing of the interaction between carriers
via charge fluctuation near P,.. These anomalous behaviors in
both A-P and py-P curves are intriguing to be explored be-
cause they could have a close relation to the appearance of
superconductivity.

The most noteworthy aspect is that the superconducting
transition temperatures Tsc decrease with increasing pressure
even though p, decreases, namely, Sp probably increases
with pressure. This feature strongly implies that the super-
conductivity is not BCS type. Moreover, Tc as a function of
pressure seems to scale to A « (m*)2, meaning that the corre-
lation between electrons is an important parameter for Tgc.

C. Competition of various ground states under pressure

Pressure-induced SC phases adjacent to CO phases were
observed in all monovalent S-vanadium bronzes,
B-Ay33V,05 (A=Li, Na, and Ag) which were strictly tuned
to the stoichiometric A-cation composition. In contrast, any
SC phase was not observed in all divalent B-vanadium
bronzes, B-Ag33V,0s (A=Ca, Sr, and Pb), although they be-
came enough metallic under pressure.**

These experimental results seemed to lead to an idea that
the carrier concentration of V#(3d")/V=1/6 would be cru-
cial for the superconductivity in B-vanadium bronzes. How-
ever, a fact that almost stoichiometric B'-Cug¢;V,05 and
probably B’-LijeV,0s show the superconductivity under
pressure enables us to search for another factor for the pres-
ence and/or absence of superconductivity, because these
compounds have almost the same carrier concentration of
1/3 as in divalent B-vanadium bronzes and have a common
V,05 framework responsible for their electromagnetic states.

Here, note that the SC phase collapses at 12 GPa in Na
compound and just above 10 GPa in Li compound. These
results are due to the appearance of new non-SC higher pres-
sure phases (NP phase). The absence of superconductivity in
divalent B-vanadium bronzes might be considered to be due
to a similar phase relation, that is, the appearance of such
new non-SC phase instead of SC phase. Actually we have
observed an evidence or a sign of high-pressure phase in
B-Sr0_33V205 (Ref 42) and B-Pb0_33V205.54

In Sr compound, a non-SC new phase was actually dis-
covered under high pressure.*> This new phase borders on
the CO and NM phases, showing the tricritical point around
100 K and 1.1 GPa. As a result, the NM phase is not stabi-
lized down to the lowest temperature in Sr compound. More-
over, Pb compound shows an antiferromagneticlike order at
54 K under 0.4 GPa and this ground state survives at least up
to 1.3 GPa.>* Although it is still unclear whether the higher-
pressure phase in Sr compound is magnetic ordering phase or
not, such a high-pressure phase could be responsible for the
absence of superconductivity.

D. Commensurability of carriers

As a characteristic of S-vanadium bronzes, the CO phases
are steeply suppressed by introducing off stoichiometry. For
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example, p-T curve of B-Ag3yV,05 crystal does not show
any anomaly of MIT, while MIT still remains in 8-A(3,V,05
compound. The SC phase is more sensitive to off stoichiom-
etry than CO phase, because it disappears even in
B-Ay3,V,05 compound. A similar sensitive nature of super-
conductivity has been observed in Sr,RuO,, which has been
discussed in the light of sample cleanliness as described in
the Sec. III B 1. On the other hand, another factor might be
considered in B-vanadium bronzes.

The fact that both charge order and superconductivity are
quite sensitive to the stoichiometry suggests that a commen-
surability of carrier concentration is a crucial factor for the
electromagnetic properties in S-vanadium bronzes, although
the sensitivity to the off-stoichiometry is slightly different
between charge order and superconductivity. This may imply
a pronounce physics of commensurability for the supercon-
ductivity beyond the simple scenario of sample cleanliness
for Sr,Ru0,.

Recently the nature of the quantum valence transition in
ID periodic Anderson model with Coulomb repulsion be-
tween f and conduction electrons has been theoretically
treated by the density-matrix renormalization group method.
It reveals that the first-order valence transition emerges with
QCP and the crossover from the Kondo to the mixed-valence
states is strongly stabilized by quantum fluctuation and elec-
tron correlation. It is also found that the SC correlation is
developed in the Kondo regime near the sharp valence
transition.>® Furthermore, a significant larger SC correlation
can be expected in fractional carrier density systems.>®

At present, it is difficult to say which effect, commensu-
rability or cleanliness, is more crucial for the superconduc-
tivity of B-vanadium bronzes. To investigate a system with
ion exchange such as Na+« Ag might be effective to evaluate
a role of carrier commensurability or cleanliness.

E. Electron-lattice coupling

In general, CO transitions observed in transition metal
oxides are first-order transitions mainly because of strong
couplings between charge and lattice degree of freedoms. In
this sense, all the CO transitions in S-vanadium bronzes have
first-order-like nature at ambient pressure.’’” Under high pres-
sure, very recent NMR and synchrotron x-ray diffraction
studies have revealed that 8-Naj33V,05 does not show any
bond alternation (superstructure with lattice modulations) but
shows charge disproportionation above 3 GPa.’¥>° These re-
sults mean the electron-lattice coupling should vary with in-
creasing pressure. Ideally, the CO transition of V4 and V>*
ions without lattice modulation can be thought as second-
order transition in the analogy of antiferromagnetic ordering
transition because the system can be easily mapped into spin
up and down systems. Therefore, it is naturally expected that
the CO transition becomes second-order with increasing
pressure from first-order at ambient.

Actually we observed that large hysteresis of p-T curve at
the CO transition becomes narrow as increasing pressure in
B-Lip33V,0s. In the present study, however, it was difficult
to observe strictly the variation of order of the CO transition
under pressure and also the end point of first-order phase
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TABLE 1II. Summary of the superconducting - and
B’-vanadium bronzes. The parameters, Tcgo, P., and Tgc mean
charge ordering temperature at ambient pressure, critical pressure,
and optimum superconducting transition temperature, respectively.

VH/V* P (GPa) Tsc (K) Remarks
B-Li 1/5 9.9 8.5 dTsc/dH=-0.74 K/T
B-Na 1/5 7.0 8.0 SC breaks at 12 GPa
B-Ag 1/5 6.8 6.5
B’-Li 2/4 8.0 4.5 No single phase
B'-Cu 2/4 4.0 6.0 Partial CO?

boundary followed by second-order phase boundary in P-T
phase diagrams. Here it should be noteworthy to introduce a
fascinating theoretical prediction that SC correlation should
be enhanced near such end point.>>-°

To observe any contrast between V#* and V>* ions and
their ordering structure above 3 GPa, more extensive works
are needed in B-vanadium bronzes. The lattice modulation-
less charge order, namely, Wigner crystallization of electrons
itself, is enough interesting. Moreover, it is desirable to know
what kind of insulating phase is in contact with the SC phase
in the P-T phase diagram.

V. SUMMARY

To summarize the pressure-induced superconductivity in
this paper, the typical parameters and remarks of supercon-
ducting B- and B’-vanadium bronzes are exhibited in Table
II. The SC state as a ground state of metallic - and
B’-vanadium bronzes is realized by suppressing the CO
ground state with applying pressure. The SC phases appear
in all stoichiometric monovalent B-vanadium bronzes,
B-A0.33V205 (A =Li, Na, and Ag) and in ﬂ,-CuObsVzOS and
probably in B'-Lij ¢V,05 which has almost the same carrier
numbers as in divalent B-vanadium bronzes, [-Aj33V,05
(A=Ca, Sr, and Pb).
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These results suggest that all stoichiometric members of
B- and B’-vanadium bronzes would have SC phases, if there
were not any reason to prevent the superconductivity. Actu-
ally, the SC phase in Li compound is about to be collapsed
by non-SC higher-pressure phase (NP phase). Specifically,
other kinds of non-SC ground states appear in non-SC diva-
lent compounds (A=Ca, Sr, and Pb) prior to the stabilization
of the ambient metallic (NM) phases down to the lowest
temperature.

P-T phase diagrams of monovalent compounds show pe-
culiar concave boundary between CO and NM phases. This
shape itself shows 2D charge fluctuation near the Pj. Fur-
thermore, the observed crucial effects of the A-cation stoichi-
ometry to the superconductivity imply an important role of
commensurability of carrier density and/or cleanliness of the
system for the superconductivity.

Around P,, the AT?+p, behaviors of p-T curves of NM
phases demonstrate Fermi liquid nature. The estimated elec-
tronic specific heat () from A coefficients is relatively large,
30-55 mJ/K? mol. The most interesting thing is that the su-
perconducting transition temperatures Tgc decrease with in-
creasing pressure despite the fact that p, decreases, namely,
Sr probably increases with pressure. This implies that this
superconductivity is not BCS type. Moreover, Tgc as a
function of pressure seems to be proportional to
VA(m*). This aspect allows us to suppose that the correla-
tion between electrons is an important parameter for Tgc.
This tendency (large A gives higher Tyc) also seems to be
consistent with Tgcs in all monovalent compounds.
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