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Multiple ground state competition under pressure in 3-Sr(33V,05
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Magnetic susceptibility and resistivity of B-Srj33V,05 were precisely measured under pressure. With in-
creasing pressure, the charge order transition is suppressed and furthermore anomalous behaviors are observed,
indicating two or more phases in the charge ordered phase and two phases in the charge disordered phase.
High-pressure x-ray oscillation photographs confirm different modulation vectors in these phases, which sug-
gests the “devil’s staircase”-type phase transition as observed in a’-NaV,0s. The obtained P-T phase diagram
displays competition among multiple ground states under pressure.
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Competition among several ground states is a central is-
sue in condensed matter physics, since fascinating phenom-
ena in highly correlated electron system such as high-7. su-
perconductivity and colossal magnetoresistance appear with
such competition.! A series of quasi-one-dimensional (q1D)
vanadium oxide conductors, B-vanadium bronzes, repre-
sented as a chemical formula B-A33V,0s (A=Li, Na, Ag,
Ca, Sr, and Pb), give us a good stage to study such compe-
titions. Among them, [-Naj33V,05 has been an epoch-
making compound because of the first superconductor
among vanadium oxides, where a pressure-induced super-
conducting (SC) phase competes with a charge ordering
(CO) phase in a peculiar pressure-temperature (P-T) elec-
tronic phase diagram.>3

The monoclinic crystal structure of $-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)Oq,
(V2)Og¢ octahedra and (V3)Os5 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 which are represented as small white balls are located
in the straight tunnels along the b axis and occupy only one

FIG. 1. The crystal structure of 3-A33V,05 projecting along
the b axis. A ions (small white balls) and VOgz/VOs polyhedra are
illustrated with site assignments V1, V2, and V3. The six large
white balls and the connecting gray boldfaced solid-thin broken
lines represent an electronic model which will be called “coupled
2-leg ladders.”
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of the two nearest-neighboring A sites in the same a-c plane.
The crystal structure has a space group of C2/m in random
occupancy of A cation at the array of A sites. In contrast,
alternatively ordered A cation in the A sites results in a space
group P2,/a with a twice unit cell along the b axis. This A
cation order-disorder transition is observed at 230 K in
B-Naj33V,0s, while in 8-Sr;33V,05, A cations order even at
room temperature.* For commonality, in the following part
we will consider the monoclinic C2/m structure without
doubling the unit cell along the b axis as the fundamental
structure for a series of B-vanadium bronzes.

In this figure, we also illustrate schematically the elec-
tronic model for B3-Sry33V,05 proposed by the recent Hiickel
tight-binding calculation.’> This calculation revealed that the
electronic structure can be considered as weakly coupled two
kinds of two-leg ladders; V1-V3 and V2-V2. Both two lad-
der running along the b axis are exhibited by white large
balls (V atoms) and gray boldfaced solid lines (namely, these
lines represent rungs of the ladders). The coupling between
these two ladders are also illustrated by gray thin broken
lines. Note the quite small transfer integrals even between
neighboring ladders which are not connected by the broken
lines allow us to consider the system as coupled only three
(two V1-V3 and one V2-V2) ladders as shown in Fig. 1. We
will discuss the electromagnetic properties of this compound
based on this model.

The CO transition is a common characteristic nature of
B-vanadium bronzes except for A=Pb compound®’ and the
CO results in a superstructure with a common sixfold peri-
odicity along the b axis. The sixfold periodicity can be de-
scribed as two fold by A-cation order multiplied by three fold
by CO in 8-Naj;;V,05.*® The CO transitions are followed
by antiferromagnetic transitions in A* compounds, while in
A** compounds they are followed by spin-gap behaviors.’
The spin gap nature was confirmed by NMR and inelastic
neutron scattering on powder samples.'%!!

In all A* compounds, the CO phases collapse under rela-
tively high pressure (=7 GPa) and then SC phases appear.'?
On the other hand, divalent A** compounds B-A3;V,0s
(A=Ca, Sr, and Pb) do not show superconductivity, although
the CO phases are suppressed under relatively low pressures
(A=Ca/3.5 GPa,Sr/1.5 GPa)."* Fortunately, [B-Sr,3;V,05
has a very low critical pressure as expected from relatively
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FIG. 2. (Color online) Temperature dependences of magnetic
susceptibility of S-Sry33V,0s5 under several pressures. A curve
drawn by a black broken line is obtained by an ordinal measure-
ment without pressure cell. Eight bold curves with rainbow color
(online) show the susceptibility under several pressures.

large volume change of crystal unit cell at Too.* Thus, this
compound gives a good chance to observe how the CO phase
collapses under pressure. We have carefully measured both
magnetic susceptibility and resistivity under pressure. In this
paper, we report anomalous behaviors associated with some
unusual phase transitions, which indicates the competition of
multiple ground states in this A** compound.

The magnetic susceptibility x of polycrystalline samples
(about 20 mg) under various pressures were measured in ex-
ternal field of 1 T by a commercial magnetometer MPMS-5s
(Quantum Design Co. Ltd) equipped with a pressure cell
made of a CuBe cylinder and ZrO, pistons. Daphne oil 7373
(Idemitsu Co. Ltd) was used as a pressure medium. In the
measurements, the contribution from the pressure cell filled
with Daphne oil and without sample was subtracted from the
raw output signals of MPMS in situ. The resistivity of single
crystal along the b axis (conductive direction) was measured
by an ordinary four-probes method with several constant dc
excitation currents, 0.1 uA, 10 1A, and 1 mA in a pressure
cell made of NiCrAl hybrid CuBe cylinder and a WC piston
with methanol-ethanol mixture (4:1) as a pressure medium.
The x-ray oscillation photographs on a single crystal under
high pressures were taken in a diamond-anvil cell with a
refrigerator. We used a curved imaging plate and a mono-
chromatic Mo-Ka radiation x-ray source (rotating anode
21 kW, Mac Science Co. Ltd). The pressure medium was
methanol-ethanol mixture (4:1). The typical exposure time
was about 12 hours for one photograph.

The observed susceptibility versus temperature (x-7T)
curves under various pressures are exhibited in Fig. 2. Two
x-T curves with and without the pressure cell at ambient
pressure coincide well with each other except for paramag-
netic offset which comes from the oversubtracted diamag-
netic contribution of Daphne oil corresponding to the sample
volume. By lowering temperature, the y at ambient pressure
shows a sudden increase at Tco=168 K from Pauli paramag-
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FIG. 3. Temperature dependences of resistivity under pressure.
The inset shows overall view of p-T curves. The T (open circles),
T, (open squares), and small kinks in a charge disorder phase, T,
(open inverted triangles) are clearly observed. On the other hand,
neither 7,; nor T; were observed blow 0.8 GPa.

netic behavior above Tq, and then it shows low dimensional
spin gap behavior with a broad maximum around 50 K. Un-
expectedly, the -7 curves show complex behaviors with the
increasing pressure as shown in Fig. 2. With a slight increase
of pressure up to 0.52 GPa, some hump appears around 50 K
in addition to the jump at 7o, and this hump grows as pres-
sure further increases.

Some x-T curves around 0.6 GPa clearly show three
anomalies; the jump at Tco~ 140 K (filled circle), anoma-
lous drop at T;~ 65 K (filled square) and sudden increase of
x at T;~40 K (filled triangle). In other word, x-T curves
below 7o anomalously drop between 7, and 7;. With further
increasing pressure, both T and 7; decrease, while T; in-
creases. The Tq and T, approach each other with increasing
pressure and finally they merge above 1.1 GPa. On the other
hand, the anomaly at T; quickly becomes invisible and it was
observed in the very narrow pressure region 0.5—-0.7 GPa. In
addition to these three anomalies, a kink marked with a filled
inverted triangle was observed at 7,,~ 140 K above 1.1 GPa.
It should be noted that all observed y-7 curves show spin-
gap behavior at lowest temperature. Very similar behaviors
of x-T curves under pressure have also been observed in the
same A%* compound, 8-Cay;;V,0s.

Some transitions responsible for these anomalies in the
x-T curves were also observed in resistivity measurements as
shown in Fig. 3. The inset shows an overall view of resistiv-
ity versus temperature (p-7) curves up to 2.0 GPa and the
main panel shows macrograph of the inset. The CO transition
(open circles) is clearly observed in these p-T curves and T
is also suppressed by elevating pressure. In addition, the sec-
ond anomaly at T,; (open squares) is also observed as a kink
in each p-T curve under 0.74—1.16 GPa, as shown in Fig. 3.
On the other hand, the third anomaly at 7; observed in the
x-T curves was not observed presumably because of the sig-
nificantly high resistivity at low temperature. The 7, in-
creases with the increasing pressure and meets with Tcq
above 1.2 GPa, agreeing with the results of the y measure-
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FIG. 4. Pressure-temperature (P-7) phase diagram of

B-Sr(33V,05. The filled and open symbols derived from suscepti-
bility and resistivity measurements, respectively. Some x-ray oscil-
lation photographs were taken at several points represented as a few
kinds of symbols. The symbols exhibit observed superperiodicity
along the b axis (see caption in Fig. 5).

ments. Furthermore an anomaly at 7,, (open inverted tri-
angles) was also observed above 1.2 GPa. With further in-
crease of pressure up to about 1.5 GPa, the 7o continuously
decreases to the lowest temperature, while the 7,, tends to
increase at first and then saturates around 140 K. The insu-
lating behaviors in the pressure-stabilized charge disorder
phase (CDO) at low temperature region are explained in the
lights of randomness driven strong localization which is
probably caused by imperfections which arise from poor
crystallinity. In q1D system, such imperfections should cru-
cially affect the conduction nature of the crystals. Actually,
recent doping studies on q1D organic conductors reveals ran-
domness driven insulating behavior in spite of their ql1D
Fermi surfaces.'*

Up to 7.5 GPa, the fourth anomaly at 7,, remains and the
system gradually becomes metallic without phase
transition.'® This means the insulating nature at lowest tem-
perature is not caused by the transition at 7,,. Here it should
be emphasized that the p-T curve at 1.16 GPa clearly shows
the three transitions at T¢q, 7,4, and T,,. This means that 7,
never penetrates into the CDO phase as 7, but merges into
Tco above 1.2 GPa, namely T, is independent of 7.

The P-T phase diagram constructed from the results of x
and p measurements is shown in Fig. 4. The transition tem-
peratures of Tcq, Ty T;, and T,, are plotted in this phase
diagram by several kinds of symbols mentioned above.
These transition temperatures are defined as peak tempera-
tures of |dx/dT| and temperatures at distinct anomalies on
p-T curves. The T,;’s and Tg’s from y and p coincide well.
At first, the P-T phase diagram is divided into the charge
ordering/charge disordering phases by Tq. In the CO phase,
there exist at two or more phases as shown by the annota-
tions, “CO,” “CO-a,” and “CO-b” in Fig. 4. The phase
boundaries are drawn by T, T, and T;. The phase transi-
tions at T, 7,4, and T; should be closely related to the CO
mechanism, while the transition at 7,, is not the case. Al-
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FIG. 5. Typical x-ray oscillation photographs taken under pres-
sure at 20 K. Three kinds of superspots are observed with modula-
tion vectors, g=1/2b, 1/6b, and 1/10b which are exhibited by
cross, star, and hexagon symbols, respectively.

though there is no direct evidence, we believe the transition
at T,, is an antiferromagnetic (AF) ordering from the facts
that many systems show a slight decrease of x and p at AF
transitions as observed in this study. Thus we can give
one speculation for the absence of superconductivity in
B-S1y33V,0s5; AF order is realized before the system falls
into superconductivity. To verify AF order, much more mi-
croscopic study such as NMR or neutron scattering should be
needed.

To elucidate what happens at these transitions, especially
in CO phase, we have taken x-ray oscillation photographs of
a single crystal at several temperature-pressure points repre-
sented by a few kinds of symbols (cross, star, and hexagon)
in Fig. 4. Observed typical x-ray diffraction (XRD) patterns
are shown in Fig. 5. In these patterns, three kinds of XRD
superspots with g=1/2b", 1/6b", and 1/10b" are observed.
The g=1/2b" is attributed to the Sr ordering, and the ¢
=1/6b" and 1/10b" result from CO. At ambient pressure, the
1/2b" structure is observed in both CDO and CO regions and
1/6b" superspots additionally appear at CO transition. At the
lowest temperature, 20 K, the 1/ 6b" structure remains up to
0.36 GPa and then 1/10b" superspots appear instead of those
of 1/6b" superspots at 0.66 GPa. Under 0.90 GPa, 1/2b"
superspots (cross) keep their intensities and 1/10b" super-
spots (hexagon) are also recognized below T, At 0.5 GPa
(CO-b region), we have observed coexistence of 1/6b5" and
1/10b" spots. From the shape of x-T curves at this region
(see the curve of 0.56 GPa in Fig. 2, it looks to drop at T
and to return at T to the original curve) and the coexistence
of two kinds of superspots, reentrant nature of the phase
boundary between 1/6b" and 1/10b" phases is naturally con-
ceivable. Above 1.2 GPa, the satellite peaks with ¢
=1/10b" disappear and there exists no observable superspot
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FIG. 6. Speculated charge distributions based on the coupled ladders model in charge disordered and ordered (¢g=1/6b" and 1/10b")

phases. The white and gray balls represents strict V>* and intermediate V4

except g=1/2b". We cannot rule out a possibility of 1/2b"
superstructure caused from CO, because the 1/2b" super-
structure from Sr ordering which penetrates from CO to
CDO phases would mask g=1/2b" spots from CO.

Very recent neutron diffraction and NMR studies on iso-
structural 8-Na33V,05 reveal remarkable features in its CO
phase.®1516 These studies claim that the valence states of
vanadium atoms show a disproportionation into strict 5+
state (3d°) and intermediate states between 5+ and 4+ (3d%:
8<1) in its CO phase. Furthermore, V>* ions order in a
manner with the threefold periodicity along the b axis to
form “walls” perpendicular to the b axis at ambient pressure.
As mentioned above, the sixfold periodicity is attributed to
the two fold by A-cation order multiplied by the threefold by
CO.*1%8 Based on the picture in 8-Naj33V,05, we will dis-
cuss the CO in B-Sr(33V,0s.

Naively, the intermediate valence states in vanadium at-
oms seem to be explained by charge density wave (CDW)
which is well observed in quasi-one-dimensional systems.
Here, note the direction and periodicity of CDW should be
determined by the nesting vector of Fermi surface. It is un-
natural to suppose the Fermi surface change corresponding
to 1/6b™-1/10b"-1/2b" shift without the changes of crystal
structure and carrier number in the system. Thus, even
though 1/6b" superstructure is explained by CDW, other pe-
riodicity such as 1/10b" and/or 1/2b" could not be ex-
plained. This implies that these peculiar charge modulations
along the b axis can be attributed to CO mechanism such as
intersites Coulomb interactions rather than CDW mecha-
nism.

The fact that multiple phases with different g vectors exist
in the CO phase reminds us “devil’s staircase”-type phase
diagram in a'-NaV,0s.!7 A large number of transitions suc-
cessively takes place among higher-order commensurate
phases and these are well reproduced by the axial next-
nearest-neighbor Ising (ANNNI) model which was discussed
by Bak and von Boehm'® to describe frustrated Ising spin
systems. Since [-Sry33V,05 is a 1/6-filled compound
(V#/V=1/3), differing from a quarter-filled «’-NaV,0s
(V#/V=1/2), a threefold and its multiplied-fold periodicity

~3* jons, respectively.

such as a sixfold seem to be understandable as a simple
mapping model of the charges in the lattice, but the observed
10-fold periodicity cannot be simply understood in the light
of the carrier concentration and crystallographic feature of
-Sry33V,05. Therefore the g=1/10b" suggests a possible
“devil’s staircase”-type phase diagram and charge frustration
mechanism.

However, the P-T phase diagram itself does not exactly
correspond to that of ANNNI model.'® It should be noted
that -Sry33V,05 has no distinct charge contrast which can
be mapped into Ising spin model as discussed in a'-NaV,0s.
Furthermore, the change of periodicity of the charge modu-
lation which are described as an order structure of V>* (3d°)
“walls” perpendicular to the b-axis requires the change of
carrier number between two neighbor V3* “walls,” in con-
trast to the constant charge numbers within stacking layers in
a'-NaV,0s. This situation should make the system complex.
Thus, further theoretical and experimental investigations are
required to explain the P-T phase diagram of
B-Sry33V,05. We are now planning synchrotron radiation
experiments to determine the phase diagram more precisely
and to explore various modulation structures predicted by
“devil’s staircase”-type phase transition.

Finally, we discuss the magnetic features of
B-Sry33V,05. All 1/6b", 1/10b", and 1/2b" phases show
spin-gap behaviors, in contrast, gapless antiferromagnetic or-
dering behaviors were observed in the 1/6b" CO phases of
A* compounds (A=Li, Na, Ag). Here we base on the recent
Hiickel tight-binding calculation on S3-Sr;33V,0s5 (Ref. 5)
which revealed that the electronic structure can be consid-
ered as weakly coupled two kinds of two-leg ladders; V1-V3
and V2-V2 as mentioned above (see Fig. 1).

Referring to the charge distribution of CO phase in
B-Nay 33V,05,319 it should be likely that these coupled lad-
ders are cut by V>* (3d°) “walls” arranged in the periodic
manners along the b axis, resulting in “blocks” partitioned by
two neighbor V>* “walls” (see Fig. 6). Thus the carriers
(electrons) are presumably confined in these “blocks” as an
isolated spin system which is illustrated schematically as
connected several gray balls (intermediate valence vanadium
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atoms) in Fig. 6. Note that even numbers of electrons are
always confined in each “block” in A** compound for every
periodicity. The number of electrons in the “block™ necessar-
ily depend on the periodicity 1/(2nb") (n=3,5,1), and it is
nominally estimated at 2n (n=3,5) and 4 (n=1). These elec-
trons are distributed onto 6(n—1) vanadium atoms in the
“block” in this coupled ladder model. On the other hand,
three (odd number) electrons are confined in each “block™
for the 1/6b structure of A* compound. We can naturally
suppose that even numbers of electron have a tendency to-
ward spin-gap nature as observed in [3-Srj33V,0s, while an
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odd number (3) of electron is fair to spin-gapless nature (AF
ordering) as in 3-Nag33V,0s.

Furthermore, this spin-gap “block” seems favorable to ex-
plain Q independent (nondispersive) aspects of spin excita-
tion which were observed in inelastic neutron excitation
measurements at ambient pressure.'!
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