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Transport properties of quasi-one-dimensional KRu,Oyg

W. Kobayashi™*
Waseda Institute for Advanced Study, Waseda University, Tokyo 169-8050, Japan
(Received 2 December 2008; revised manuscript received 13 March 2009; published 21 April 2009)

We report resistivity, thermopower, Hall coefficient, and magnetic susceptibility of the quasi-one-
dimensional (Q1D) hollandite oxide KRu,Og with RuO, zigzag chains made of edge-shared RuOy octahedra.
The resistivity along the chain direction (p) is evaluated to be 1.1 € cm at 4.2 K, which corresponds to a
mean-free path along the chain direction of 2800 A and implies that this material is one of the cleanest
systems in Q1D oxides. p; is found to be proportional to 727 below 62 K indicating a strong electron-electron
Umklapp scattering. The temperature dependence of the thermopower is also found to derive from the expected
conventional 7-linear dependence and is approximately proportional to 7> below 156 K. We discuss these
peculiar transport properties using several theories for Q1D systems and also make a comparison to three-

dimensional systems.
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I. INTRODUCTION

Quasi-one-dimensional (Q1D) materials exhibit fascinat-
ing properties such as charge density wave (CDW) in
K(3MoOs,! spin density wave (SDW) in (TMTSF),PF;,’
superconductivity in  NbsSe,,> (TMTSF),PF.* and
B-Naj53V,0s,° and charge ordering in K,V30,6.° In addi-
tion, ballistic conduction was recently observed in carbon
nanotubes with perfect crystallinity.” These Q1D materials
have pairs of parallel sheetlike Fermi surfaces that are
warped because of finite interchain hopping (¢, ).® Nesting of
the Fermi surfaces causes the CDW and/or SDW states in the
QID materials. The above properties can be explained by
several theories such as one-dimensional Hubbard model, the
Heisenberg model, #-J model, and the Tomonaga-Luttinger
model where linear band dispersion around Fermi level is
assumed. Those models commonly derive the Tomonaga-
Luttinger-liquid  state  associated  with  charge-spin
separation.’

In spite of increasing interests in the strongly correlated
QID oxides, there have been few studies of a metallic
ground state in the Q1D oxides. PrBa,Cu,Og is one of the
most extensively studied Q1D oxides, where Narduzzo et
al.'® recently discovered a disorder-induced one dimension-
ality, offering a playground between Fermi liquid and
Tomonaga-Luttinger liquid. The hollandite BaRusO;, (Ref.
11) is another example of Q1D oxides that exhibits metallic
conduction down to 0.03 K. Mao et al.'! proposed the exis-
tence of a quantum phase transition in this material. Re-
cently, Foo et al.'> reported the transport properties of
KRu,Oy4 single crystals. They presented small resistivity of
3.5 u) cm at 0.3 K, which motivated us to study this hol-
landite ruthenate as a good candidate for strongly correlated
Q1D oxides. We have grown single crystals of KRu,Og and
have measured the resistivity, thermopower, Hall coefficient,
and magnetization. We find that the results are rather differ-
ent from what is expected from Fermi-liquid theory. In par-
ticular, the resistivity is found not to be proportional to 77 as
expected from Fermi-liquid theory, but to 727 below 62 K.
Our results further suggest that the universal relation [S/T
oy (Ref. 13)] between thermopower (S) and electronic
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specific-heat coefficient () may be modified (or violated) in
the Q1D oxides. The evaluated mean-free path (/) is found
to be about 2800 A, which is longer than the 215 A found
in PrBa,Cu,Og single crystal, which indicates that KRu,Og
is the cleanest QID system among oxides. This system
should be an ideal playground to investigate novel one-
dimensional properties in metallic Q1D oxides.

II. EXPERIMENTS

Single-crystal samples of KRu,Og were synthesized by a
self-flux method.'? Stoichiometric amount of RuO, and two-
time stoichiometric excess of K,CO; were mixed and placed
in an alumina crucible with an alumina cap. The mixture was
heated at 1050 °C for 16 h and then slowly cooled down to
750 °C at a rate of —4 °C/h in N, flow. Needlelike crystals
with a typical dimension of 1X0.05X0.05 mm® were
grown.

X-ray diffraction of ground crystals was measured using a
standard diffractometer with Cu K, radiation as an x-ray
source in the #-26 scan mode. The resistivity was measured
by a four-probe method, below room temperature (4.2-300
K) in a liquid He cryostat and above room temperature (300
800 K) using a home-made system with a resistive sheet
heater made of RuO, paste in an evacuated 45 mm diameter
stainless steel tube operated by a temperature controller
(Neocera LTC-11). Four 20 um gold wires were attached to
the crystal with silver paste (DuPont 6838). The crystal was
heated at 673 K for 10 min to harden the paste and obtain
good contacts. Distances between contacts and crystal di-
mension were determined using a microscope with digital
camera whose picture gives a precise distance.

The thermopower was measured using a steady-state tech-
nique, below room temperature (4.2-300 K) in a liquid He
cryostat and above room temperature (300-800 K) in the
home-made system with two platinum temperature sensors to
detect small temperature gradient of about 1 K/cm. The Hall-
coefficient measurement along ¢ axis was performed using
physical properties measurement system (Quantum Design)
by applying 5 T. As shown in Fig. 5, four terminals made of
gold wires and Ag paste are put on the crystal with a thick-
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FIG. 1. (Color online) X-ray diffraction pattern of ground
KRu,Og crystals. Inset shows the crystal structure of KRuyOg.

ness of 50 um. Typical signal of AV,, was 0.1 mV at 5 T
and was found to be linear with magnetic field. A small field-
independent signal due to misalignments of the terminals
was carefully subtracted by taking the antisymmetric part.

III. RESULTS AND DISCUSSION

Figure 1 shows the x-ray diffraction pattern of the ground
KRu,Og single crystals. All peaks were indexed to the tetrag-
onal hollandite structure with no trace of impurity phases.'*
The lattice parameters are evaluated to be a=9.913(5) A
and ¢=3.108(5) A. QID hollandites are denoted by A B3O,
(A=K*, Li*, Rb*, Cs*, Sr**, Ba?*, and Bi**; B=Ti, V, Cr,
Mn, Mo, Ru, Rh, and Ir). This crystal structure consists of
BO, zigzag chains made of edge-shared BOg octahedra. The
zigzag chains share corner oxygens with neighboring chains
and form tunnel structures which contain A ions (see the
inset of Fig. 1). The mixed-valence state between B>* and
B* is realized by both the valence and deficiency x of the A
ion. Thus, the formal valence of the Ru ion is evaluated to be
3.75+ in KRu,Og. Depending on the width of the tunnel and
the ionic radius of the A ion, the structure is found to be
tetragonal or monoclinic.

Figure 2(a) shows the resistivity (p;) along the ¢ axis of
KRu,Og4, where metallic conduction (dp;/dT>0) is ob-
served from 4.2 to 780 K. As shown in the inset of Fig. 2, the
residual resistivity is 1.1 u€) cm at 4.2 K, which gives a
high residual resistance ratio (RRR) of 96 [RRR
= (300 K)/py(4.2 K)]. This value is larger than the RRR
of 40.1 for the KRu,Oyg crystal reported by Foo et al.'? and
the 2.6-11.3 values of the BaRusO,, crystals.'! We should
note that the low residual resistivity is comparable to that of
Sr,Ru0,."3 This common feature suggests good crystallinity
in Ru oxides. In-chain resistivity for a one-dimensional te-
tragonal material with linear band dispersion along the ¢ axis
and cosine bands along a axes is described as

mha®
PI="5 (1)
e
where 7, a, e, [, and N represent the Planck constant, the
lattice parameter of the a axis, the charge unit, the mean-free
path, and the number of channels in the unit cell,
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FIG. 2. (Color online) Resistivity along (a) the ¢ axis and (b) the
a axis of KRuyOg. Insets of represent the resistivity at low tempera-
tures and the anisotropy of the resistivity, respectively.

respectively.'® Using Eq. (1), [ is evaluated to be ~2800 A
at 4.2 K with p=1.1 uQcm, a=9.9 A, and N=4. This is
equivalent to ~900 unit cells, being larger than ~60 unit
cells in PrBa,Cu,Og. As far as we know, this value is the
largest reported mean-free path among Q1D oxides, which
shows that KRu,Oyg is the cleanest system. p; is found to be
increase with temperature and saturates at around 500 K. p,
reaches to 277 u{) cm at 780 K corresponding to /=11 A,
which is rather large compared to c-axis lattice parameter of
3.1 A where the Mott-Ioffe-Regel limit should occur.'?
Three-dimensional SrRuO; and two-dimensional Sr,RuQO,
exhibit 260 and 600 () cm at around 780 K with no indi-
cation of saturation of the resistivity showing that they are
bad metals.!®!°

Figure 2(b) shows the temperature dependence of resistiv-
ity (p,) parallel to the a axis in KRu,Oyg. p, is found to be
37.6 uQcm at 42 K, implying a resistivity anisotropy
p./p;of 34 at 4.2 K [see the inset of Fig. 2(b)], which would
indicate Q1D conduction in KRu,Og. This anisotropy is
comparable to the value of 13 in BaRugO,, (Ref. 11) and is
much smaller than the p,/p,~ 1000 in PrBa,Cu,Os,'? indi-
cating a weaker one dimensionality in the hollandite struc-
ture. The weak 1D feature may be related to the corner-
shared RuO, chain networks in the ab plane. p, / p, increases
with decreasing temperature implying that the interchain
hopping ¢, becomes weaker compared to the intrachain hop-
ping #,, which demonstrates that the one dimensionality is
reinforced at low temperatures. Similar temperature depen-
dence of the anisotropy was reported in PrBa,Cu,04.%° At
around 72 K, p, starts to deviate from the 722 temperature
dependence [see Fig. 3(b)] and exhibits a peak at T,
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FIG. 3. (Color online) (a) p, vs 727 and (b) p, vs T>2.

=188 K. This is another characteristic for low-dimensional
materials'®!11921 where semiconducting p, above T,y is
explained by incoherent hopping due to [=c’ (I: mean-free
path, ¢’: interlayer or interchain distance).

Below 62 K, p, is proportional to 7>7 as shown in Fig.
3(a), which is a characteristic of Q1D conduction. A similar
power is observed in Q1D TaSe;, Nb,Se;, and Nb;S,
(~T*,2<a@<3),” hollandite rhodium oxide Ba,,RhgO 4
(~T%%),% and copper oxide PrBa,Cu,Og(~T7??).!° Theoreti-
cally, the origin of the unusual power is thought to be related
to the electron-electron-umklapp scattering on the material
with QID band structure which consists of two pairs of
warped sheetlike Fermi surfaces separated by about half the
reciprocal-lattice vector along the chain direction.?* In this
case, the resistivity is proportional to 7", where 2=n=3
depending on the relative position of the two pairs of the
Fermi surfaces.

Figure 4 shows magnetic susceptibility x of collected
KRu,Oy single crystals. y decreases with decreasing tem-
perature and show an upturn below 260 K corresponding to
2%-S=1/Ru. As shown in the inset of Fig. 4, M-H curve
does not show any anomalies at 10 K. The temperature de-
pendence is similar to the data previously reported by Foo et
al.'? They concluded that the magnetism was Pauli paramag-
netism and they did not discuss the possible origins of the
decrease of y. The decrease would imply that the system
tends to be nonmagnetic or antiferromagnetic. It was re-
ported that the perovskite-type ruthenate Ba;Li;Ru O, ex-
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FIG. 4. (Color online) Magnetization of collected KRuyOg
single crystals. Inset shows M-H curve at 10 K.
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FIG. 5. (Color online) Thermopower along ¢ axis of KRu,Os.
Inset shows the thermopower vs T2 below 136 K.

hibited a similar decrease of magnetization due to possible
dimerization.”> Narrow gap system FeSb, also displays a de-
crease of magnetization with decreasing temperature.”® At
high temperatures, thermally excited electrons behave as free
electrons, which induces Pauli-type susceptibility at high
temperatures. Pseudo-one-dimensional material a’-NaV,05
also exhibits a decrease of magnetic susceptibility due to
strong antiferromagnetic interaction?’ and this behavior is
well understood by Bonner and Fisher model (one-
dimensional Heisenberg model?®). In all three cases, conduc-
tivity is semiconducting or insulating, while KRu,Og dis-
plays metallic behavior. At present, we do not know which
situation is realized in KRu,Og and the reason why coexist-
ence of the metallicity and the magnetic behavior may occur.

Figure 5 shows thermopower (S;) along the ¢ axis of
KRu,Og4. The temperature dependence is unusual; negative
thermopower is observed below 434 K and changes sign
above the temperature. At high temperatures, S, seems to
saturate at around 32 wV/K which is close to 33 uV/K at
300 K seen in SrRuO;.?° The high-temperature S; can be
explained by an extended Heikes formula® that assumes of
U kgT>t (U: on-site Coulomb repulsion energy, ¢: transfer
energy in the one-dimensional Hubbard model, kz: Boltz-
mann constant) described as

k
S=- —Bln<g—3i), 2)
e \g4l-x

where g3, g4, and x represent the degeneracy of spin and
orbital degree of freedom of Ru** and Ru** and the concen-
tration of Ru** ion, respectively. Assuming low-spin states
of Ru** (S=1/2) and Ru** (S=1), spin and orbital term
(—%lni) yields +35 wV/K, which is consistent with our
result of +32 uV/K. SrRuO; and Ca;_,La,RuO; systems
were found to exhibit low-spin states [Ru**(S=1),
Ru*(§=1/2)].3132 The spin state is determined by a balance
between crystal-field splitting and Hund coupling. The
crystal-field splitting of RuOg octahedron is related to the
RuO-bond length. Since the Ru-O distances are almost the
same [averaged Ru-O distance is 1.99 A for both SrRuO;
(Ref. 33) and KRu,Og (Ref. 14)], it is reasonable to say
that the spin states of Ru** and Ru** in KRu,Og are in
the low-spin states. At present, we do not know why the
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FIG. 6. Temperature dependence of Hall coefficient (Ry) of
KRU.408,

thermopower is independent of carrier concentration, but
similar results were observed in doped perovskite SrRuOj;
series?® and several manganese oxides.?*

On the other hand, the temperature dependence at low
temperatures is peculiar. Clearly, S, deviates from conven-
tional T-linear dependence for two-dimensional (2D) and
three-dimensional (3D) metals'? and seems to be propor-
tional to T2 below 156 K as shown in the inset of Fig. 5, in
which neither similar results nor theories were reported. The
dip of S, cannot also be explained by phonon drag effect
which obeys T° temperature dependence.®> According to
theories for thermopower in one-dimensional materials,3¢-3
S should no longer be proportional to T at low temperatures
and its temperature dependence is predicted to have a dip
structure and a sign change of S at low temperatures. These
theories qualitatively explain our data.

Figure 6 shows Hall coefficient (Ry) as a function of tem-
perature in KRu,Oyg. The temperature dependence of Ry, is as
complicated as S;(7). A similar Ry(T) is also observed in
Q1D PrBa,Cu,Og4 where the origin is still unclear.'® How-
ever, one can analyze a high-temperature limit value of Ry.
According to the theory of Hall coefficient for QID
materials,®~*" R, should saturate at high temperatures due to
constant scattering time 7 on the Fermi surface® and exhibits
Ry=2£, where S is 251: Qa: £|kF). Thus, for example, B is
evaluated to be 1 for parabolic band along chain direction
and 7/4=0.785 for a tight-binding band 1/4 filled by holes
(see Refs. 38 and 39 for the detailed calculations.) Though
our data do not saturate at 200 K and we do not know the
precise band dispersion; 5.2 X 10> cm™ is evaluated for a
parabolic band model at 200 K, which is in the same order of
magnitude as 2.0 X 10?2 cm™ calculated from the formal va-
lence Ru*7>* in KRu,Og which has eight Ru ions in the unit
cell.
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Lastly, we will briefly discuss the low-temperature behav-
ior of the thermopower in Q1D oxides and compare it to the
thermopower in 2D and 3D systems. Behnia e al.'® analyzed
thermopower S using a single-band free-electron-gas model
and found a universal relation between S/7T and the elec-
tronic specific-heat coefficient y in 2D and 3D materials.
This relation implies that large y causes large S, which can
be explained with Fermi-liquid theory where strong correla-
tion increases the effective mass. As shown in Fig. 5, S of
KRu,4Og is not proportional to 7 and PrBa,Cu,Oyg also exhib-
its S(7) deviated from 7-linear dependence.*! However, to
check whether the universal relation works in Q1D oxides or
not, we employ S/7 at 4.2 K. S/T and y are =0.02 uV/K?
and 12 mJ/mol K? (Ref. 12) for KRu,Og and 0.1 uV/K?
(Ref. 41) and 168 mJ/mol K? (Ref. 42) for PrBa,Cu,Oy,
respectively. It seems that the two points significantly deviate
from the universal line from Fig. 2 of Ref. 13. As discussed
in their paper, this deviation may come from differences of
the average carrier concentration, complicated Fermi-surface
effect, and/or multiband effect. However, we would like to
point out that the deviation may come from one dimension-
ality where the Fermi-liquid picture does not work.

IV. SUMMARY

In summary, we have shown the transport and magnetic
properties of the hollandite ruthenium oxide KRu,Og. The
temperature dependence of resistivity (p;o72”7) indicates the
existence of the electron-electron umklapp scattering be-
tween the warped sheetlike Fermi surfaces. The ther-
mopower and the Hall coefficient are found to be semiquan-
titatively understood by the extended Heikes formula and the
equation at high-temperature limit for one-dimensional ma-
terials, respectively. The magnitude of the resistivity is
1.1 wQcm at 4.2 K corresponding to /;~2800 A and de-
riving large RRR of 96, which shows that this material is one
of the cleanest Q1D systems in oxides.
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