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We measured the resistivity, thermoelectric power, and Hall coefficient of polycrystalline samples of
4H-Ba0.8Sr0.2RuO3 and 9R-BaRu1−xRhxO3 �0�x�0.35� with a quasi-one-dimensional crystallographic struc-
ture made of corner- and face-shared RuO6 octahedrons in different proportions. The magnitude of the ther-
moelectric power is as small as that of metals, but the sign changes from positive to negative with decreasing
temperature. In contrast, the Hall coefficient is positive in the range of 4.2–300 K, and its increase at low
temperatures reflects a pseudogap opening in the hole band. A simple two-carrier model is used as a qualitative
explanation for the transport properties.

DOI: 10.1103/PhysRevB.76.165105 PACS number�s�: 72.90.�y, 72.15.Jf

I. INTRODUCTION

Ruthenium oxides have been intensively investigated for
their intriguing properties. This is well illustrated by the un-
conventional superconductivity in Sr2RuO4 with likely
p-wave symmetry.1 CaRuO3 and SrRuO3 with an orthorhom-
bic perovskite structure show similar metallic resistivities
with �300 K�200 �� cm for single crystals,2 but the former
is a Curie-Weiss paramagnet situated on the verge of a mag-
netic state,3 while the latter is an itinerant ferromagnet below
TC�163 K.4 Recently, their thermoelectric powers �S� were
measured up to high temperature, and they show
T-independent values of 34 �V/K above 300 K.5 This is a
fairly high value if one considers the good conductivity of
these oxides.

BaRuO3 has a different crystal structure from CaRuO3
and SrRuO3, and crystallizes in the 4H hexagonal or 9R
rhombohedral phases.6,7 Figure 1 shows a schematic struc-

ture of these polytypes. In the 9R phase �R3̄m group�, the
Ru3O12 strings constituted of three RuO6 octahedra sharing
faces along the c axis are connected together at the corners,
resulting in a zigzag chain structure. In the 4H phase
�P63/mmc group�, the partial Ru2O9 strings are constituted
of two face-shared RuO6 octahedra. The Ru-Ru bond be-
tween the face-shared octahedra is approximately 2.53 Å for
both compounds, less than the shortest distance in Ru metal
�2.65 Å�, which favors a direct metallic interaction along the
c axis. In contrast, the Ru-Ru interactions between the
corner-shared octahedra are negligible, as seen in CaRuO3
and SrRuO3, in which the Ru t2g electrons interact through
the 2p orbitals of the intermediate oxygen ion. Different Ru-
O-Ru bond angles for CaRuO3 �150°�, SrRuO3 �162°�, and
BaRuO3 �180° for corner-shared octahedra� can also induce
different physical properties. Even if the crystallographic
structures of these compounds show clear differences, the
gross features of the calculated density of states �DOS� are
very similar in the vicinity of the Fermi level �EF�, with a
relatively high value of 3.2 states f.u.−1 eV−1 in the case of
BaRuO3.8 As a consequence, similar transport properties can
be expected in ARuO3 �A=Ca, Sr, or Ba�.

The barium ruthenates show metallicity as good as
CaRuO3 and SrRuO3. At 300 K, the resistivity of the 4H
compound is approximately 400 �� cm in the ab plane and
550 �� cm along the c direction.9 For the 9R compound, �ab

and �c are evaluated at 350 and 160 �� cm, respectively.9

However, the temperature dependences are different at low
temperatures. While the resistivity of 4H-BaRuO3 stays me-
tallic down to very low temperatures, 9R-BaRuO3 shows an
upturn below 100 K. From optical conductivity measure-
ments, the opening of a pseudogap has been suggested by
Lee et al. for both compounds.10,11

We report the thermoelectric power and Hall coefficient
�RH� of 4H-Ba0.8Sr0.2RuO3 and 9R-BaRu1−xRhxO3 �0�x
�0.35� from 4.2 to 300 K. In high temperature supercon-
ductors, these quantities have been extensively studied be-
cause they can probe the pseudogap and its effects on the
electronic properties.12,13 From the transport properties, we
confirm the formation of a pseudogap in the 4H and 9R
compounds. The latter is found to be very robust against the
Ru for Rh substitution. The physical properties of Ba-based
ruthenates and that of Ca- and Sr-based ruthenates are com-
pared.

II. EXPERIMENT

Polycrystalline samples of Ba0.8Sr0.2RuO3 and
BaRu1−xRhxO3 �x=0, 0.05, 0.1, 0.15, 0.25, and 0.35� were
prepared through a solid state reaction. A stoichiometric
amount of BaCO3, RuO2, SrCO3, and Rh2O3 was mixed and
calcined at 1000 °C for 12 h in air. The product was finely
ground, pressed into a pellet, and sintered at 1100 °C for
24 h in air.

FIG. 1. �Color online� Crystal structure of 4H �left� and 9R
�right� BaRuO3.
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The x-ray diffraction was measured using a standard dif-
fractometer with Cu K� radiation as an x-ray source in the
�-2� scan mode. The resistivity was measured through a
four-terminal method, and the thermoelectric power was
measured using a steady-state technique with a typical gra-
dient of 0.5 K/cm. The Hall coefficient �RH� was measured
from 4.2 to 300 K by using a Physical Property Measure-
ment System from Quantum Design. To eliminate the un-
wanted voltage arising from the misalignment of the voltage
pads, the magnetic field �H� was swept from −5 to 5 T with
a typical period of 20 min at constant temperature. RH was
obtained from the slope of the Hall resistance Rxy given as
�Rxy�H�-Rxy�−H�� /2H.

We note that for polycrystalline samples, the thermoelec-
tric power and the Hall resistance are independent of the
carrier diffusion at the grains boundaries,14 and these mea-
surements qualitatively give intrinsic data for single crystals
along the most conductive direction. On the other hand, the
resistivity includes some extrinsic part due to the scattering
of electrons by grain boundaries.

III. RESULTS

A. X-ray diffraction

Figure 2 shows the x-ray diffraction patterns of the pre-
pared samples. For the Ba0.8Sr0.2RuO3 sample, all the peaks
are indexed as the 4H phase. Sr �isovalent to Ba� is a good
element for stabilizing this phase with the Ru valence un-
changed. For the BaRuO3 sample �x=0�, almost all the peaks
are indexed as the 9R phase, but two tiny ones corresponding
to the 4H phase are also present �as marked with gray
circles�, which disappear for x�0.05. This indicates that Rh
is a good element for stabilizing the 9R phase.

B. 4H-Ba0.8Sr0.2RuO3 and 9R-BaRuO3 properties

Figure 3�a� shows the temperature dependence of the re-
sistivity of 4H-Ba0.8Sr0.2RuO3 and 9R-BaRuO3 samples. At
room temperature, the value of the resistivity of the latter is
of the order of 8 m� cm and ��T� shows a metalliclike be-
havior that persists down to 90 K. When the sample is
cooled to lower temperatures, the resistivity increases, reach-
ing a value of 12.5 m� cm at 4.2 K. In the case of
4H-Ba0.8Sr0.2RuO3, the resistivity is metallic from 300 K
down to 4.2 K, with a residual resistivity evaluated to be
0.9 m� cm. Our data are in good accordance with the previ-
ous study of single crystals,9 which means that our measure-
ment shows the resistivity of pure 9R and 4H phases, and
that the secondary 4H phase and the Sr doping have little
influence.

Figure 3�b� shows the temperature dependence of the
thermoelectric power for 4H-Ba0.8Sr0.2RuO3 and
9R-BaRuO3. At room temperature, both samples show me-
talliclike Seebeck coefficients with positive values of 6 and
16 �V/K, respectively. When the temperature is decreased,
there is a sign change from positive to negative values at
around 210 and 100 K, and a minimum is reached at around
80 and 35 K for the 4H and 9R phases, respectively. Then,
the thermoelectric power goes to zero. From this result, we

can conclude that positive and negative carriers drive the
electronic transport of Ba-based ruthenates. The lower values
for the 4H phase are in accordance with better electrical
conductivity. The situation in SrRuO3 and CaRuO3 �Refs. 5
and 15� is different since these two ruthenates show a posi-
tive Seebeck coefficient from 5 to 800 K and a constant
value of S from 200 to 800 K. Thus, we can conclude that
the crystallographic structure plays an important role on the
thermoelectric power.

In order to better understand the role of electrons and
holes, we measured the Hall coefficient �Fig. 3�c��. Contrary
to the thermoelectric power, RH is positive from
4.2 to 300 K, which clearly demonstrates that the two types
of carriers play different roles. In other words, the carrier
concentrations �n and p� and/or the mobilities ��n and �p�
must be very different. For both compounds, there is an in-
crease of RH with decreasing temperature, followed by a de-
crease at low temperature. The values of RH at 200 K are
4.6	10−4 and 2.1	10−3 cm3/C for the 4H and 9R com-
pounds, respectively. Values of 5.2	10−4 and 4.2
	10−4 cm3/C have been reported for SrRuO3 and CaRuO3
single crystals, respectively.2 For thin films of the two single

FIG. 2. X-ray diffraction patterns of the polycrystalline samples
of Ba0.8Sr0.2RuO3 and BaRu1−xRhxO3. The Cu K� is used as an
x-ray source.
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crystals, values of 3	10−4 and 2.5	10−4 cm3/C are found
in the literature.16 The Hall coefficient is of the same order
for the ruthenates, except for 9R-BaRuO3, in which RH is ten
times larger. We should note that in contrast to the Ba-based
compounds, RH in SrRuO3 and CaRuO3 change the sign
from positive to negative with decreasing temperature, while
the thermoelectric power remains positive. These opposite
situations suggest different electronic structures. The larger
carrier concentration for the 4H phase as compared to the 9R
phase is consistent with the lower electrical resistivity and
the smaller thermoelectric power.

C. Properties of rhodium substituted ruthenates

Figure 4�a� shows the resistivity normalized at 300 K,
��T� /��300 K� of the BaRu1−xRhxO3 �0�x�0.35� series.
For x�0.05, the metallic behavior is completely suppressed,
the localization being more and more important. At 5 K, the
resistivity is enhanced by approximately 5 orders of magni-
tude for 35% substitution. A similar localization effect is
observed in the SrRu1−xRhxO3 series,17 but, in our case, the
curves cannot be fitted by a variable range hopping model
nor an activation energy model.

The substitution of ruthenium for rhodium does not
change dramatically the value of S at room temperature �Fig.
4�b�� except for x=0.35, for which S is about half of S for
x=0. We cannot see any systematic change of the Seebeck
coefficient with the rhodium concentration. The situation is
similar in SrRu1−xRhxO3, in which a high content of rhodium
is needed to modify the shape of S�T�.17

Contrary to the low and nonsystematic sensibility of S�T�
to the substitution of Ru for Rh, we observe a systematic

decrease of RH�T� with the Rh content �Fig. 4�c��, particu-
larly at low temperatures. However, in comparison with �,
RH shows a moderate evolution with the rhodium content,
which is in agreement with the thermoelectric power data.

A Hall coefficient of 9.7	10−4 cm3/C for 9R-BaRuO3 at
300 K corresponds to 0.44 holes/Ru if we neglect the elec-
tron contribution at this temperature �see the discussion be-
low�. As a consequence, if we simply suppose that Rh pro-
vides one carrier per atom, the relative variation of carriers
for the x=0.15 sample is only 34%. This confirms that, as a
semimetal, BaRuO3 contains a large amount of carriers, of
the order of 0.1 holes/Ru. In this context, we can understand
the weak Rh dependences of the thermoelectric power and
the Hall coefficient in the BaRu1−xRhxO3 series. On the other
hand, the substitution strongly increases the resistivity, in
particular, at low temperatures. Rh cations can act as scatter-
ing centers for electronic carriers, resulting in a strong local-
ization.

IV. DISCUSSION

A. Pseudogap and two-carrier model

From optical conductivity measurements, Lee et al. have
reported the plasma frequency 
p and the scattering time �
for 9R-BaRuO3 and 4H-BaRuO3.10,11 They analyzed these
two quantities in terms of one type of carrier, but we know
from our thermoelectric power measurement that electrons
and holes contribute to the transport properties of Ba-based
ruthenates. For a two-carrier model, the Drude weight
��0
p

2 /e2� is proportional to the sum of the hole and electron
contributions:

FIG. 3. �a� The resistivity �, �b� the thermoelectric power S, and
�c� the Hall coefficient RH �left axis, small symbols� of
4H-Ba0.8Sr0.2RuO3 and 9R-BaRuO3. For both samples, the Drude
weight �right axis, crossed squares for 9R-BaRuO3 and crossed
circles for 4H-Ba0.8Sr0.2RuO3� is taken from Refs. 10 and 11. In
order to compare RH with 1/
p

2, the magnitude of 1/
p
2 in �c� is

properly chosen.

FIG. 4. �Color online� �a� The resistivity �, �b� the thermoelec-
tric power S, and �c� the Hall coefficient RH of 9R-BaRu1−xRhxO3.
Black, x=0; red, x=0.05; green, x=0.1; blue, x=0.15; cyan, x
=0.2; and magenta, x=0.35.

TRANSPORT PROPERTIES OF THE QUASI-ONE-… PHYSICAL REVIEW B 76, 165105 �2007�

165105-3




p
2 � � p

mp
+

n

mn
� , �1�

where mn and mp are the effective masses of electrons and
holes, respectively. For the Hall coefficient and the electrical
conductivity, we use the following expressions:

��p + �n�2eRH = ��p
2

p
−

�n
2

n
� , �2�

� = �p + �n = ne�n + pe�p, �3�

where �p ��n� is the electrical conductivity for holes �elec-
trons�. We should note that the sum of the hole and electron
contributions determines 
p

2, while the difference determines
RH. For both compounds, we have plotted the quantity 1 /
p

2

from Refs. 10 and 11 together with the Hall coefficient �right
axis of Fig. 3�c��. In the case of 9R-BaRuO3, one can see the
good proportionality between the Hall coefficient and the
Drude weight, except for low temperatures. In the case of
4H-BaRuO3, 1 /
p

2 and RH are reasonably related to each
other except for low temperatures. The easiest way to under-
stand this proportionality is to regard electrons as minority
carriers with mobilities of the same order for electrons and
holes, i.e., n� p and �n��p. As a consequence, we can
assume 
p

2 and 1/ �eRH� as direct measurements for p /mp and
p.

The Drude weight gives the sum of p and n if mp�mn. As
a consequence, for a two-carrier compound, we cannot ad-
dress the evolution of 
p

2 by considering only optical mea-
surements. By combining 
p

2 with RH, we can much more
clearly discuss the decrease in the DOS near EF. According
to our work, the increase of RH with decreasing temperature
is related to the decrease of the hole concentration. There-
fore, we can attribute this behavior to the opening of a
pseudogap in the hole band.

The effects of the pseudogap on the resistivity are differ-
ent for the two compounds. In 4H-BaRuO3, d� /dT is posi-
tive down to 4.2 K, and in 9R-BaRuO3, d� /dT changes its
sign from positive to negative near 90 K. This difference can
be ascribed to the different values of p and �p. The reason
for the good metallic state in 4H-BaRuO3 is that a large
increase of �p overcomes a small decrease of p at low
temperatures.11 In comparison, in 9R-BaRuO3, the decrease
of p is much more dramatic to cause the semiconducting-
like resistivity at low temperatures.10

One can see at low temperature a decrease of the Hall
coefficient for both compounds, and consequently, the carrier
concentration seems to increase again. However, it is more
reasonable to consider the two-carrier model as follows. If
we suppose the same mobilities for holes and electrons, the
Hall coefficient can be simplified to the following expres-
sion:

neRH =
p/n − 1

�p/n + 1�2 . �4�

We have plotted the right-hand term as a function of p /n in
Fig. 5. Assuming that at high temperature holes are the ma-
jority carriers, we find that RH→1/ep, as explained above.

With decreasing temperature, the pseudogap opens in the
hole band to decrease p. As the holes become fewer and
fewer, the numbers of holes and electrons start to be compa-
rable and the latter plays a more important role. At a certain
point, depending on the sensibility of the pseudogap to the
temperature, n and p can be the same, resulting in RH→0.
We should not interpret such a small RH as a high carrier
concentration. In between the two regimes, there is a maxi-
mum that is reached for p�3n. Assuming that n is indepen-
dent of temperature, our simple model explains the experi-
mental data qualitatively �Fig. 3�c��. The maximum is found
at 90 K for 4H-Ba0.8Sr0.2RuO3 and at 20 K for 9R-BaRuO3.

On the same idea, we can simplify the Drude weight as

ne2

�0m

1


p
2 =

1

p/n + 1
�5�

In Fig. 5, we also plot the right-hand term of this expression,
and we can clearly see the similar behavior between quanti-
ties �4� and �5� in the limit of high hole concentration. On the
contrary, the two quantities deviate as p /n→0. The opening
of the pseudogap in the hole band is responsible for a large
decrease of p. As such phenomenon does not occur in the
electron band, p /n can effectively decrease if the tempera-
ture is decreased. Experimentally, we can observe the devia-
tion between RH and 1/
p

2 at low temperatures, for the 9R
and 4H compounds. Again, we show a qualitative accor-
dance between the two-carrier model and the experimental
data.

In the two-carrier model, the Seebeck coefficient is given
by

��p + �n�S = �pSp − �nSn, �6�

where Sp and Sn are the absolute values of the thermoelectric
power of holes and electrons, respectively. At high tempera-
ture, holes are the majority carriers, so we can neglect the
electron contribution, and find S to be positive. If the
samples are cooled, the number of holes decreases progres-
sively, resulting in p and n values of the same order. Con-
comitantly, the sign of S can change from positive to nega-
tive. In order to make a more precise analysis, we need to

FIG. 5. �p /n−1� / �p /n+1�2, 1 / �p /n+1�, and n / p calculated as a
function of p /n. p and n are the carrier concentrations for the hole
and electron bands, respectively.
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know Sp and Sn that depend on the shape of the DOS for the
n- and p-type carriers in the vicinity of EF.

B. Thermoelectric properties of ruthenates

The Seebeck coefficient of metallic ruthenates with the
4d4 configuration is very different from one composition to
another one. Up to now, for T�300 K, T-independent values
of S have been reported for CaRuO3 �S�34 �V/K�,5
SrRuO3 �S�34 �V/K�,5,18 and Sr2RuO4 �S
�26–28 �V/K�.5,19 Such values are fairly high if one con-
siders the metallic resistivity of all these compounds with
�300 K�0.2 m� cm.20 On the other hand, S for BaRuO3 in
the 9R and 4H phases is as small as that for typical metals.
At room temperature, we have measured low values of 16
and 6 �V/K, respectively.

A high thermoelectric power together with a high elec-
tronic contribution to the specific heat, or Sommerfeld coef-
ficient �, have been measured in layer cobaltites such as
NaxCoO2,21 �Bi1.74Sr2O4��CoO2�1.82,

22 and Ca3Co4O9.23 It
was proposed that the high thermoelectric power is linked to
the strongly correlated nature of electronic carriers.24

In particular, it was shown that this relation exists in
layer cobaltites.25 Looking for � values of ruthenates
into the literature, we find that high values of �
for CaRuO3 �74–82 mJ mol−1�Ru� K−2�,26–28 SrRuO3

�27.6–30 mJ mol−2�Ru� K−2�,16,27–29 and Sr2RuO4

�39–42 mJ mol−1�Ru� K−2� �Refs. 20 and 30� are reported,
while a small value, 7.7 mJ mol−1�Ru� K−2 has been mea-
sured in 9R-BaRuO3.2 This is in accordance with the rough
estimation of the effective mass in the ARuO3 family �A
=Ca, Sr, and Ba� that decreases in this sequence.31 As a
consequence, we believe that the corner-shared structure is
responsible for the presence of electronic correlations in ru-
thenates, while the metal-metal bonding in the face-shared
structure cancels this effect. In order to evidence the
link between the thermoelectric power and the electronic

correlations in ruthenates, other compounds should be
studied. In particular, strongly correlated ruthenates of
the Ruddlesden-Popper series, such as Sr3Ru2O7 ��
�110 mJ mol−1�Ru� K−2� and Sr4Ru3O10 ��
�109 mJ mol−1�Ru� K−2� with metallic in-plane resistivity,20

can be interesting for thermoelectric conversion.

V. SUMMARY

In conclusion, we measured the resistivity, thermoelectric
power, and Hall coefficient of polycrystalline samples of
4H-Ba0.8Sr0.2RuO3 and 9R-BaRu1−xRhxO3 �0�x�0.35�.
The coexistence of holes and electrons, majority and minor-
ity carriers, respectively, is in accordance with the electronic
structure calculations that predict very complex Fermi sur-
face with carrier pockets in the conduction and valence
bands. The carrier concentration decreases with decreasing
temperature, and is in excellent agreement with the evolution
of the Drude weight deduced from optical conductivity mea-
surement. Our experiments confirm the opening of a
pseudogap in the Ba-based ruthenates that can only occur in
the hole band. The decrease of the carrier number is more
dramatic in 9R-BaRuO3 than in 4H-BaRuO3, which can be
understood by looking at the band structure. In the 4H ruth-
enate, the pseudogap can be considered as a very partial gap
because many bands cross the Fermi level. In the 9R ruthen-
ates, the pseudogap is more dramatic for the physical prop-
erties because only two pockets of carriers, one for electrons
and one for holes, emerge at the Fermi surface. More de-
tailed experiments and theoretical studies have to be carried
out in quasi-one-dimensional Ba-based ruthenates in order to
address the origin of the pseudogap.
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