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Magnetotransport properties of BaRuOj3: Observation of two scattering rates
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We report results of low-temperature magnetotransport and Hall measurements on single crystals of four-
layered hexagonal (4H) and nine-layered rhombohedral (9R) BaRuO; that provide insight into the structure-
property relationships of BaRuO3 polymorphs. We found that 4H BaRuOj; possesses Fermi-liquid behavior down
to the lowest temperature (7') of our measurements, 1.8 K. On the other hand, 9R BaRuO; was found to show a
crossover in the temperature dependence of resistivity around 150 K and the existence of two separate scattering
rates at low temperatures. The magnetoresistance in the 9R BaRuO; was found to be negative while that in the
4H BaRuO; is positive. We propose that local moments may be present in 9R but not in 4H BaRuOj;, which leads

to distinctly different behavior in the two forms.
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Measurements on the Hall angle and resistivity in high-7,
superconductors revealed the rather unusual ~7? dependence
of the Hall angle and a ~T dependence of the resistivity.
This observation led to the proposal that the transverse
scattering rate T, ! differs from the transport scattering rate
7, ' and a highly unusual charge-spin separation in high-7,
superconductors.'~ Similar non-Fermi liquid behavior was
also found in other strongly correlated electronic materials
such as V,03* and heavy fermion systems.”~ An interesting
question is whether the existence of two scattering rates
is limited to strongly correlated electronic systems. It has
recently been pointed out that such behavior may also exist
in less strongly correlated 4d transition metal oxides such as
(Ca,Sr)RuOj; featuring strong multiorbital correlations.®

BaRuOj; is a 44 transition metal oxide chemically related
to CaRuO; and SrRuOs; and a striking example of the
rich structure-property relationship of oxides. Four different
crystalline forms of BaRuO3, known as nine-layered rhombo-
hedral (9R),%!'! four-layered hexagonal (4H),'*!! six-layered
hexagonal (6H),'" and cubic perovskite structure (3C), have
been synthesized, with the last two forms under extremely high
pressures.'>!® These structures have different amounts of cor-
ner and face sharing RuOg octahedra. The 9R crystallographic
form consists of units of three RuOg octahedra sharing faces in
a partial chain, facilitating direct Ru-Ru d orbital interactions
within the group. Each of these trimers of octahedra connects
to its neighbors along the hexagonal axis by perovskite-like
corner sharing with the nearly 180° Ru-O-Ru bonds favorable
for superexchange coupling. The stacking pattern repeats after
nine octahedra. Similarly, the 4H form consists of units of two
face-sharing octahedra, connected to the neighbors by corner
sharing, with a repeating stacking pattern along the hexagonal
axis after four octahedra. The 6H form consists both dimers
of octahedra and single octahedra, arranged alternatively and
connected to each other by corner sharing, forming a more
three-dimensional structure. Finally, the 3C form, the most
three-dimensional structure in the family, consists of only
corner-sharing single octahedra.

The different structural forms of BaRuQj5 lead to different
electronic structures'* and electrical and magnetic properties.
3C BaRuO; was found to be ferromagnetic with a transition
temperature of 60 K,'>!> while 4H and 9R BaRuOs are both
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paramagnetic.'»'® 6H BaRuOs, on the other hand, appears
to locate at the boundary of ferromagnetic behavior.!* Early
transport measurements were carried out on 9R BaRuOj3 with-
out identifying the structure-property relationships.'” Follow-
ing up measurements on single crystalline 4H and 9R BaRuO3
revealed different temperature dependences of resistivity; the
4H phase is metallic while the 9R phase shows semiconduct-
ing behavior at low temperatures.'>!>1® In addition, results
obtained from optical conductivity measurements'®!? suggest
that 4H and 9R BaRuOj; both possess a pseudogap. In this
Brief Report, we report results from detailed magnetotransport
measurements that provide further insight into the structure-
property relationships for the BaRuO3 polymorphs.

Single crystals of 4H and 9R BaRuOj [Figs. 1(a) and 1(b)]
used in this study were from the same batches used in the
previous study reporting the synthesis and magnetic and
electrical characterizations of the materials.'® The crystals
were synthesized by solid-state chemical reactions from
powders of BaRuOs;, RuO,, and CuO. X-ray diffraction
patterns carried out on powders obtained from crushing single
crystals showed that the crystals are single phase. The level of
residue copper impurities was checked by energy dispersive
x-ray spectroscopy (EDS). No copper was found in the crystals
to the sensitivity of an EDS measurement (1-2%). The 4H
and 9R BaRuOj; crystals used in the present study are small
in size (~0.5 mm x 0.5 mm x 0.1 mm). Magnetotransport
measurements were performed by use of a standard four-point
method. The Hall coefficient was measured by use of a
six-point method. Electrical contacts were prepared in such
a way that the current flows in the ab plane. All electrical
transport measurements were carried out in a Quantum Design
Physical Property Measurement System (PPMS), with a base
temperature of 1.8 K. The magnetic fields were applied
perpendicular to the ab plane. The magnetoresistance was
extracted from the symmetric part of p,;,(H ), while the Hall
voltage was extracted from the asymmetric part of Vy,(H),
from —9 T to 9 T. The Hall voltage was found to be linear as
a function of applied field.

The electrical transport properties of both 4H and 9R
BaRuO; were found to be similar above 150 K. They display
metallic resistivity that follows a linear temperature depen-
dence, as shown in Figs. 1(c) and 1(d). The Hall coefficient

©2011 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.84.233104

BRIEF REPORTS

a (a)
4H BaRuO
04 s
£
o
a
Eo2 i
G
Q
| . . (0
0 100 200 300
T (K)
- 4H BaRuO, i 25K 9RBaRuO,
«E\J 0.2 mc\) g
E £
® ©
80-1 B os
I N
c Q:I
' . C (o) (f)
00 100 200 300 00 100 200 300
T (K) T (K)

FIG. 1. (Color online) Crystal structures of (a) 4H BaRuO; and
(b) 9R BaRuO;. Temperature dependence of the in-plane resistivity
pab for (¢) 4H BaRuO; and (d) 9R BaRuO;. Temperature dependence
of the Hall coefficient Ry for (¢) 4H BaRuOj; and (f) 9R BaRuO;. A
characteristic temperature of 7* = 25 K is highlighted in (d) and (f).

was found to be weakly temperature dependent for both forms
[Figs. 1(e) and 1(f)]. The most significant difference between
the two forms is the sign of the Hall coefficient, negative for
4H and positive for 9R BaRuOs, indicating the dominance
of electronlike carriers in the 4H and holelike carriers in 9R
BaRuOs, consistent with band structure calculations.'*
Below 150 K, the two forms of BaRuOj3 showed very
different behavior. First, 4H BaRuO3; was found to be metallic
down to the base temperature, while 9R BaRuO; was found to
show a crossover from metallic to semiconducting behavior
with the resistivity increasing with decreasing temperature
[Figs. 1(c) and 1(d)]. These findings agree with the previous
measurements.'® Moreover, a saturation in resistivity was
observed in 9R BaRuOj; below 25 K, signaling a change
in transport scattering rate, 7, '. The Hall coefficient of
9R BaRuO; was found to show a maximum also at 25 K,
while that of 4H BaRuOj3 increases monotonically [Figs. 1(e)
and 1(f)]. The coincidence between the saturation in resistivity
and the maximum in Hall coefficient implies that the electronic
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FIG. 2. (Color online) The transport scattering rate, 1'[,_1 X Pabs
for (a) 4H BaRuO; plotted as a function of T2 and (b) 9R BaRuO;
plotted logarithmically as a function of 7. The transverse scattering
rate, T g' o cot @y, plotted as a function of T? for (c) 4H BaRuO; and
(d) 9R BaRuOs. The resistivity saturation coincides with the deviation
from T2 dependence of the Hall angle at 25 K in 9R BaRuOs. The
dashed lines are guides to the eye.

state of 9R BaRuO3 may be changing as the temperature is low-
ered to below 25 K, taken as a characteristic temperature, 7*.

In Fig. 2(a), we plot the transport scattering rate rtr_l
calculated from the resistivity p,, using the Boltzmann
formula as a function of 72 for 4H BaRuOj. Fermi-liquid
behavior, shown by the ~7? temperature dependence, was
found. In contrast to 4H BaRuOs, the transport scattering rate
of 9R BaRuOj3 was found to follow a logarithmic temperature
dependence tt;l o InT [Fig. 2(b)] at low temperatures. Such
a temperature dependence may be attributed to the weak
localization effects of coherent back scattering by nonmagnetic
impurities. However, weak localization leads to monotonically
increasing resistivity as the temperature is lowered, incon-
sistent with the saturation observed below 7*. Alternatively,
the logarithmic temperature dependence of resistivity may be
explained by Kondo types of scattering by magnetic impurities
or local moments.

The Hall resistivity p,, depends on both the transport
scattering rate 7, ' and the transverse scattering rate r,;l. The
Hall angle is a function of only the transverse scattering rate,
cotOy = Pyx/pxy X Ty ! The transverse scattering rate of 4H
BaRuO; was found to display a ~72 temperature dependence,
the same as the transport scattering rate [Fig. 2(c)], suggesting
the presence of a single scattering rate in 4H BaRuOs as ex-
pected for a standard Fermi liquid. On the other hand, the trans-
verse scattering rate of 9R BaRuO3 was found to show a ~7'2
dependence down to T*, below which the rate increases rapidly
[Fig. 2(d)]. The difference between rtr_l(T) and rgl(T) sug-
gests that the scattering in the spin and charge channels differ.

The two scattering rates in cuprates were observed below a
characteristic temperature well below the onset temperature
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FIG. 3. (Color online) Transverse magnetoresistance of (a) 4H
BaRuOj; and (b) 9R BaRuOj at various temperatures.

of the pseudogap.”’ Therefore, even though a pseudogap
was indeed observed from optical conductivity measurements
in both 4H and 9R BaRuOs,'®!? it should be irrelevant
to the presence of two scattering rates, similarly to the
cuprates. We propose that local moments may form in 9R
BaRuOj; due to metal-metal bonding, similarly to that found
in LayRugO19.2! Despite the weak rise seen in the magnetic
susceptibility of 9R BaRuO;3; below 50 K for field applied
along the ¢ axis, which seems not to support the picture of
local moments, a small free-moment-like contribution was
indeed observed.'® Such a contribution was interpreted as
due to Pauli paramagnetism of the conduction electrons.
Howeyver, the local moments could cause similar behavior. We
speculate that these local moments are absent in 4H BaRuO;
because of the difference in the relative amounts of edge and
corner sharing—essentially, 4H BaRuOj features dimer Ru-Ru
bonding while 9R BaRuO; features trimer Ru-Ru-Ru bonding
(see below). In this scenario, the scattering by local moments
in 9R BaRuO; becomes significant below 150 K, giving rise
to the p,p ~ In T behavior above T*.

Results obtained from magnetoresistance measurements
appear to provide support to the local moment scenario
described above. As shown in Fig. 3(a), the magnetoresistance
of 4H BaRuOj; was found to be positive (Ap; > 0), which
depends quadratically on the applied magnetic field for low
fields, consistent with previous results on thin films.22 In
contrast, the magnetoresistance of 9R BaRuO; was found to
be negative (Ap, < 0), rising quickly in magnitude below 7*.
As amagnetic field tends to align the local moments, scattering
by local moments is reduced, and negative magnetoresistance
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TABLE I. Ru-Ru distance of all four forms of BaRuOs, along
with several known ruthenates as references.

Material Structure Ru-Ru distance (A)
LasRugO0q9 Cubic 2.49
9R BaRuO; Rhombohedral 2.53
4H BaRuOs3 Hexagonal perovskite 2.54
6H BaRuO; Hexagonal perovskite 2.57
Bi3RU3011 Cubic 2.61
Ru metal Hexagonal 2.65
BaRugO, Hollandite 291
3C BaRuOs Cubic perovskite 4.00

is expected. Similarly to heavy fermion materials, a coherent
state can be enabled by interactions between the local moments
below T*, making the Kondo-like, individual local moment
scattering mechanism invalid. However, a coherent state usu-
ally features positive rather than negative magnetoresistance
as applying a magnetic field may destroy the delicate coherent
screening. Given that a rapid increase in magnetoresistance and
arise in transverse scattering rate occur at similar temperatures,
spin scattering must be increasing below T*. The saturation
of resistivity may be due to the decrease in charge scattering
related to the pseudogap opening.

Among the four crystalline structures, both 4H and
9R BaRuOj feature a short distance between Ru atoms in
adjacent face-sharing RuQOg octahedra (~2.53 A), similarly
to that of LasRugO19,2' and much shorter than that of
BaRugO1,,% BizRuz0,;,%* and Ru metal (see Table I). The
short Ru-Ru distance appears to change the Ru 4d orbital
states, leading to the formation of metal-metal bonding. In the
case of LasRugO\9, the strong metal-metal bonding splits the
degenerate t,, orbitals, giving rise to molecular-orbital-like
states. Such states interact with one another and with the
conduction electrons. The competition between the two types
of interactions may be responsible for the observed non-
Fermi-liquid behavior. Within this picture, the metal-metal
bonds within the trimers or dimers of RuQOg octahedra are
strong enough to form molecular orbital states, which are
formed in such a way that each trimer in 9R BaRuOj; carries
a net localized spin and a local moment. On the other
hand, the dimer in 4H BaRuOj3 has zero total localized spin.
Consequently, no local moments exist in 4H BaRuOj3, resulting
in weakly positive magnetoresistance. Further measurements
and theoretical studies are required to establish this picture.
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