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Electrical and magnetic properties of the two crystallographic forms of BaRuO3
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We report the results of magnetic susceptibility and electrical resistivity measurements on single crystals of
the nine-layer and four-layer crystallographic forms of BaRuO3. The two forms differ in the relative amounts
of corner and face sharing of RuO6 octahedra. They display qualitatively different properties below approxi-
mately 100 K: the four-layer form shows a metallic resistivity down to low temperatures, while the nine-layer
shows a crossover to a more resistive state. No local moment magnetism is observed in either phase below 400
K, which is of particular interest in the context of previously observed magnetic and superconducting phases in
the Sr-Ru-O system. Resistive measurements to temperatures below 0.1 K reveal no occurrence of supercon-
ductivity in either form.@S0163-1829~99!09307-8#
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Introduction. The exotic electronic state that leads to s
perconductivity at high temperatures in the layered cop
oxides has stimulated research into the physical propertie
a wide variety of unusual transition-metal oxides. Amo
those of recent interest, the simple ruthenates have bee
subject of considerable study, especially since the discov
of superconductivity near 1 K in the layered compound
Sr2RuO4. Experiments on that compound have indicated t
the electronic state is not conventional.1,2 In particular, the
lack of a local moment for the formally Ru41 S51 ion in
this layered compound is intriguing. Sr2RuO4 belongs to the
Ruddlesden-Popper series, Srn11RunO3n11 ~n51, 2, 3, and
infinity!. The three-dimensional compound SrRuO3 is a fer-
romagnetic, nonsuperconducting metal with a saturated l
moment of 0.85mB and the intermediate dimensionality com
pound Sr3Ru2O7 has local moments but shows no long-ran
magnetic ordering3–7 even though RuO6 octahedra are the
central building blocks of all three compounds. Electric
measurements carried out on SrRuO3 ~down to approxi-
mately 4 K! and Sr3Ru2O7 ~down to 0.3 K! have shown that
neither of them is a superconductor, although both show
tallic behavior down to the lowest temperatures measu
Therefore, it appears from the materials thus far charac
ized that the suppression of the local moment gives way
superconductivity. However, whether there is a link betwe
the lack of local moment and the strongly anisotropic, nea
two-dimensional nature of the system in Sr2RuO4 is not
clear. Furthermore, whether the variation in the electrical
magnetic properties in the Srn11RunO3n11 system is dictated
mainly by the chemical composition or the crystalline stru
ture has not been addressed.

In order to gain physical and chemical insight into the
issues, we have carried out studies on single crystals of
agonal BaRuO3. Although chemically related to the stron
PRB 590163-1829/99/59~7!/4561~4!/$15.00
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tium ruthenates, BaRuO3 displays crystal structures based o
a distinctly different structure type, for which there are
analogs in the Sr-Ru-O or Ca-Ru-O systems. BaRuO3 has
three crystallographic forms, representatives of the ‘‘hexa
nal Perovskite’’ family. These different forms, known as t
nine-layer, six-layer, and four-layer compounds, have diff
ent amounts of corner and face sharing of the compon
RuO6 octahedra, which in turn results in different relativ
contributions of Ru-Ru and Ru-O-Ru interactions to the el
tronic structure. Here, we report the electrical and magn
properties of single crystals of two forms of BaRuO3, one of
which, the four-layer form, has only rarely been synthesiz
showing that the properties differ considerably in the diffe
ent crystallographic forms even though the chemical com
sition is identical. The results indicate that there may be p
allels between the electronic state of these phases and th
the superconductor Sr2RuO4.

The crystal structures of the two forms of BaRuO3 studied
here are shown schematically in Fig. 1.8–9 The more com-
monly found nine-layer~9L! crystallographic form consists
of units of three RuO6 octahedra sharing faces in a parti
chain, facilitating direct Ru-Rud orbital interactions within
the group, with each of these triple units of octahedra c
nected to its neighbors along the hexagonal axis by pero
kitelike corner sharing with the nearly 180° Ru-O-Ru bon
favorable for superexchange coupling. The stacking pat
repeats after nine octahedra. Similarly, the less-comm
four-layer~4L! crystallographic form consists of units of tw
octahedra sharing faces connected to each other
perovskite-type corner sharing, with a repeating stacking p
tern along the hexagonal axis after four octahedra. Thus,
two forms differ in the relative amounts of direct Ru-Ru a
oxygen mediated Ru-O-Ru interactions. We find that th
display distinctly different properties below approximate
4561 ©1999 The American Physical Society
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100 K: the four-layer showing a metallic resistivity to lo
temperatures, and the nine-layer a subtle crossover to a m
resistive state. Both show only weakly temperatu
dependent magnetic susceptibilities with no indication of a
local moment behavior for Ru. In addition, the nine-lay
compound displays an increase in the magnetic susceptib
along one crystallographic direction~thec axis! at a tempera-
ture corresponding to the resistive crossover. The resistiv
specific heat and magnetic susceptibility of the nine-la
form have been reported earlier,10 though not as a function o
crystallographic direction. Those results are in general
not detailed agreement with ours, likely due to differences
synthetic conditions, as described further below.

Experiment. The thermodynamically stable phase
BaRuO3 under normal laboratory conditions is the nine-lay
phase. Consequently, that form can be prepared in la
quantities by standard synthesis. This has not yet been
sible for the four-layer phase. We have found that the fo
layer phase can be prepared in good purity by single-cry
growth. Single crystals of the two forms of BaRuO3 were
prepared from powders of BaRuO3, RuO2, and CuO in the
ratios 1:0:0 and 0:1:1 heated in air in a tenfold~molar! ex-
cess of BaCl2. Platinum crucibles covered with ceramic co
ers were employed for crystal growth. The nine-layer cr
tals were obtained in the CuO containing melt. The melt w
heated to 1250 °C, soaked for 12 h, cooled to 1050 °C at 2
per hour, then to 950 °C at 2 °C per minute, and then furn
cooled to ambient temperature. Similarly, the four-lay
crystals were obtained by heating the BaRuO3 containing
melt to 1275 °C for 12 h, and then following the same co
ing procedure. Some flux evaporation was observed du
the growth processes. In both preparations, crystals w
separated form the remaining flux by washing with wa
H2O and methanol in an ultrasonic bath. Powder x-ray d
fraction patterns from both batches, taken by grinding la
numbers of crystals together, indicated that there was
measurable contamination of four-layer crystals in the ni
layer batch, and no measurable contamination of nine-la

FIG. 1. Comparison of the crystal structures of the two crystallograp
forms of BaRuO3. ~a! four-layer phase,~b! nine-layer phase. The RuO6

coordination octahedra are represented by geometrical figures~Ru at the
center, O at corners!, and the Ba as circles. The crystallographic cells
outlined.
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crystals in the four-layer batch. The single crystals of t
four-layer phase formed thin plates with hexagonal ba
plane sections, and those of the nine-layer phase were
erally more equiaxed and had rhombic basal plane secti
In both cases the crystals were relatively small, with larg
dimensions between 0.5 and 2 mm. The synthesis of
four-layer crystals is not always reproducible. Further stud
are presently underway to determine the critical synthe
parameters controlling the conditions for obtaining th
phase, which is metastable under ordinary synthetic co
tions. Elemental analysis by energy dispersive x-ray anal
in an electron microscope did not reveal the presence of m
surable quantities of impurities in either crystal form. E
emental impurities at the level of hundreds of ppm could
present, however, in either preparation.

Resistivities were measured on single crystals by a s
dard four-wire technique, in a temperature range between
mK and 300 K, with the dc current flowing either parallel
perpendicular to the basal planes. Magnetic susceptibili
were measured between 2 and 400 K in a commer
SQUID magnetometer~Quantum Design! in applied fields
up to 7 T. Samples for the susceptibility measurements c
sisted of several crystals mounted on a nonmagnetic s
strate with their basal plane normals aligned.

Results. The electrical resistivities of single crystals of th
four-layer and nine-layer forms of BaRuO3 are summarized
in Figs. 2 and 3. The resistivities have been normalized
their 300 K values in both figures to facilitate the comparis
of the behavior. The resistivities at 300 K for the four-lay
phase are approximately 400mV cm in the basal plane an
550 mV cm perpendicular to the plane. Similarly, for th
nine-layer form, the resistivities at 300 K are approximate
350mV cm in the plane and 160mV cm perpendicular to the
plane. Figure 2 shows the distinct difference in the resist
behavior for the two forms. The four-layer phase mainta
its metallic behavior to low temperatures, while the nin
layer variant shows at first a metallic resistivity with decrea
ing temperature, but then a crossover to a more resis

c FIG. 2. The resistivities of single crystals of the nine-layer and fo
layer crystallographic forms of BaRuO3 for the in-plane and perpendicular
to-plane directions in the hexagonal crystals, normalized to their 300
resistivities. Inset: the low-temperature resistivities of the four-layer ph
plotted versusT2.
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PRB 59 4563BRIEF REPORTS
phase at low temperatures. Measurements on several cry
show that the temperature of this upturn is sample dep
dent. For both phases, Fig. 2 shows that the materials
only modestly anisotropic. The inset to Fig. 2 shows that
resistivity of the four-layer variant follows approximately th
form r5r01AT2 at low temperatures along both charact
istic directions. The values ofA are 2.531023 mV cm/K2

and 3.431023 mV cm/K2 for in-plane and out-of-plane di
rections, respectively, and thus scale with the values of
resistivities at room temperature. The semilog plot, Fig.
illustrates the behavior of the resistivities to low tempe
tures. For the four-layer phase, residual resistivities on
order of 100mV cm are measured in both characteristic
rections. It is also seen that the resistivity of the nine-la
phase does not continue to rise below 10 K but rather s
rates to a maximum value. These saturation temperature
approximately 10 K perpendicular to the basal plane a
approximately 1 K in plane, respectively. No supercondu
tivity is observed down to the lowest measurement temp
tures~,0.1 K!.

The magnetic susceptibilities are summarized in Fig.
They are seen to be small and paramagnetic, and
weakly temperature dependent, consistent with the full l
of local moment of the Ru ions. Similar to the electric
resistivities, the magnetic susceptibility is not dramatica
different for the two crystallographic directions for the fou
layer phase.~For all curves shown, a very small free
moment-like contribution was subtracted, corresponding
an unpaired spin equivalent of a fraction of a percent.! We
interpret the susceptibility as due to Pauli paramagnetism
the conduction electrons. The observed susceptibility
;731024 emu/mol, within the standard free-electro
model, would indicate a rather high density of states at
Fermi level, corresponding to a linear term in the spec
heat~g! of up to 50 mJ/mol K2. The linear term can be lowe
if the susceptibility is enhanced by spin fluctuations. Int
estingly, this estimate is consistent with the prefactor of
T2 term in the resistivity assuming it is dominated b
electron-electron scattering; i.e., ag of 50 mJ/mol K2 corre-
sponds to a coefficientA in the range 1023 to

FIG. 3. The resistivities of single crystals of the nine-layer and fo
layer BaRuO3 crystals in two characteristic directions plotted in a semil
representation to illustrate the low-temperature behavior.
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1022 mV cm/K2,11,12consistent with what is observed. The
is no indication of an electronic transition at low temper
tures. For the nine-layer phase, the susceptibility is equ
lent to that of the four-layer phase at 400 K but then d
creases smoothly to approximately half that value by 4.2
Following the above rationale, the average value of the s
ceptibility would correspond to linear term in the speci
heat of up to 30 mJ/mol K2. Comparing this with the directly
measured specific heat result,10 one concludes that the sus
ceptibility for this phase is enhanced by a factor of 3–4. T
lower density of states of the nine-layer form is consist
with what is to be expected from stronger direct Ru-R
wave-function overlap, and therefore the presence of wi
bands.

Although both nine-layer and four-layer BaRuO3 are es-
sentially paramagnetic with no local moment, a subtle beh
ior seen in the nine-layer material is worth mentioning. F
fields along thec axis only, the susceptibility increase
slightly below ;50 K in a form reminiscent of ferromag
netism. Indeed, this upturn depends on the applied field
is larger for smaller fields. From a systematic study we fin
minute ferromagnetic component in the magnetization, c
responding to'1024mB . This very small moment is aligned
along thec axis. As shown in Fig. 4, a similar, but les
pronounced effect is measured in single-phase pow
samples of this phase made under conventional synth
conditions.13 Considering the different methods employed
prepare the polycrystalline and single-crystal samples,
the direction dependence in the single crystals, one wo
not expect this ferromagnetic contribution to come from
impurity phase. We are not aware of a Ba-Ru-O phase wi
ferromagneticTc near 50 K, although one cannot rule o
minute amounts of an unknown intergrowth phase. This
parent low-temperature magnetic transition will be studied
more detail in future work.

A further demonstration of the difference between the t
forms of BaRuO3 can be seen in their response to anneal
treatment. Single crystals of both forms were annealed un
flowing N2 or O2 gas for 4 days at 450 °C. The long tim
low-temperature anneals test whether oxygen nonstoichi
etry and crystalline perfection influence the properties. T
temperature-dependent resistivities were measured afte

-

FIG. 4. The magnetic susceptibilities of single crystals of nine-layer a
four-layer BaRuO3 in in-plane and perpendicular-to-plane directions. I
cluded for comparison are data for randomly oriented polycrystalline p
der of the nine-layer phase synthesized by conventional methods.
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4564 PRB 59BRIEF REPORTS
nealing, shown in Fig. 5. The data indicate that the resistiv
of the nine-layer phase shows dramatic changes for both
N2 and O2 anneals. The upturn in the resistivity at low tem
perature is suppressed after the anneals. In the case of th2
anneal, a metallic behavior is found at low temperatures a
the occurrence of a broad peak. For the four-layer phase
O2 anneal has no apparent effect, whereas the N2 anneal
appears to decrease the resistivity substantially. The sim
response of the nine-layer phase to annealing in both N2 and
O2 suggests that the change in properties may not be du
the uptake or loss of very small amounts of oxygen but rat
to the annealing out of some form of crystalline disord
Either the nine-layer crystals grow with an intrinsical
larger degree of structural disorder than do the four-la
crystals~highly unlikely due to the metastability of the la
ter!, or the nine-layer phase is much more electronically s
sitive to the presence of small amounts of disorder. For
four-layer phase, the difference between the N2 and O2 an-
neals suggests that an oxygen loss has been induced in th2
anneal, leasing to decreased resistivity. Further study
needed to determine the effects of annealing more fully.

FIG. 5. The response of the basal plane resistivities of single crysta
nine-layer and four-layer BaRuO3 to annealing in O2 and N2 at 450 °C for
four days. The data were obtained from different crystals.
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Conclusion. The two forms of BaRuO3, with identical
chemical composition but different crystalline structures, d
play qualitatively different transport properties. The nin
layer phase shows metallic temperature-dependent resist
at high temperatures, characterized by a linear depende
At an intermediate temperature, which is somewhat sam
dependent, the resistivity increases again slightly, and fin
levels at lowest temperatures. For the four-layer phase,
tallic resistivity is maintained to low temperatures in both t
in-plane and out-of-plane directions, to a minimum resid
resistivity of approximately 100mV cm at low temperatures
The residual resistivity, due to impurity scattering, appears
be relatively high, in comparison, for example, to superco
ducting Sr2RuO4 single crystals.1,2 The resistivity follows ap-
proximately aT2 law in both directions at low temperature
in the four-layer phase, indicating that the resistivity may
dominated by strongly correlated Fermi-liquid behavior. T
coefficient of theT2 term is consistent with the density o
states approximated from the magnetic susceptibility d
The temperature dependence of the resistivity of the n
layer variant of BaRuO3 is highly unusual. After an initially
metallic behavior, a transition to a more resistive state
observed, apparently accompanied by the development
minuscule ferromagnetic moment.

Our annealing study has shown that the properties of
nine-layer phase appear to be particularly sensitive to
level of disorder in the sample. As similar temperature d
pendent resistivities are observed in the crystals made
other groups10 and in polycrystalline samples of this phase13

it appears that the transport properties of the nine-layer ph
are particularly sensitive to the presence of impurity atoms
perhaps disorder. This, along with the absence of local m
ment behavior, suggests a qualitative similarity to Sr2RuO4.
It would be of interest to pursue the characterization of
present materials further to see whether very high-pu
preparations may show superconductivity. If the electro
states are indeed analogous in Sr2RuO4 and four-layer and/or
nine-layer BaRuO3, then one would have to conclude th
the layered structure of the latter compound is not what gi
rise to its exotic magnetic and electronic state.
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cussions with Darrell Schlom. The work at Pennsylvan
State University was supported in part by NSF Grant N
ECS-9705839, and at Princeton University in part by N
Grant No. DMR94-00362.
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