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Magnetic and electronic characterization of quasi-one-dimensional La3RuO7
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The electronic and magnetic properties of La3RuO7 have been investigated. Its structure consists of corner-
sharing RuO6 octahedra arranged in one-dimensional chains with a Ru-O-Ru angle of 145°. The magnetic
susceptibility shows Curie-Weiss behavior at 50–400 K withu5214 K and an effective moment of
3.94mB /Ru atom. At lower temperatures~20–50 K!, short-range antiferromagnetic order is observed. Neutron
diffraction and magnetic susceptibility data show that long-range antiferromagnetic order exists below 20 K. A
spin-flop transition is observed at applied fields greater than 1 T and temperatures below 17 K. Band structure
calculations predict anisotropic electronic behavior and show that the ground state should be antiferromagnetic.
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INTRODUCTION

Ruthenium oxides have long been known to be good m
tallic conductors. A large number of metallic compounds a
even a superconductor are found among the pyrochlore1–3

perovskite,4,5 and Ruddlesden-Popper6,7 phases known for
ruthenium oxides. These conducting materials are base
networks of two-dimensionally or three-dimensionally inte
connected RuO6 octahedra sharing edges or corners. El
tronically, one-dimensional~1D! materials are known to
have interesting electronic and magnetic properties suc
charge density waves8,9 and spin-Peierls transitions,10,11 and
are not expected to be conducting at low temperatures.
therefore of interest to consider what happens to the trans
properties of ruthenium oxides in which the electrons
confined to a 1D network of ruthenium oxide octahedra.

Ruthenium oxides of formulaL3RuO7 were previously
known for L5Pr–Sm.12 These structures contain isolate
chains of corner-sharing RuO6 octahedra. They are pa
of a larger family of chain compounds with the formu
L3MO7 which form with 51 metal cations, whereM can be
Nb,13 Ta,14 Sb,14 Mo,15 Re,16 Ru,17 and Ir.18 The first three
compounds containd0 metals and are therefore expected
be electronically and magnetically inert. The last four co
pounds coverd-electron configurations ranging fromd1 to
d4. Of the electronically active transition-metal compoun
in this family, the only one to have its properties charact
ized in detail is La3MoO7.

15

We have succeeded in synthesizing the lanthanum m
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ber La3RuO7, which allows us to study the magnetic prope
ties of 1D ruthenium oxygen chains without having to co
sider the effects of rare-earth magnetism. La3RuO7 contains
Ru in ad3 configuration and is expected to have the larg
spin ~3/2! possible for 4d and 5d transition metals in this
structure type. Classical spin behavior is expected
La3RuO7, unlike the quantum-mechanical-type spin intera
tions expected forS51/2 Mo in La3MoO7. Here we report
the transport properties and magnetic characterization
La3RuO7.

EXPERIMENT

The starting materials were La2O3 ~Alfa, 99.99%! dried at
900 °C overnight and RuO2 ~Alfa, 99.95%! dried for 1 h at
700 °C. La2O3 and RuO2 were mixed to give a La:Ru ratio o
3.35:1. Samples were heated for 24 h at 1000 °C and 24
1100 °C with intermediate grindings. The powder was th
pressed into a pellet and heated at 1250 °C under flowing2
for 1 or more days until the reaction was completed. T
high lanthanum content of the mixture resulted in sm
amounts~;10%! of excess La2O3 present in samples. Th
excess La2O3 was found to be necessary to avoid the form
tion of competing La-Ru-O phases during the reaction. Ph
formation and purity were determined by powder x-ray d
fraction.

Powder neutron diffraction data were taken to study
magnetic ordering. Structural data were collected at
NIST Center for Neutron Research using the BT-1 3
9573 ©1999 The American Physical Society
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counter high-resolution powder diffractometer. Neutrons
wavelength 2.0784 Å produced by a Ge~311! monochro-
mator were used to collect data at 30 and 1.5 K. Intensi
were measured in steps of 0.05° in the 2u range of 3°–168°.
The magnetic order parameter was measured using the B
triple-axis spectrometer over the temperature range of 2
K using neutrons of wavelength 2.351 Å produced by a
rolytic graphite~002! monochromator.

Measurements of ac resistivity were performed using
four-probe technique. Four copper leads were attache
sample bars~approximately 13132 mm3! using silver
paint. Data were collected at 240–350 K. A superconduc
quantum interference device~SQUID! magnetometer was
employed to measure the magnetic properties of sam
upon heating through temperatures of 2–400 K under fie
of 0.01–5.5 T. Data were corrected for core diamagnetis

The electronic band structure of La3RuO7 was calculated
using theLMTO 47C program developed by Anderson an
co-workers.19,20 The program employs the linear muffin-ti
orbital ~LMTO! method within the tight-binding approxima
tion. All relativistic effects except spin-orbit coupling wer
included in the calculations. Integrations overk space were
performed using the tetrahedron method with a total of 1
irreduciblek points.

RESULTS AND DISCUSSION

Our neutron diffraction data show that La3RuO7 has
orthorhombic symmetry,Cmcm, with a511.2093(1) Å, b
57.4617(1) Å, andc57.607 71(8) Å. The ruthenium octa
hedra are organized into corner-sharing chains as seen i
inset to Fig. 1. The octahedra are nearly ideal, although
apical~shared! oxygen atoms are slightly displaced from th
center of the basal plane, and the Ru-O apical bonds are
Å longer than the Ru-O bonds in the basal plane. The ch
of corner-shared RuO6 octahedra is highly buckled. The Ru
O-Ru angles in the chain are 145°, rather than the ideal 1
expected for a straight chain. Deviation from the 180° an
results in a decreased overlap between Rud and oxygenp
orbitals, and results in a decrease in electronic bandwi

FIG. 1. Temperature dependence of the electrical resistivity
polycrystalline sample of La3RuO7. The inset shows the chains o
corner-sharing RuO6 octahedra in La3RuO7 projected alonga. The
middle chain of the octahedra is displaced (1/2)a perpendicular to
the plane of the other two.
f

s

-9
5
-

e
to

g

es
s
.

5

the
e

.04
in

0°
e

h.

This reduced bandwidth results in a tendency for elect
localization. In ruthenium-based pyrochlores, a bond an
of 133° between corner-shared octahedra is thought of as
minimum angle that will allow metallic behavior.21 The
chains are separated from each other by 7.46 Å in the@010#
direction and 6.73 Å in the@110# direction, suggesting tha
interchain electronic and magnetic interactions will be we
The details of the structure determination will be presen
elsewhere.22

Measurements of the electrical resistivity of polycryst
line pellets~Fig. 1! showed La3RuO7 to be a thermally acti-
vated semiconductor with a band gap of 0.28 eV. A roo
temperature resistivity of 425V cm was observed. We ca
therefore conclude that the charge carriers are highly lo
ized. The measured resistivity in a polycrystalline pellet n
essarily includes both along-chain and across-chain contr
tions. However, the high value of the resistivity and t
activated behavior indicates that the compound is semic
ducting, even along the chain axis. Although one might
pect the chains to be metallic based on the good conduc
properties of ruthenium oxides and the 145° bond angle,
not surprising to find that these chains are semiconduct
The 1D chains are much more vulnerable to defect scatte
than the interconnected 3D network found in pyrochlo
and perovskites.

The half-filling of the Ru t2g band makes La3RuO7 a
candidate Mott insulator. Semiconducting behavior has
ready been observed in the molybdenum15 (4d1) and
iridium18 (5d4) analogs of this compound. In light of thes
results, it does not seem that electron-correlation-induced
calization is the cause of the semiconducting behavior in
present case. The activation energy of La3RuO7 is somewhat
higher than the value of 0.16 eV reported for La3MoO7
single crystals measured along the chain axis.15 However,
both the polycrystalline nature of La3RuO7 samples and the
presence of small amounts of the highly insulating La2O3
make the value reported here merely an upper limit on
ruthenate resistivity.

The inverse magnetic susceptibility of samples measu
for an applied field of 0.1 T showed Curie-Weiss behav
above 50 K~Fig. 2!. A linear fit to the data gave an antifer

a FIG. 2. Temperature dependence of the reciprocal magnetic
ceptibility of La3RuO7 measured in a field of 0.1 T. The fit to th
Curie-Weiss law is shown as a solid line. The inset shows an
largement of low-temperature data.
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romagneticu value of 214 K. An effective moment of
3.96mB per Ru atom was obtained, in good agreement w
the expected spin-3/2 value of 3.87mB . Below 50 K, short-
range antiferromagnetic correlations were observed, as
in the deviation in the susceptibility from the Curie-Weiss
line. The data measured at applied fields of 1–7 T w
virtually identical in the range of 20–400 K.

Plotting the data asM /H vs T ~Fig. 3! revealed field-
dependent magnetic features below 20 K. At 5 K, the sam
magnetization~per Ru atom! was 0.08mB at 1 T, 0.37mB at 4
T, and 0.60mB at 7 T. For fields of <2 T, a broad
antiferromagnetic-type maximum was observed at 12
Samples measured at higher fields showed no such m
mum. Instead, they showed a saturating magnetization cu
We conclude that the saturating magnetism is the resu
the spin canting of an antiferromagnetically ordered lattic

Because of the small moment, it was difficult to precise
assign the critical temperature (Tc) of the ordering transition
from the plot of theM /H data. To assist in assigning th
transition temperature, the derivative ofM /H with respect to
temperature was plotted~Fig. 3, inset!. It can be seen that th
derivative gradually decreases over the range of 20–16 K
its minimum at;16 K. We interpret this as evidence for
broad transition to the ordered state. The maximum of
transition shows a slight field dependence. As the field
increased from 1 to 7 T, the transition temperature gradu
decreases from 16 to 15 K.

As the applied field was increased from 1 to 4 T, t
values ofM /H at temperatures below the transition tempe
ture increased. However, applied fields in excess of 4
caused a decrease in the values ofM /H in this low-
temperature regime. To investigate this further, the dep
dence ofM on H was measured at 5, 10, 15, and 20 K~Fig.
4!. At temperatures of 5–15 K theM vs H curves exhibit
nonlinearity. At applied fields of less than 1 T, there is
hysteresis in the data, as would be expected for a typ
antiferromagnetically ordered compound. Hysteresis was
served at applied fields greater than 1 T, consistent with
appearance of a small ferromagnetic moment. We inter
these data as evidence for a broad spin-flop transition
fields of;1 T, with the polycrystalline nature of the samp

FIG. 3. Low-temperatureM /H data for three applied fields~1,
4, and 7 T! taken on heating. Samples were field cooled. The in
showsd(M /H)/dT.
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contributing to the broadening. A proposed phase diagr
for this spin-flop transition is shown in the inset to Fig.
Although the most likely explanation for the observed b
havior is a spin-flop transition, it is possible that a metam
netic transition similar to that observed in rare-ea
antimonides23 is being observed.

The most accurate determination of the magnetic tra
tions came from neutron-scattering experiments. Figure 5~a!
shows the magnetic scattering obtained by subtracting th
K data ~a temperature well above the ordering temperatu!
from the data at 1.5 K~a temperature where the sample is
the magnetically ordered ground state!.24 Two relatively
broad magnetic peaks@;0.55° full width at half maximum
~FWHM!# were observed, demonstrating that thre
dimensional magnetic ordering occurs at low temperatu
The magnetic peaks were much broader than the nuc
peaks~0.22° FWHM!, indicating that the magnetic domain
are small compared to the nuclear crystallite size. Since o
two magnetic peaks were present, it was not possible to
fine the antiferromagnetic structure.

The intensity of the higher-angle magnetic reflection w
followed as a function of temperature in the vicinity of th
phase transition temperature at zero applied magnetic fi
A plot of the intensity of the magnetic reflection as a fun
tion of temperature is shown in Fig. 5~b!. It can be unam-
biguously seen that long-range order is present below 19
The plot shows that the major ordering transition at 17 K
preceded by a gradual onset of ordering between 19 an
K. Both a Bragg-Williams fit~for an ideal ferromagnet! and
a Bragg-Williams fit with crossover to a power law~to fit the
broadened ordering transition! are shown superimposed o
the data points.

The magnetic data provide insights into the dimension
ity of La3RuO7. In a theoretical model for a 1D spin-3/
Ising system, the maximum in the magnetic susceptibi
will occur at Tmax54.70u.25,26 Based on this result, we ex
pectTmax to occur at 66 K if La3RuO7 is an electronically 1D
material. However, aTmax of 12 K was observed at the low
est applied field studied. In addition, there can be no lo

t

FIG. 4. Magnetic hysteresis loop for La3RuO7 at 5, 10, 15, and
20 K. Higher-temperature data are offset along they axis. The inset
shows a typical magnetic phase diagram for a system of we
interacting spins undergoing a spin-flop transition. SF, spin-fl
state; AFM, antiferromagnetic state; P, paramagnetic state.
served temperature and fields boundaries are noted on the cha
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range order in a 1D compound.25 We can therefore conclud
that the ruthenium spins are not behaving in a purely o
dimensional manner.

The relative energies of different spin alignments
La3RuO7 were obtained from LMTO calculations, as pr
sented in Table I. The antiferromagnetic arrangement
spins studied consisted of antiparallel alignment of sp
along the chains, but ferromagnetically aligned spins in
planes perpendicular to the chains. The antiferromagn
~AFM! lattice required the symmetry of the monoclin
space groupA2m, using an a-centered unit cell ofa
57.608 Å, b511.209 Å, andc57.462 Å withb590° ~this
lattice has the same size as the original cell, but now
chains run parallel to thea axis!. This unit cell has twice as
many unique Ru sites as the original cell. Nonmagnetic
ferromagnetic~FM! calculations were also done in theA2m

FIG. 5. ~a! The difference of the neutron intensity data at 1.5
from those at 30 K~data collected withl52.0784 Å! shows two
magnetic peaks atd512.20 Å (2u59.77°) and 9.80 Å (2u
512.17°). ~b! The intensity of the magnetic neutron diffractio
peak atd59.80 Å in La3RuO7 as a function of temperature. Th
thin line is a fit at 2–18 K to the Brillouin function squared wit
S50.61 andT517.3860.12 K. The thick line includes a crossove
to a power law with S fixed at 0.5, Tc~Brillouin!517.67 K,
Tc~power law!519.0 K, andb50.315.

TABLE I. LMTO energies per unit cell (La12Ru4O28).

Spin order Energy~eV! Relative energy~eV!

None 212 069.1298 0.000
FM 212 069.1562 20.0264
AFM 212 069.1657 20.0359
-
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s
e
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e
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space group to facilitate comparison of the ground-state
ergies. Both the FM and AFM ground states were lower
energy than the nonmagnetic ground state. Since the FM
AFM calculations differ only in their intrachain configura
tion, the lower energy of the AFM configurations allows
to conclude that the intrachain spin interactions are anti
romagnetic.

The results of the band structure calculations for the n
magnetic ground state are presented in Fig. 6. Thet2g ruthe-
nium orbitals atEF and theeg ruthenium orbitals 2 eV above
EF show similar momentum dependences. In the nonm
netic calculation, the bands are flat along vectors perpend
lar to the chains (Z→T, Y→G, G→S) and are dispersive
along vectors parallel to the chains (G→Z, T→Y, S
→T). This supports the characterization of La3RuO7 as a
quasi-one-dimensional material. The maximum width of t
six-electront2g band atEF is only 1 eV. It is likely that this
narrow band is at least part of the reason that La3RuO7 is
semiconducting.

The results of partial density of states calculations all
us to label the peaks in the density of states~DOS! plot with
their proper atomic character, as illustrated in Fig. 7~a!. The
t2g and eg bands arise from the interactions of the Rud
orbitals with the O~1! and O~3! p orbitals. Thet2g band is
located atEF and is rather narrow, while theeg band is a
broadband found at energies of 2–4 eV~relative toEF!. The
O~2! atoms in the center of the La4O tetrahedra show only

FIG. 6. The nonmagnetic band structure of La3RuO7. Symmetry
directions areG ~0,0,0!, Z ~1

2,0,0!, T ~1
2,1,0!, Y ~0,1,0!, S ~0,1

2,
1
2!, and

R ~1
2,

1
2,

1
2!. In these calculations the chains run parallel to thea axis.
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minute hybridization with thet2g and eg bands, supporting
the conclusion that the O~2! atoms are not facilitating inter
chain interactions. The bulk of the oxygenp-orbital states
occurs between21 and 24 eV, although some additiona
hybrid Ru-O~1! and Ru-O~3! states occur at24 to 26 eV. A
large number of La 4f states are found at 5–6 eV. When w
compare the DOS plots for the nonmagnetic@Fig. 7~b!# and
magnetic@Figs. 7~c! and 7~d!# calculations for La3RuO7, we
can see that the largest changes occur in the vicinity ofEF .

FIG. 7. The density of states for La3RuO7. A schematic of the
levels is given in~a!. The calculated results for nonmagnetic~b!,
FM ~c!, and AFM ~d! ground states.
i,

ys

G.

, B
p

J

In the absence of magnetism, there is a high density of st
at EF . In contrast, the density of states atEF is partially
reduced in the ferromagnetic configuration and is alm
completely eliminated in the antiferromagnetic configu
tion.

CONCLUSIONS

Although the long-range ordering of La3RuO7 below 20 K
prevents this material from being characterized as fully o
dimensional, the measurements and calculations we h
performed on this compound show that many of its featu
reflect its one-dimensional geometry. In particular, the se
conducting properties are a change from the good meta
behavior of 2D and 3D ruthenium networks and the antif
romagnetic transition does not have the sharp maximum
is expected from higher-dimensional spin lattices. The cal
lated Ru bands show that there is little orbital overlap
directions perpendicular to the chains.

We have found temperature- and field-dependent m
netic ordering in La3RuO7. Neutron-scattering data and plo
of M /H vs T showed a canted antiferromagnetic arrang
ment of spins below 17 K, while the application of a fie
caused a temperature-dependent magnetic hysteresis t
pear inM vs H plots due to a spin-flop transition. In light o
the unusual magnetism also found with the strongly intera
ing spins in La3MoO7 (u52511 K),15 it seems that this low-
dimensional structure type may enable numerous differ
types of magnetic configurations.

We have provided the initial characterization of an inte
estingS53/2 ruthenium compound. The presence of a co
plete series of 4d and 5d transition metals with band fillings
of d0–d4 should allow a systematic investigation of the ma
netism of heavy transition metals in this intriguing on
dimensional structure type.
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