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Crystal structure, electric and magnetic properties, and Raman spectroscopy of Gd3RuO7
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A member of theR3MO7 family containing two magnetic cations, Gd3RuO7, has been synthesized by
high-temperature solid-state reaction. The structure has been determined by single-crystal methods: space
group Cmcm(#63), a0510.643(2) Å, b057.345(1) Å, c057.380(1) Å, V5576.90(14) Å3, Z54, R1
50.021, wR250.047. The most important structural feature is the one-dimensional RuO6 chain running
parallel to thec axis. In a wide temperature range the conductivity of Gd3RuO7 follows the dependence
ln(r)}T21/2, which is typical for Mott variable-range hopping of localized carriers in one dimension. The
magnetic susceptibility obeys the Curie-Weiss law withup527.5 K and Curie constantCmol525 emu K/
mole. Magnetization data reveal two successive transitions at about 14.5 and 8 K, which indicates independent
ordering of Ru and Gd moments, respectively. The analysis shows that in total 27 (8Ag18B1g15B2g

16B3g) Raman-active modes are expected for Gd3RuO7. As a larger number ofAg lines ~10! are observed in
the polarized Raman spectra, we suggest that two of theAg lines~at 233 and 780 cm21) either arise from local
vibrations or are of nonphonon origin.
ain

co
er

a

c-

as

ve
et

an

ng-

riza-

etic

-

or
ine

f 1
as
nal
ze.

se
I. INTRODUCTION

Metal oxides of general formulaR3MO7 (R315La, Pr,
Nd, Sm, Eu;M515Nb, Ta, Sb, Mo, Re, Ru, Ir! have been
intensively studied during the last decade.1–9 This interest is
mostly due to the unusual isolated one-dimensional ch
formed by corner sharing (MO6) octahedra, which are
present in these structures. Depending on the electronic
figuration of the corresponding metals, the resulting mat
als show some interesting electronic10,11 and magnetic12,13

properties. For example, whenM51 is a d0 or d10 transition
metal, such as Nb, Ta, or Sb, the corresponding oxides
electronically inert.4,8 When M51 is in a dn configuration
(M5Mo, Re, Ru, Ir;n51 –4), the oxide materials are ele
tronically and magnetically active.1–3,5–7,9 The magnetic
properties of these materials could be also modulated
function of the electronic configuration of theR31 ions. If
they contain unpaired electrons, these contribute to the o
all magnetic properties and can interact with the magn
moments of theM51 species.

Ruthenium oxides of theR3MO7 type are of particular
interest since they contain Ru51 in a d3 configuration and
hence possess the largest possible spin~3/2! among the 4d
and 5d transition metals.1–3 A typical example is La3RuO7
which has been recently synthesized and electronically
magnetically characterized.1 Since La31 is in the 4f 0 con-
PRB 620163-1829/2000/62~18!/12235~6!/$15.00
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figuration, the observed magnetic behavior, short- and lo
range antiferromagnetic ordering, is only due to Ru51. Here
we report the synthesis, crystal structure, and characte
tion of a new member of this family, Gd3RuO7. It contains
two metal species with unpaired electrons@Gd31(4 f 7) and
Ru51(4d3)# and, as expected, shows a complex magn
behavior.

II. SAMPLES AND EXPERIMENT

A. Synthesis

Polycrystalline Gd3RuO7 was prepared by heating a sto
ichiometric mixture of Gd2O3 ~Merck, 99.999%! and RuO2
~Alfa, 99.95%! from 1000 to 1300 °C for 48 h in O2 with
two intermediate regrounds, and finally at 1300 °C in Ar f
24 h. Single crystals were prepared by the polycrystall
Gd3RuO7 powder mixed with dried SrCl2 in a mole ratio
1:50 and transferred in a 200 cm3 platinum crucible. The
mixture was heated up to 1300(60.1)°C ~100 deg/h!, held
for 48 h and than cooled down to 1000 °C with a rate o
deg/h. After cooling down to room temperature, the flux w
easily removed by repeated washing with hot water, the fi
product being black prismatic crystals 0.05–0.5 mm in si
Electron microprobe elemental analysis~JEOL JXA-8600,
15 keV! and powder x-ray diffraction~SCINTAG 2000,
Cu-Ka radiation! confirmed the stoichiometry and the pha
purity of the product.
12 235 ©2000 The American Physical Society
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TABLE I. Atomic coordinates and equivalent isotropic displacement parametersU(eq)@Å 23103#, de-
fined as one third of the orthogonalizedUi j tensor, for Gd3RuO7.

Atom Position x y z U(eq)

Gd~1! 4a 0 0 0 24~1!

Gd~2! 8g 0.2241~1! 0.3024~1! 0.25 10~1!

Ru~1! 4b 0 0.25 0 5~1!

O~1! 16h 0.1282~8! 0.3169~13! 20.0410(10) 24~1!

O~2! 8g 0.1335~8! 0.0271~14! 0.25 13~2!

O~3! 4c 0 0.4149~19! 0.25 11~3!

Selected bond lengths~Å! and angles~deg! for Gd3RuO7

Gd~1!-O~1! 432.715(10) O~1!-Ru-O~1! 89.4~6!

Gd~1!-O~2! 432.338(5) O~1!-Ru-O~3! 85.7~4!

Ru~1!-O~1! 431.939(7) O~3!-Ru-O~3! 180.0
Ru~1!-O~3! 231.948(5) Ru-O~3!-Ru 142.6~4!

Gd~2!-O~1! 232.371(7) O-Gd~1!-O 73.1~3!-108.7~3!

Gd~2!-O~1! 232.380(8) O-Gd~2!-O 65.2~2!-113.4~4!

Gd~2!-O~2! 132.241(9)
Gd~2!-O~2! 132.240(9)
Gd~2!-O~3! 132.524(5)
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B. X-ray crystallography

A black polyhedral crystal (0.1530.0630.04 mm) was
mounted on a SIEMENS SMART single crystal x-ray d
fractometer with 1 K CCD area detector. Data were collect
using graphite-monochromatized MoKa radiation (l
50.71073 Å) at room temperature. A hemisphere of d
~1271 frames at 5 cm detector distance! was collected using
a narrow-frame method with scan widths of 0.30° inv and
an exposure time of 30 s/frame. The first 50 frames w
remeasured at the end of the data collection to monitor
strument and crystal stability and the maximum correct
applied on the intensities was,1%. The data were inte
grated using the SiemensSAINT program14 with intensities
corrections for Lorentz factor, polarization, air absorptio
and absorption due to variations in the path length thro
the detector faceplate. AC scan was used for the absorptio
correction. The structure was solved by direct methods
lowed by full matrix least-squares refinement with t
SHELXTL software package.15 A total of 240 independent re
flections were collected within the range 3.37°,u,23.23°.
First the Gd and Ru atoms were located and their ther
parameters refined anisotropically. Next the oxygen ato
were located using the difference Fourier map and fina
their thermal parameters were refined anisotropically. T
main crystallographic data are listed in Table I.

C. Electrical and magnetic measurements

The dc resistivity was measured on pressed pow
sample in the temperature range 20–300 K using a stan
four-wire technique. Magnetization as a function of tempe
ture and magnetic field was measured on randomly orien
densely packed microcrystals using a superconducting q
tum interference device~SQUID! magnetometer~in the
range 1.5–300 K! and a vibrating sample magnetometer~in
the range 300–500 K!. Prior to each run the sample wa
thermally demagnetized by warming to room temperatu
The data reported here were corrected for the demagne
tion field effect19 and for core diamagnetism.
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D. Raman spectroscopy

The Raman spectra were measured at room tempera
using a spectrometer, equipped with a liquid-nitrogen-coo
CCD ~charge-coupled device! and a microscope. The 514.
nm (Ar1) or 632.8 nm~He-Ne! laser lines were used fo
excitation, the laser power in the focus spot (2 –3mm in
diameter! being kept below 1 mW to avoid overheating
the sample. An objective of3100 or350 magnification was
used both to focus the laser beam on the sample surface
to collect the scattered light.

The samples used for Raman studies were elong
prisms with edges along the@001#, @110# and @11̄0# direc-
tions, thus revealing~110! and ~001!-type surfaces. Raman
spectra therefore could be measured iny8(zz) ȳ8, y8(x8z) ȳ8,
y8(x8x8) ȳ8, z(xx) z̄, z(xy) z̄, z(yy) z̄, z(x8x8) z̄, and
z(x8x8) z̄ scattering configurations, wherex, y, z, x8, andy8

denote the@100#, @010#, @001#, @110#, and@11̄0# directions,
respectively. Raman studies on polycrystalline samples w
also made for comparison.

III. RESULTS AND DISCUSSION

A. Crystal structure

The structure of most of theR3MO7 materials has been
solved in the orthorhombic space groupCmcm(#63),1–3,5–8

the only exceptions being La3MoO7 ~space groupP212121)6

and La3NbO7 ~space groupPnma).4 For the latter structure
solved by electron-diffraction methods, the authors repo
number of weak extra spots which necessarily reduce the
symmetry from centered~C! to primitive (P).

A careful examination of our data, as well as of an ad
tional set of 20 frames taken at random orientation~exposure
time 60 s/frame! showed no extra spots whatsoever, all da
being consistent with the reflection conditions for the spa
group Cmcm.16 Consequently, the structure was solved
this space group, the final cycle of refinement performed
F0

2 converging atR150.021 andwR250.047. In order to
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confirm the correctness of this choice, a structure refinem
was also carried out in the space groupPnma. The most
significant difference between the solutions in these t
space groups consist of the splitting of one of the oxyg
positions inCmcm @O~3!, Fig. 1, Table I# in two indepen-
dent positions inPnma. Our refinement inPmnaconverged
at considerably higherR values (R150.065 and wR2
50.087). More important, the thermal parameters of the t
oxygen atoms corresponding to O~3! in Cmcm were ex-
tremely high and the thermal ellipsoids very distorted.

In the structure the ruthenium atoms are coordinated
six oxygen atoms in slightly distorted RuO6 octahedra~Fig.
1, Table I!. The four equatorial Ru-O bonds are of the sa
length of 1.939~7! Å , the two equivalent apical bonds ar
slightly longer, 1.948~5! Å , and the O-Ru-O angles var
between 85.7~4! and 94.3~4! deg. The RuO6 octahedra are
joined together in infinite isolated one-dimensional Ru6
chains by sharing their apical oxygens@O~3!#. The RuO6
octahedra are tilted with respect to each other with R
O~3!-Ru angles of 142.6(4)° andform a zig-zag chain run-
ning parallel to thec axis ~Fig. 1!. The ruthenium atoms in
two neighboring chains are separated from each other
7.34 Å along@010# and 10.64 Å along@100# directions, re-
spectively. The closest Ru-Ru distance is 6.47 Å along@220#
which indicates that very weak magnetic interactions co
be expected between the chains.

The gadolinium atoms are located between the Ru6
chains and occupy two crystallographically inequivalent p
sitions. The first, Gd~1!, is coordinated by eight oxygen a
oms forming two sets of four equivalent Gd-O distances
2.715~10! and 2.338~5! Å , respectively,~Table I, Fig. 1!.

FIG. 1. View of the structure of Gd3RuO7 showing the one-
dimensional RuO6 chains ~top! and the connectivity within the
Gd~1!-Ru-O layers parallel to thebc plane. Gadolinium, ruthenium
and oxygen atoms are shown as hatched, filled, and open cir
respectively.
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The second one, Gd~2!, is coordinated by seven oxygen a
oms forming Gd-O bonds of five different lengths rangi
between 2.240~9! and 2.380~8! Å , ~Table I, Fig. 1!.

The similarity of the ionic radii of six-coordinated Ru51

and Ir51 ~see Ref. 17! allows a comparison of the cell pa
rameters andM -O-M angles in a series ofR3MO7 com-
pounds (R315La, Pr, Nd, Sm, Gd, Eu;M515Ru, Ir!.1–3,5

As expected, the cell volume increases monotonically w
the ionic radii of theR31 cations. This increase is reflecte
in the increase of thea parameter, whileb and c remain
virtually constant. The values of theM -O-M angles, which
determine the zig-zag pattern of the one dimensional Ru6
chains, are in the range 140–144 deg. and there is no d
correlation with the ionic radii of theR31 cations.

B. Electrical properties

The room-temperature resistivity was estimated
2V cm. With decreasing temperature the resistivityr in-
creases up to 200 kV cm at 20 K, however, unlike typica
semiconductors, the temperature dependence does not fo
the Arrhenius law. In a wide temperature range, from ro
temperature to about 60 K, ln(r) is proportional toT21/2

~Fig. 2!. This temperature dependence is typical for M
variable-range hopping conduction of localized carriers
one dimension.18 Since the RuO6 octahedra form a one
dimensional zig-zag pattern, it is reasonable to assume
the main conduction channel is variable-range hopping al
the RuO6 chains. At lower temperatures deviation from th
variable-range hopping dependence is observed~Fig. 2!.

C. Magnetic properties

The temperature dependence of the magnetic suscep
ity, ~Fig. 3!, obeys the Curie-Weiss law with asymptot
Weiss temperatureup527.5 K and Curie constantCmol
525 emu K/mole, which is close to the expected value
25.5, calculated assuming the free ion moment for Gd31 and
a high spin 3d3 configuration for Ru51. The high spin con-
figuration of Ru is supported by the recent results of Kalif
et al.1 on the isomorphic La3RuO7 compound in which only

es,

FIG. 2. Temperature dependence of resistivity, ln(r) vs T21/2,
between 20 and 300 K for a ceramic sample of Gd3RuO7.
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Ru contributes to the magnetic moment. The negative va
of up implies that antiferromagnetic interactions exist b
tween the magnetic moments.

Both zero-field cooled~ZFC! and field cooled~FC! ther-
momagnetic curves measured in a field of 5 mT~Fig. 4! split
below 14.5 K and exhibit a steplike increase of magneti
tion at about 8 K suggesting two successive transitions. It
plausible to assume that the transition at 14.5 K is due
ordering of the Ru moments, as observed in La3RuO7,1 while
the increase of magnetization at about 8 K is related to or-
dering of the Gd moments.

The initial magnetization curves and the hysteresis lo
at different temperatures are given in Fig. 5. The magnet
tion at 1.5 K shows an initial linear increase up to fields
about 2.2 T@visualized in inset~b!#, followed by an upturn of
magnetization and stronger field dependence, which tend
saturate at high fields. A small hysteresis is observed at fi
below the characteristic value of 2.5 T@see inset~a! in Fig.
5#. The hysteresis loop is characterized with a remanenc
0.12mB /f.u. and coercivityHc50.05 T. At the same time
the M (H) curve at 12 K~a temperature between the tw
characteristic temperatures marked on the FC-ZFC curve! is
convex all the way, with no measurable remanence and
ercivity. There is a crossover between the curves at 1.5
12 K, the magnetization of the former being smaller than
magnetization of the latter at small fields. This signals
antiferromagnetic coupling at low temperatures with a tr
sition field, as demonstrated on the curve measured at 1.
The magnetic moment at 1.5 K and 12 T is on
18.4mB /f.u., a value much smaller than the expected va
of 26.5mB /f.u. for ferromagnetic alignment between Gd a

FIG. 3. Temperature dependence of the molar susceptibility
Gd3RuO7 at 10 mT. The actual data fit is based on only the m
accurate SQUID data.

FIG. 4. Zero-field~ZF! and 5 mT field-cooled~FC! thermomag-
netic curves measured atm0Happl of 5 mT.
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Ru moments. A time dependence is observed in the re
nence, an effect that deserves further study.

Apart from the above suggested appearance of antife
magnetism at low temperatures, other explanations of
observedM vs H dependence can also be proposed. Suc
behavior could be due to~i! field-induced spin-reorientation
when, at a certain field, the moments rotates from one e
direction to another;~ii ! domain-wall pinning;~iii ! a shape
anisotropy associated with the individual elongated cryst
Unfortunately, on the base of our experimental data we c
not determine the true mechanism, although the small re
nence seems to contradict to the last two possible me
nisms.

D. G-point phonons in Gd3RuO7

The results of group-theoretical analysis for theG-point
phonon modes in Gd3RuO7 are summarized in Table II. Ou
of the total 66 modes, 27 (8Ag18B1g15B2g16B3g) are
Raman active, 29 (9B1u111B2u19B3u) are infrared active,
7 (7Au) are silent, and 3 (B1u1B2u1B3u) are acoustic
modes. As it follows from Table II, the allowed Raman ph
non mode symmetries for the scattering configurations av
able in our experiments are

xx,yy,zz→Ag ,

x8x8~y8y8!→Ag1B1g ,

x8z~y8z!→B2g1B3g

xy→B1g .

f
e

FIG. 5. Magnetization curves of Gd3RuO7 at different tempera-
tures ~at 40 K, only the first quadrant data are plotted!. Note the
crossover of the 1.5 and 12 K curves. In inset~b! the linear part of
M (H) curve at low fields is subtracted from theM (H) data
@DM (H)5M (H)2M (H) l inear# to visualize the existence of a
critical field of about 2.2 T at whichDM deviates from zero. An
expanded view of the small field region at 1.5 K is presented in
inset ~a! to demonstrate the small hysteresis.
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TABLE II. Wyckoff notations, site symmetries and irreducible representations for the atoms in Gd3RuO7

~space groupCmcm, No. 63,Z54).

Atom Wyckoff Site Irreducible
notation symmetry representations

Gd~1! 4a C2h
x @C2

x1syz# Au12B1u12B2u1B3u

Gd~2! 8g Cs
xy@sxy# A1g1A2u1B1u1B2g12Eg12Eu

Ru 4b C2h
x @C2

x1syz# Au12B1u12B2u1B3u

O~1! 16h C1 3Ag13Au13B1g13B1u13B2g13B2u13B3g13B3u

O~2! 8g Cs
xy@sxy# Ag1A2u1B1u1B2g12Eg12Eu

O~3! 4c C2v
y @C2

y1sxy1syz# 2Ag1B1gB1u1B2u1B3g1B3u

Selection rules Modes classification
Ag→axx ,ayy ,azz GRaman58Ag18B1g15B2g16B3g

B1g→axy G ir510B1u112B2u110B3u

B2g→axz Gsilent57Au

B3g→ayz Gacoustic5B1u1B2u1B3u
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E. Raman spectroscopy

Figure 6 shows the Raman spectra of Gd3RuO7 measured
at room temperature in several exact scattering config
tions using 632.8 nm~upper panel! and 514.4 nm~lower
panel! excitations. The polarization of the Raman lines
lows unambiguous assignment to modes of eitherAg or B1g
symmetry. No spectral structures could be detected in
x8z spectra, which shows that the Raman lines correspon
to the modes ofB2g or B3g symmetry are of much lowe

FIG. 6. Polarized Raman spectra of Gd3RuO7 at room tempera-
ture measured in several exact scattering configurations with 6
nm ~upper panel! and 514.5 nm~lower panel! excitation.
a-
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intensity. It follows from Fig. 6 that in total ten Raman line
of Ag symmetry are observed at 134, 233, 270, 373, 3
414, 488, 560, 690, and 780 cm21. As only eightAg modes
are expected for theCmcmstructure, at least two of thes
lines are either due to local modes, or are of nonphon
origin. Compared to the other Raman lines, theAg lines at
233 and 780 cm21 exhibit anomalous temperature behavio
the former hardens with increasing temperature between
and 400 K, whereas the latter disappears in the same
perature range. Both lines are observed with 632.8 nm,
not with 514.5 nm excitation. The possibility to relate the
sharp lines to crystal-field excitation or luminescence
Gd31 has to be ruled out as the Gd31 ion has a singlet
ground state and the first excited multiplet is high above
laser excitation energy.

An assignment of the Raman lines to definite atomic
brations can be made by comparison with the results
lattice-dynamical calculations and experimental Raman sp
tra of some isostructuralR3RuO3 and Gd3MO3 compounds.
Such calculations and measurements are now in progr
The preliminary results show that only few lines correspo
to modes of relatively simple shape. TheAg line at
134 cm21 arises from a mode involving mainly vibrations o
Gd~2! along x. The most intenseAg(690 cm21) and B1g
(644 cm21) lines are related to the stretching and an
stretching vibrations of Ru@O(1)#4 squares, respectively.

IV. CONCLUSIONS

The compound Gd3RuO7, has been synthesized in th
form of separate single microcrystals and ceramics. Its st
ture, as determined by single-crystal methods, is descr
by the orthorhombicCmcmspace group and contains on
dimensional RuO6 chains running parallel to thec axis. The
conductivity of Gd3RuO7 follows the dependence ln(r)
}T21/2, which is typical for Mott variable-range hopping o
localized carriers in one dimension. Magnetic susceptibi
of Gd3RuO7, which obeys the Curie-Weis law, implies th
antiferromagnetic interactions exist between the magn
moments and that Ru51, as expected for this compound, is
a high spin configuration. Two successive transitions, at 1
.8
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12 240 PRB 62R. P. BONTCHEVet al.
and 8 K, take place with decreasing temperature. This s
gests an independent ordering of Ru and Gd moments an
antiferromagnetic coupling at very low temperatures with
transition field. The present magnetic results call for m
detailed studies, involving complementary experimen
techniques, to determine precisely the magnetic structur
different temperatures as well as the interactions, if any,
tween Gd and Ru sublattices. The polarized Raman spe
are consistent with theCmcmstructure, although two extra
lines with Ag symmetry are observed with 632.8 nm excit
tion. These lines~at 233 and 780 cm21) exhibit anomalous
temperature behavior and their assignment requires fur
investigation.
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