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A study of the magnetic, electrical resistivity and hyperfine properties of polycrystalline

La2RuO5 compounds is presented in this work. This compound forms in a monoclinic phase

(space group P21/c). Magnetic susceptibility measurements yield an effective magnetic moment

which is consistent with spin S¼ 1 of Ru ions, and a negative paramagnetic Curie temperature

which indicates the presence of antiferromagnetic interactions. Below T� 165 K, the

magnetization shows a sudden decrease, precisely where the electrical resistivity shows a

change in the activation energy. Room-temperature perturbed angular correlation spectrum is

well fitted considering two electric-quadrupole components. The temperature dependences of

electric-quadrupole frequencies and asymmetry parameters corroborate the occurrence of a

phase transition at T� 170 K. Moreover, below 170 K, magnetic-dipole interactions, which

coexist with electric-quadrupole interactions, are observed at Ru sites. This is considered as a

strong evidence for the preservation of S¼ 1 moment of Ru ions in the triclinic phase. The

temperature dependence of the magnetic hyperfine field shows an unusual behavior, not

consistent with the Brillouin function, and suggests a first-order magnetic transition, associated

with either a structural transition or an orbital ordering induced by the Ru-Ru pair formation.
VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4754446]

I. INTRODUCTION

The magnetic behavior of transition metal oxides is gen-

erally governed by exchange interactions between metal ion

spins. This interaction can occur either via a non-magnetic

oxygen ion (super-exchange) or by the direct metal-metal

ion interaction (double exchange). On the other hand, electri-

cal and electronic properties of transition metal oxides are

commonly understood on basis of the Mott-Hubbard model.1

Within the framework of this model, the ratio of the strength

of intra-ionic Coulomb repulsion between electrons (U) to

the conduction band width (W), originating from the overlap

of d and p orbitals,1 is a determinant parameter. For a system

where U/W >> 1, the splitting of the lower and upper Hub-

bard band is large and an insulating behavior is expected,

while a metallic behavior is expected for U/W << 1. A bor-

derline between metal and insulator is expected when U/
W�1, and this is strongly affected by small perturbations

(such as strain, doping, etc.) promoting a metal-insulator

transition.2,3

The ruthenates (4d transition-metal oxides) are one of

the most intriguing systems and exhibit a variety of interest-

ing properties. These include an unconventional supercon-

ducting behavior, as observed in Sr2RuO4,4 high TC itinerant

metallic ferromagnetism in Sr4Ru3O10,5 and in SrRuO3,6

normal Fermi-liquid behavior in La3Ru3O11,7 a non-Fermi-

liquid behavior in La4Ru6O19,7,8 and in CaxSr1-xRuO3 sys-

tem with x> 0.75,9 etc. In addition, there are ruthenates

which exhibit metal-insulator transition induced by doping

(such as in Sr3Ru2O7)10,11 or poor metal behavior, where the

coexistence of quasi-2D perovskite-like layers and 1D rutile-

type slabs is determinant.12 The more extended nature of the

4d orbitals (relative to their 3d counterparts) is expected to

considerably enhance the electron-lattice interaction, which

may be the reason for the formation of a variety of structures

(ranging from perovskites to pyrochlores) and also should be

the source of structural phase transitions caused by metal ion

substitutions.13 This higher degree of delocalization of 4d
orbitals also tends to produce a greater overlap between

them, leading to the decrease of the intra-ionic Coulomb

interaction in 4d-metal oxides compared to the 3d
counterparts.14,15

Recently, interest in 4d-oxides has centered on the novel

ruthenate La2RuO5 which shows a quasi-two dimensional

structure and a first-order structural transition at

Ts� 160 K.16,17 At high temperatures (above Ts), this com-

pound shows a monoclinic structure (space group P21/c).

Upon cooling, a phase transition from the monoclinic to a tri-

clinic structure (space group P�1) is observed.18 This transi-

tion is accompanied by an unusual 4d-orbital ordering and

spin-gap opening. In addition, strong changes have been

observed in the magnetic properties by cooling the system

below Ts. These results have been attributed to a transition

a)Author to whom correspondence should be addressed. Electronic mail:

coaquira.ja@gmail.com.
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from the usual t3
2g"t

1
2g# low spin state of Ru ions with S¼ 1 to

t22g"t
2
2g# ultralow spin state with S¼ 0, which is thought to be

caused by the lattice distortions introduced by the structural

transition.16 On the other hand, theoretical studies based on

density functional and Hubbard U band structure calculations

suggest that the crystal fields occurring in the low tempera-

ture phase are not strong enough to stabilize the S¼ 0

state.19,20 It means that the orbital ordering happening in the

low-temperature phase preserves the magnetic moments of

Ru ions and the unusual magnetic behavior is related to the

formation of spin ladders (dimers), where the spins S¼ 1 are

antiferromagnetically coupled along the rungs.20 Although

the x-ray absorption spectroscopy measurements reported in

Ref. 20 are consistent with the S¼ 1 state in the low-

temperature phase, no direct evidence about the local mag-

netic state of Ru ions has been experimentally determined.

Heat capacity measurements on La2RuO5 did indicate an en-

tropy change consistent with S¼ 1 ground state at low tem-

peratures.17 Recently, using muon-spin rotation technique, a

study of the local magnetic properties of polycrystalline

La2RuO5 has been carried out.21 Results suggest the absence

of a long-range magnetic order below the transition tempera-

ture, while the relaxation effects are consistent with the

dimerization of Ru4þ ions.

In this work, we present the results of structural, mag-

netic and electrical resistivity measurements on a polycrys-

talline sample of La2RuO5. Hyperfine properties, determined

from perturbed angular correlation (PAC) spectroscopy

study, strongly suggest that the S¼ 1 spin state of Ru4þ ions

is preserved in the low-temperature phase.

II. EXPERIMENTAL DETAILS

The La2RuO5 compound was synthesized from La2O3

(99.9%) and RuO2 (99.95%) using conventional solid-state

reaction technique. Stoichiometric amounts of La2O3 and

RuO2 were mixed intimately in isopropyl alcohol and dried

at �50 �C. The dried mixture was pressed into pellets under

a pressure of �4� 107 kg/m2 and sintered in air at 1150 �C
in an alumina crucible for 36 h. Two heating rates, namely,

2 K/min and 10 K/min have been used to prepare the samples

labeled as IS3 and IS8, respectively. Intermediate grindings

were performed in order to ensure homogeneity of the sam-

ples. Phase characterization and crystal structure determina-

tion were carried out by x-ray diffraction (XRD) using Cu-

Ka radiation. Magnetic measurements in a temperature range

of 5 to 300 K and in magnetic fields up to 7 T were carried

out using a commercial vibrating sample magnetometer

(VSM). DC resistance measurements were carried out on a

piece of sample cut in a rectangular bar shape with dimen-

sions 1.5� 3.5� 6.0 mm3 using a low current of I¼ 50 nA

in order to reduce any significant self-heating at low temper-

atures. In order to perform PAC measurements and to facili-

tate the radioactive probe diffusion, the sample powders

were pressed into small pellets. A solution containing

approximately 20 lCi of carrier-free 111In in the form of in-

dium chloride was dropped on a pellet and slowly evaporated

to dryness. Subsequently, the pellet was sealed in a quartz

ampule under vacuum and sintered at 1000 �C for 20 h.

The intermediate state of 245 keV and spin 5/2þ of the

well-known 171–245 keV c� c cascade of 111Cd probe nuclei

have been used to measure the hyperfine interactions by PAC

spectroscopy. A standard setup with four BaF2 detectors

arranged in a planar 90�–180� geometry and generating simul-

taneously 12 delayed coincidence spectra has been used. The

detector system had a time resolution of 800 ps. The PAC

spectra were obtained in a wide temperature range (15–295 K)

using a closed-cycle helium refrigeration system.

The PAC method is based on the observation of hyper-

fine interaction of nuclear moments with an extra nuclear

magnetic field (Bhf) or an electric field gradient. The tech-

nique measures the time evolution of the gamma-ray emis-

sion pattern caused by hyperfine interactions. A detailed

description of the method as well as details about the PAC

measurements can be found elsewhere.22,23 In PAC tech-

nique, the measured perturbation function of polycrystalline

systems can be given by

RðtÞ ¼ A22G22ðtÞ ¼ A22

X
i

fiG
i
22ðtÞ; (1)

where A22 is the unperturbed angular correlation coefficient,

fi are the fractional site populations, and Gi
22ðtÞ are the corre-

sponding perturbation factor. Experimentally, the perturba-

tion function is defined as RðtÞ ¼ 2
Cð180o;tÞ�Cð90o;tÞ

Cð180o;tÞþ2Cð90o;tÞ

h i
, where

C(h,t) is the geometric average of the coincidences obtained

from the background subtracted spectra recorded at angle h.

The perturbation factor G22(t) contains detailed informa-

tion about the hyperfine interaction between the probe nuclei

and the local distribution of electronic charge and spins in

their neighborhood. Experimental measurements of G22(t)
permit, in the case of pure electric quadrupole interaction, the

determination of the spin-independent quadrupole frequency,

defined by �Q ¼ eQVzz=h, and the asymmetry parameter

g ¼ ðVxx � VyyÞ=Vzz, where Vxx, Vyy and Vzz are the non-

vanishing components of the electric field gradient (EFG) ten-

sor in the principal-axis system, Q is the nuclear quadrupole

moment (Q¼ 0.83 b) of the intermediate nuclear level in the
111Cd probe nucleus. Usually, Vzz is the largest component of

the EFG tensor. For pure dipole magnetic interaction, the Lar-

mor frequency xL ¼ glNBhf =�h can be deduced from the

measured G22(t). By knowing the g factor value (g¼ 0.31) of

the intermediate level of 111Cd, the magnetic hyperfine field at

the probe nuclear sites can be determined. Effects of finite

time resolution (sR) of detectors and the distribution of EFG

are properly taken into account in the perturbation function by

multiplying G22(t) with the exponential factor of sR and the

distribution width d. However, at temperatures below the N�eel

temperature, the probe nuclei feel magnetic and electric fields

and the perturbation function require a combined magnetic-

dipole and electric-quadrupole interactions to be considered.

III. RESULTS AND DISCUSSION

A. Crystal structure

The x-ray diffraction data of polycrystalline La2RuO5

samples were analyzed using the Rietveld refinement

063915-2 Soares et al. J. Appl. Phys. 112, 063915 (2012)
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method. The analysis revealed the formation of a monoclinic

structure (space group: P21/c, #14) at room temperature. As

shown in Figure 1, a good fit to the x-ray data is obtained

using the starting parameters taken from Ref. 24. Some

additional reflections (see inset in Fig. 1) are observed on

modifying the sample’s preparation conditions. These extra

reflections most likely belong to the phase La3.5Ru4O13

which most intense peak matches with the impurity peak and

provides a phase concentration of �2%, in comparison to

the main ruthenate phase. The refined lattice parameters are

a ¼ 9.1886(1) Å, b¼ 5.8294(1) Å and c¼ 7.9578(1) Å, and

b¼ 100.776�. These values are in good agreement with those

reported in the literature.18,24

Further analysis of the x-ray data indicates that the in-

plain octahedral Ru-O bond distances are in the range of

1.91-2.17 Å and those parallel to the c axis are �2.04 Å. The

O-Ru-O angles range from �81� to �94� and reveal dis-

torted RuO6 octahedra. Besides that, a next nearest Ru-Ru

distance of 3.985 Å is determined. The RuO6 octahedra are

corner-shared through O atoms and form a double-layered

perovskite-type structure along the [001] direction (i.e., par-

allel to the c axis). A zigzag-like pattern of RuO6 octahedra

is formed in the a-b plane. These octahedral are separated by

LaO layers in the c-direction as depicted in Figure 2(a). The

crystal structure of La2RuO5 seems to be unique among the

isostructural R2RuO5 (R¼ Pr-Tb) compounds.13 The latter

family forms in another orthorhombic structure (space group

Pnma), instead of a monoclinic structure as La2RuO5 does.

Because of this, La2RuO5 and R2RuO5 (R¼Pr-Tb) com-

pounds show differences in their magnetic and electric

behaviors. Moreover, considering the number of perovskite

slabs, La2RuO5 is more similar to the n¼ 2 member of the

so-called [110]-phases (AnBnO3nþ2), where zigzag chains of

BO6 octahedra are isolated by A-O units.18 Although, the

n¼ 2 Ruddlesden-Popper phase compounds, such as

Sr3Ru2O7, are also built from double perovskite slabs, they

show important differences in their connectivities as pointed out in Refs. 16 and 18. This could impart specific electronic

properties to the La2RuO5 compound.

Accordingly to Khalifah et al.,16 the low-temperature

triclinic phase of La2RuO5 remains very similar to the high-

temperature monoclinic phase, as depicted in Figure 2(b),

despite change in space group symmetry. This change in sym-

metry increases the number of inequivalente sites of Ru (La)

ions from one (two) to two (four) as the structure goes from

the high- to the low-temperature phase.18 Moreover, the spe-

cific changes in the nature of the Ru-O interactions by going

from monoclinic to triclinic structure, such as the formation

Ru dimers, must be responsible for the special properties

shown by La2RuO5 as discussed in Secs. III B and III C.

B. Magnetic and electric properties

Figure 3 shows the temperature (T) dependence of the

dc magnetization (M) of La2RuO5, obtained in a field of

H¼ 10kOe. At temperatures above 190 K, the magnetic

susceptibility shows a behavior well described by the

Curie-Weiss law (v ¼ v0 þ C=½T � h�). From the analysis of

v vs. T data, an effective paramagnetic moment leff

¼ (2.74 6 0.03) lB and a paramagnetic Curie-Weiss

FIG. 1. XRD patterns of La2RuO5 compound (IS3) obtained at room tem-

perature. Observed and calculated intensities are represented by closed

circles and solid line, respectively. Differences are shown at the bottom part

of the figure and vertical tick marks represent the positions of Bragg reflec-

tions. The inset shows the extra reflections observed in a sample prepared on

modifying the preparation conditions (IS8). See text for details of samples

labeled IS3 and IS8.

FIG. 2. (a) Representation of the monoclinic crystal structure of La2RuO5

projected on the crystallographic ab plane. (b) Representation of the triclinic

crystal structure of La2RuO5 projected on the crystallographic ab plane.

Dark grey regions represent RuO6 octahedra. (c) A three-dimensional repre-

sentation of the triclinic structure, where the coordination number of Ru ions

and one La ion is shown.
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temperature hP¼�193 6 9 K are determined. The leff value

is consistent with a spin S¼ 1 and confirms the d4 configura-

tion, i.e., the 4þ oxidation state of ruthenium ions, whereas

the sign of hP suggests the presence of antiferromagnetic

interactions between the Ru spins. As the temperature

decreases, the magnetization shows a sudden decrease cen-

tered at TM¼ 165 6 1 K. That abrupt change in magnetiza-

tion is in agreement with reports found in the literature and

has been associated with a strong first-order structural transi-

tion from the high-temperature monoclinic phase to the low-

temperature triclinic phase.16,17 In the low temperature

region, the M vs. T curve shows an upturn when cooling.

This upturn is more pronounced for the sample which shows

traces of a second phase (sample IS8) as discussed in Sec. III

A. This finding suggests that the paramagnetic-like behavior

(see the inset at the bottom right of Fig. 3) observed at low

temperatures may be related to the extrinsic response of im-

purity spins.

Figure 4 shows the temperature dependence of the electri-

cal resistivity (q(T)) in magnetic field of H¼ 0 and 50 kOe.

No remarkable differences between both q vs. T curves are

observed over the entire temperature range. Despite the black

color of the samples, the negative temperature derivative of

the electrical resistivity (dq/dT< 0) indicates a nonmetallic

(semiconducting) behavior in the whole temperature range.

The lnq vs 1/T plot indicates that the structural transition sepa-

rates two semiconducting regimes with two different Arrhe-

nius activation energies as shown in the main panel of Figure

4. Above �170 K, an activation energy Ea¼ 0.16 eV is esti-

mated and this decreases to Ea¼ 0.10 eV when the sample is

cooled below 170 K. These activation energies remain essen-

tially the same even when magnetic field is applied. Although,

these activation energies are slightly smaller than those

reported in the literature for La2RuO5 single crystal and sin-

tered pellets,16 the prominent change in the behavior of resis-

tivity suggests a discrete transition between the two distinct

electronic states. As mentioned above, despite the change in

space group symmetry, the structural changes related to the

monoclinic to triclinic phase transition are found to be very

small in this compound.18 It suggests that the electronic transi-

tion is driven by specific changes in the extent of the Ru-O

interactions. A systematic study of the nature of the electronic

conducting mechanisms above and below the structural transi-

tion and its relation to the orbital ordering is currently under

investigation and the results will be published elsewhere.25

C. Hyperfine interactions

PAC spectra measured at various temperatures are

shown in Figure 5. Additionally, in Figure 6, two PAC

FIG. 3. Temperature dependence of the magnetization of La2RuO5 com-

pound obtained in a field of 10 kOe. The inset at the bottom right shows the

effect of the impurity phase (sample IS8). The inset at the top left shows

magnetization as a function of the applied magnetic field.

FIG. 4. Electrical resistivity (q) of La2RuO5 as a function of temperature

plotted as lnq vs. inverse temperature (1/T) in two magnetic fields (H). The

inset shows q vs. T curve in a linear scale.

FIG. 5. Perturbed angular correlation spectra of the 111Cd probe in La2RuO5

obtained at different temperatures. The solid points represent the experimen-

tal data and the solid line is the calculated data.
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spectra and their respective Fourier transforms measured at

295 K and 155 K are also shown. The experimental data are

least-square fitted to the theoretical perturbation function

R(t) considering two probe sites. In the Fourier transform

plot of the 295 K perturbation function, the indicated peaks

represent two sets of frequencies that correspond to two

electric-quadrupolar interactions. The correct identification

of the locations of the nuclear probe (which give rise to the

observed PAC spectrum) in the crystal lattice is not an

obvious task. It has not been possible to distinguish frequen-

cies associated with different inequivalent La (Ru) sites

occupied by 111Cd probes. However, based on the results of

earlier 111In!111Cd PAC measurements in perovskite-type

compounds,23,26 we assign the lower quadrupole frequency

�Q� 133 MHz as being associated with the 111Cd probes

substituting Ru atoms and the higher quadrupole frequency

�Q� 208 MHz as being associated with the 111Cd probes

substituting the La atoms. Moreover, the ionic radii of six

coordinated neighborhoods are 0.76 Å for Ru4þ ions, 1.185

Å for La3þ ions, and 0.94 Å for In3þ ions. Based on ionic

radii considerations, it is expected that the 111In probes sub-

stitute both kind of cations, since the differences in radii

between 111In probe and both cations are similarly close.

Additionally, the larger quadrupole frequency of La sites

must be associated with the larger number (nine) of O2�

neighbors in contrast to the number of neighboring anions

(six) of Ru sites (see Fig. 2(c)), which must lead to lower

quadrupole frequency for Ru sites.24

Figure 7 shows the temperature dependence of the

hyperfine parameters for the two electric-quadrupole interac-

tions. The site occupancy fractions of both sites remain

essentially constant over the entire temperature range (15-

295 K). The �Q related to 111Cd probes occupying La sites

shows a smooth decrease as the temperature is decreased

across the transition temperature. However, the electric-

quadrupole component associated with the 111Cd probes

substituting Ru atoms shows an increase as the temperature

is decreased until �190 K. Below that temperature, a com-

bined electric quadrupole and magnetic dipole interactions

are determined from the PAC subspectra associated with the

Ru sites. Additionally, the quadrupole frequency of 111Cd

probes at the Ru sites (�Ru
Q ) shows a sudden decrease at

around T� 170 K. The region where the sudden change in

FIG. 6. Perturbed angular correlation spec-

tra of the 111Cd probe in La2RuO5 obtained

at temperatures above and below the transi-

tion temperature. The solid line is the calcu-

lated data and the solid points are the

experimental data. Plots at the right repre-

sent their respective Fourier transforms.

FIG. 7. Temperature dependence of the hyperfine parameters of the 111Cd

probes at La and Ru sites in La2RuO5. The vertical lines indicate the region

of structural transition.
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�Ru
Q is observed coincides with the region where magnetic

and electrical resistivity measurements show anomalies, as

discussed above. Below �150 K, a smooth behavior in �Ru
Q is

observed on decreasing the temperature as shown in Fig. 7.

The frequency distribution width (d) associated with the

Ru sites shows a small variation (7-5%) as the temperature is

decreased from 295 K towards 15 K, while the distribution

width of La sites shows a monotonous increase as the

temperature is decreased. This increase becomes more pro-

nounced at temperatures below the structural transition (see

Fig. 7). On the other hand, the asymmetry parameter of
111Cd probes at the La sites (gLa) remains nearly constant

(gLa� 0.5), even below the transition temperature; however,

gRu shows a small variation when the temperature is

decreased towards �170 K. Around the transition tempera-

ture, gRu shows a drop from �0.95 to 0.80 which suggests

that the RuO6 octahedra become less distorted in the low-

temperature triclinic phase.

As mentioned above, the magnetic dipole component

that appears in the PAC subspectra of Ru sites below 190 K,

is represented by the Larmor frequency (xL). This frequency

is related to the magnetic hyperfine field by: xL ¼ glNBhf =�h.

Using g¼ 0.31 for the I¼ 5/2þ intermediate level of 111Cd

and the obtained Larmor frequency xL�33 Mrad/s, we esti-

mate a magnetic hyperfine field Bhf �2.3 T from the spec-

trum obtained at T¼ 15 K. This magnetic hyperfine field

shows the temperature dependence depicted in Figure 8. As

seen, this temperature dependence is different from that

expected from the Brillouin function, which describes the

usual second-order magnetic transitions, and suggests that

the transition observed in La2RuO5 compound could be

rather a first-order type transition, which is supported by the

steeper variation of Bhf around the magnetic transition

(TM� 165 K). We believe that this unusual magnetic transi-

tion must be intimately related to the structural transition

(Ts� 160 K),16 since both of them happen almost at the same

temperature.

It is worth noting that, since the 111Cd probe has a

closed d-electron shell, no effects of d-electron superex-

change is expected and the magnetic hyperfine field deter-

mined by PAC measurements is referred only to the

transferred hyperfine field (THF). The directional bonding of

Ru-O-Ru bonds through corner-shared RuO6 octahedra pro-

vides a direct pathway for that THF at the Ru sites because

of the exchange bond angle (�150-160�). In contrast, the

exchange angles of the Ru-O-La bonds are in the range

of�85-102�, which only produce a small overlap between

oxygen p orbital and s orbital of Cd2þ ions and imply a

weaker THF at the La sites in comparison to the THF at the

Ru sites. Although no THF for the 111Cd probe substituting

La sites is determined from our PAC measurements, its pres-

ence must not be completely disregarded, since the distribu-

tion width (d) of the electric quadrupole contribution at the

La sites shows a monotonous increases as the temperature is

decreased. That increase could be a symptom of the occur-

rence of weak magnetic dipole interactions which coexist

with electric quadrupole interactions below �190 K at the La

sites.

The small value of the THF, BCd
hf ð0Þ�2.3 T at the Ru

sites, must be a consequence of the weak overlap between d
orbitals of Ru4þ and p orbitals of O2�. This is supported by

the THF of similar order determined for ruthenates with

perovskite-type structure from 111In!111Cd PAC measure-

ments.25 It is know that only t2g (dxy, dyz, dzx) orbitals of

Ru4þ are expected to be occupied in the low temperature

phase.16,19,20 It implies that eg orbitals of Ru4þ are empty.

Therefore, due to the small overlap between t2g orbitals and

nearby oxygen ions,24 these orbitals tend to show localized

character and, consequently, transfer a little spin density to

Cd2þ orbitals via Ru4þ�O2-�Cd2þ bonds, which produces

a small THF at the Cd2þ nuclei.

Although the presence of magnetic hyperfine field in

La2RuO5 does not provide any specific information about

the orbital ordering, it clearly reveals the conservation of the

spin S¼ 1 of Ru4þ ions through the structural transition. It is

known that the orbital degeneracy is lifted by the small struc-

tural changes19,20 coming along with the phase transition

below �170 K. This lifting of orbital degeneracy favors or-

bital ordering and the formation Ru-Ru pairs, where their

spins are oppositely aligned. Although antiferromagnetism

has been determined for this ruthenate, its nature is not of

long-range order and no magnetic dipole interactions are

expected in this system, since all Ru pairs are S¼ 0 below

�170 K. This finding is in agreement with the study carried

out by muon spin rotation technique.21 However, the substi-

tution of Ru ions by 111Cd probes provides a scenario to

measure local magnetic field (which is felt by the 111Cd

probes located at Ru sites) produced by the next-nearest Ru

ion.

IV. CONCLUSIONS

While the structural data confirm the formation of

monoclinic phase at room temperature, the magnetic and

electrical measurements on a polycrystalline La2RuO5 com-

pound corroborate the structural transition from monoclinic

FIG. 8. Normalized magnetic hyperfine field of the 111Cd probes at Ru sites

as a function of the temperature. Calculated Brillouin functions (for S¼ 1/2

and S !1) are included for comparison. The solid line is drawn to guide

the eyes.
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to triclinic phase happening at T� 165 K. High-temperature

magnetic measurements are consistent with the valence state

4þ of ruthenium ions (i.e., spin S¼ 1), and indicate an anti-

ferromagnetic coupling between the magnetic moments.

Below �165 K, the magnetization results seem to be consist-

ent with the loss of the local magnetic moment induced by

the orbital ordering from t3
2g"t

1
2g# (S¼ 1), in the high-

temperature monoclinic phase, to t22g"t
2
2g# (S¼ 0), in the

low-temperature triclinic phase. However, perturbed angular

correlation experiments corroborate the occurrence of phase

transition at T� 170 K and provide strong evidences for the

preservation of the spin S¼ 1 of Ru4þ. This finding is evi-

denced by the presence of magnetic-dipole interactions

which coexist with electric-quadrupole interactions at the Ru

sites below �170 K. The magnetic hyperfine field shows a

temperature dependence which seems to be consistent with a

first-order transition, likely associated with the structural

transition or with the orbital ordering induced by the forma-

tion of Ru-Ru pairs.

ACKNOWLEDGMENTS

This work was financially supported by the Brazilian

Agencies CNPq, CAPES, and FAPDF. The authors are grate-

ful to Dra. E. M. Guimar~aes for carrying out x-ray diffraction

measurements. The work at UFRN was supported by CAPES

through a fellowship to SKM.

1Z. Fang and K. Terakura, Phys. Rev. B 64, 020509(R) (2001).
2G. Cao, C. S. Alexander, S. McCall, J. E. Crow, and R. P. Guertin, Mater.

Sci. Eng. B 63, 76 (1999).
3M. Z. Cieplak, S. Guha, H. Kojima, P. Lindenfeld, G. Xiao, J. Q. Xiao,

and C. L. Chien, Phys. Rev B 46, 5536 (1992).
4Y. Maeno, H. Hashimoto, K. Yoshida, S. Nishizaki, T. Fujita, J. G. Bed-

norz, and F. Lichtenberg, Nature (London) 372, 532 (1994).
5M. K. Crawford, R. L. Harlow, W. Marshall, Z. Li, G. Cao, R. L. Lind-

strom, Q. Huang, and J. W. Lynn, Phys. Rev B 65, 214412 (2002).

6Y. Yoshida, I. Nagai, S.-I. Ikeda, N. Shirakawa, M. Kosaka, and N. Môri,
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