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The compound LaRuO, was prepared for the first time. It appears to be metallic and antiferromagnetic. Solid 
solutions with ferromagnetic SrRuOl of the type La,%-,RuO, exist for all values of x. All compounds have the 
orthorhombic GdFeOs-type perovskite structure. The ferromagnetism observed for SrRuOs (x = 0) diminishes 
rapidly with increasing La content, and antiferromagnetism or parasitic ferromagnetism sets in at approximately 
35 % La. All compounds show Curie-Weiss behavior at fairly low temperatures. The properties of LaRhOl are 
also discussed. 

Introduction 

The number of compounds with the perovskite 
structure having theygeneral formula ABOj is legion. 
Typical oxidation states are A+3Bt303 and 
A+2B+403, and the crystal structure is usually 
cubic or orthorhombic (D:,6-Pbnm, Z = 4), as 
typified by GdFe03. Magnetic and electrical trans- 
port properties can vary from metallic and Pauli 
paramagnetic, e.g., LaNi03 (I), through metallic 
and ferromagnetic, e.g., SrRu03 (2), to insulating 
and antiferromagnetic, e.g., LaCrO, (I). SrRuO, is 
particularly interesting since it represents the only 
known example where ferromagnetism results solely 
from a 2nd-row transition element. The metallic 
conductivity has been attributed (2, 3) to a 2/3- 
filled, six-fold degenerate, n*-type band formed by 
the interaction of the t2g orbitals of Ru with suitably 
directed p orbitals of oxygen. We were interested in 
examining the effects on the magnetic and electrical 
properties of SrRu03 caused by substitution of the 
Sr+2 with a smaller trivalent cation like La+3. This 
process would change the number of electrons in the 
n*-band, adding one electron/La+3 as the formal 
valence of Ru changed from i-4 in SrRuO, to +3 in 
LaRu03, simultaneously progressing from a 2/3 
(d4)- to a 5/6 (d5)-filled band. In addition, we con- 
sider LaRu03 itself to be unusual, representing the 
only known example of Ru in a formally trivalent 
state in an oxide lattice. 

Experimental 

The starting materials for the LaRuO, end 
member were La203, RuOz, and Ru metal, accur- 
ately weighed according to the reaction: 

2La203 + 3Ru02 + Ru -+ 4LaRu03. 

The La203 was high purity, heated to 1000°C - 16 
hr, kept in a vacuum dessicator, and weighed quickly 
because of the well-known tendency of this oxide to 
react with atmospheric water and carbon dioxide. 
Preparation of “reactive” Laz03 by decomposition 
of the oxalate did not affect the reaction rate or the 
crystallinity of the product. The Ru metal was high- 
purity 325-mesh powder, which was also used to 
prepare the Ru02 starting material by heating in 
O2 at 1000°C for -12 hr, grinding for 1 hr in a 
mechanical mortar grinder, and refiring at 1000°C 
in O2 for another 12 hr. The resulting product had a 
single-phase rutile X-ray pattern and hydrogen 
reduction indicated RuO, stoichiometry within 
experimental error. 

SrRu03 was prepared by firing SrCO, + Ru in O2 
at lOOO”C, after Randall (4). The SrRuO, and the 
components of the LaRu03 (La203, Ru02, and Ru) 
were mixed in the proper ratios to give La&,-,Ru03 
wherex=0.1,0.25,0.50,0.75,and 1. 

These starting materials were ground together for 
approximately 1 hr under dry nitrogen and quickly 
pressed into a pellet in a small hand press. The 
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pellet was then preheated to red heat in a silica tube 
under vacuum to remove any trace water picked up 
during the pressing operation and sealed in a 
Pt tube under vacuum. The tube was heated at 
1300-1350°C for approximately 48 hr, then at 
1100°C for approximately 48 hr, and cooled in the 
furnace. When silica tubes were used for the firing, 
or the 1100°C heating cycle was omitted, excess Ru 
was always present in the X-ray patterns. 

A pellet of LaRhO, was also prepared. An 
equimolar mixture of La*O, and RhzOj was ground 
for approximately 1 hr, pressed, sealed in Pt under 
vacuum, and fired at 1200°C for 16 hr. While the 
resultant product was reasonably well sintered and 
suitable for gross electrical characterization, X-ray 
examination revealed a trace of unreacted La*O,. 
Another sample was prepared by reaction at 1300°C 
and 3 kbar external pressure for 12 hr, slow cooled at 
SO”C/hr to 9OO”C, after which the furnace was shut 
off to cool. The product was now single-phase and 
noticeably more crystalline. This sample was used 
for obtaining X-ray data. 

The products were examined with a Guinier- 
Hagg X-ray camera using an internal KC1 standard 
@,=6.2931 A) d an monochromatic CuKor radia- 
tion. The films were overexposed to emphasize the 
weak reflections. Cell dimensions were derived from 
a least-squares refinement of the d-values. For the 
ferromagnetic samples, a vibrating-sample magneto- 
meter was used for magnetic susceptibility data, 
while a Faraday balance was used for the antiferro- 
magnetic and diamagnetic compounds. Electrical 
resistivity was measured for two of the samples, 
using bars cut from polycrystalline pellets. Standard 
4-probe techniques were employed. Attempts to 
grow single crystals by flux reactions for more 
accurate electrical data were unsuccessful. 

Results and Discussion 

A. Crystallographic 

The products were single-phase, fairly well- 
crystallized orthorhombic perovskites. The space 
group Pbnm (same as GdFeOj) was verified by the 
occurrence of the 021 reflection and the absence of 
the 201, which is not allowed. The refined lattice 
dimensions are listed in Table I. The parameters for 
LaRuO, are similar to those reported for LaRhO, 
(5) with a very slightly larger unit cell volume, re- 
flecting the larger size of Ruf3 vs. Rh+3 (6). The 
refined lattice constants for LaRhO, are also in- 
cluded in Table I. They are in good agreement with 
Ref. (5). The d-values and relative intensities for 
LaRu03 are listed in Table II. 

Volumes of the solid-solution unit cells vs. x in 
La&,-,RuO, will be the resultant of two opposing 
factors : (1) substitution of the smaller La+3 (1.18 A) 
for Sr2 (1.25 A), and (2) substitution of the larger 
Ru3 (0.68 A) for Ru4 (0.62 A), using Shannon- 
Prewitt radii for the six-fold B-ion and eight-fold 
A-ion coordination in the orthorhombic perovskite 
(6). The observed cell volumes increase with 
increasing x, indicating factor 2 to be dominant. The 
lattice constants vs. x are plotted in Fig. 1. While the 
unit cell volume increases smoothly with x, the 
a, b, and c axes do not. The a and c axes appear to go 
through a maximum and there is a crossover from 
a > b to a < b at x - 0.5. Most striking is the rapid 
increase in b, the rate of increase becoming much 
larger at higher x. The large increase in the b-axis 
from SrRuO, to LaRuO, suggests that a factor 
other than size considerations may be important. 
Also, the dimensions for SrRuO, are much closer 
than LaRuO, to being cubic (a = b = c/J2 for 
cubic symmetry). This behavior may be related to the 

TABLE I” 

Compound 44 6) 

LaRuOl 
I-+&.25Ru03 
La.,Sr.,RuOl 
U&.&Q 
h&.&u03 
La. &&u03 
SrRu03 
LaRhOO 

5.4944(6) 
5.X48(7) 
5.5777(2) 
5.5798(7) 
5.5782(7) 
5.5745(7) 
5.5702(4) 
5.5226(3) 

5.7789(5) 
5.6278(7) 
5.5749(8) 
5.5652(g) 
5.5488(6) 
5.5397(7) 
5.5324(4) 
5.7024(4) 

7.8548(7) 
7.8800(12) 
7.8881(5) 
7.8780(8) 
7.8646(12) 
7.8554(12) 
7.8494(7) 
7.9857(6) 

246.78&t) 
245.28(3) 
244.63(4) 
243.44(4) 
242.58(5) 
241.89(2) 
248.65(2) 

a Refined lattice dimensions for the LaxSr,-xRuOl compounds and LaRhOl. Numbers in 
parentheses are standard deviations in the last place. 
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TABLE II” 

III0 hkl d “bd d EalCd 

1 
1 

11 
15 

100 
23 
5 

2 

1 
2 
3 
1 

18 
12 
2 
6 
5 
1 
5 
5 

17 

110 
002 
111 
020 
112 
200 
021 
211 
103 I 
022 
202 
113 
122 
220 
004 
023 
221 
131 
311 
132 
024 
204 
312 1 
223 
133 
115 
232 I 
040 
041 
224 
140 1 
025 
400 
331 
006 I 

3.9812 3.9818 
3.9256 3.9274 
3.5498 3.5516 
2.8882 2.8894 
2.7970 2.7961 
2.7477 2.7471 
2.7114 2.7117 

2.3654 2.3658 

2.3273 2.3274 
2.2521 2.2511 
2.1879 2.1877 
2.1423 2.1430 
1.9910 1.9909 
1.9639 1.9637 
1.9401 1.9402 
1.9300 1.9299 
1.7711 1.7710 
1.7042 1.7042 
1.6498 16496 
1.6241 1.6241 

1.5968 1.5975 

1.5854 1.5848 
1.4932 1.4932 

1.4620 1.4613 

1.4447 1.4447 
1.4208 1.4208 

1.3981 1.3980 

1.3795 1.3801 
1.3733 1.3735 

1.3087 1.3087 

’ X-Ray data for LaRuO,. The intensi- 
ties were estimated from relative peak 
heights on a diffractometer tracing. The 
observed d values were taken from a 
Guinier-Hlgg film, and the calculated 
d values resulted from a least-squares 
treatment of the Guinier data. 

occurrence of ferromagnetism at the Sr-rich end of 
the solid solution series as discussed in the magnetic 
section. Because the orthorhombic perovskite 
structure is somewhat complex, the relationship 
between the unit cell axes and individual MO6 
octahedra involved in superexchange interactions is 
obscured, especially for large departures from cubic 
symmetry. It is clear, however, that the Ru06 
octahedra in SrRuO, are more symmetrically 

(A) 

5.72 - 

5.68 - 

5.64 - 

5434 
SAO;l 

.2 .3 A .5 .6 .7 .a .9 1 
LaRu03 

X in La,Sr,-,Ru03 

FIG. 1. The variation in lattice parameters vs. x in 
La&r-,Ru03. c/2/2 is plotted rather than c so as to better 
illustrate the distortion from cubic symmetry. 

arranged, suggesting that overlap of Ru and 0 
orbitals is maximized. 

Wold et al. (5), who first reported LaRuO,, noted 
that NdRhO, could also be prepared, but not 
SmRhOs or Y Rho,. It was assumed that the smaller 
size of Sm+3 and Y’3 could not satisfy the tolerance 
factor requirements for the stability of the perovskite 
phase. That is, for a given B+3 ion size, there is a 
minimum size requirement for the A ion, below 
which no perovskite can form. Since Ru+~ is larger 
than Rh+3, it should be even more difficult to prepare 
any MRu03 where M is a rare earth ion smaller than 
La. This is in accord with experimental observations. 
GdRuO,, NdRuO,, and PrRuO, could not be pre- 
pared under the same conditions used for LaRuO,. 
Instead, the pyrochlores, A2Ru207, were the major 
phases. (However, single-phase Nd,Sr,-,RuO, solid 
solutions could be prepared up to x - 0.3.) It 
therefore appears that compared to MRh03, the 
phase field defining the perovskite structure for 
MRu03 compounds is shifted further to the left 
in the lanthanide series so that only La+3, the largest 
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ion, is included. In this connection, it may also be 
significant that no La2Ru20, pyrochlore exists. 

The almost universal adoption of the tetravalent 
state for Ru in oxides would seem to indicate a 
special stability. Therefore, RtP3 should oxidize in 
air to Ruf4 at some reasonably low temperature. 
Surprisingly, LaRuO, can be heated in air to 
7OO”C, suffering only a slight broadening of X-ray 
diffraction peaks after about 16 hr. At 9OO”C, the 
X-ray pattern becomes almost amorphous indicat- 
ing destruction of the perovskite lattice. 

B. Electrical 

The electrical data plotted in Fig. 2 show a fairly 
low resistivity of approximately 5 x 1O-3 ohm-cm 
for both LaRuO, and La.SSr.5RuOJ. The positive 
temperature dependence is characteristic of metallic 
materials, but the low resistivity ratio and relatively 
high resistivity suggest that these oxides are poor 
“metals”. It is fair to assume that the resistivity of 
single crystals would be considerably lower. 
Although the electrical results are qualitative, they 
do point to the same type of metallic-like behavior 
found for other Ru oxides like SrRuO, and Ru02 
(2, 7). 

From qualitative band-model considerations of 
the type discussed by Goodenough (8), LaRuO, 
should be metallic with a 5/6-filled n*-band formed 
from (Ru) tze - (0)pn covalent interactions. A 
Seeback coefficient of +42 r.lvl“C was measured on a 
sintered piece of LaRuO, (hot junction = 60°C; 
cold junction = 27°C). The small positive voltage is 
consistent with hole conductivity in a nearly full 

1 I  I  I  

100 200 300 400 500 600 700 800 
T(“K) 

FIG. 2. The resistivity of LaRuOs and La.5Sr.SRuOl vs. 
temperature. Arrows indicate measurements taken on heating 
(+) or cooling (+). 

band. The relatively high values for the resistivity 
may indicate that the conduction band is very nar- 
row, leading to high masses and low mobilities; more 
likely, they result from the difficulties associated 
with resistivity measurements on polycrystalline 
samples. 

If a model with a conduction band composed 
mainly of tzg(n*) states is valid, the electrical proper- 
ties of LaRuO, should be considerably different 
from LaRuO,. For the latter, the 6-fold degenerate 
n*-band should be completely filled (trivalent 
rhodium has a 4d6 configuration), leading to 
semiconducting properties, rather than metallic. 
Electrical conduction would then become an activ- 
ated process, via transfer of electrons from tzg(r*) 
to e,(u*) levels, which would presumably also exist as 
band states, a-bonding being stronger than n- 
bonding. A crude 2-probe resistivity of about 
1 x lo4 ohm-cm. was measured on a pellet of 
LaRhO, at room temperature. This difference in 
resistivity of approximately seven orders of magni- 
tude between LaRuO, and LaRhO, is consistent 
with a partially filled conduction band in the former 
and a filled band in the latter. 
C. Magnetic 

Magnetic susceptibility was measured as a func- 
tion of temperature on five solid-solutions. The l/x 
vs. T plots are shown in Fig. 3. To assure that the 
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FIG. 3. Inverse susceptibility vs. temperature of various 
members of the La,Srl-xRuOj solid solution series. The data 
for x = 0 (SrRu03) were calculated from reference (2) and 
are included for comparison. 
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TABLE III” 

Compound 

0 
u&-O, T-+0) 

CiTlii (BZI.) (BY&) (emu/g) 

SrRuO, - 2.65 +160 .85 160 
La.,Sr.,Ru03 .709 2.39 +142 .75 133 17.4 
La.dk7&u03 .809 2.54 +59 .35 79 7.75 
La.&.5Ru08 .946 2.75 -107 
La.75Sr.25Ru03 .817 2.55 -127 - - 
LaRuO, .841 2.59 -160 - - 

a Magnetic parameters for La,Sr,-,RuO,. The SrRuOo data were taken from Ref. (2) and are included for 
comparison. The paramagnetic moment pLr, = [(3k/N/3’)x(T- @I”’ from susceptibility data in the Curie-Weiss 
region. 

upper temperature portions of the curves correspond 
to the paramagnetic (Curie-Weiss) region, one 
sample was taken to high temperatures (Fig. 4). 
The calculated magnetic parameters are listed in 
Table III. No corrections were made for temperature 
independent contributions to the susceptibility 
because of the difficulty in accurately estimating this 
term. In addition to the negative contribution from 
core diamagnetism, there should be a positive Pauli 
contribution from conduction electrons. These are 
small, about the same order of magnitude, and tend 
to cancel one another. 

zoo- 

I --A 600 700 
T  PK) 

All the compounds appear to show Curie-Weiss 
behavior at the higher end of the temperature region 
scanned. The straight line to 700°K for one sample 
supports this conclusion. The values for the para- 
magnetic moment are in the range 2.4-2.8 B.M., 
with no particular dependence on composition. Part 
of this fluctuation may be experimental error, 
although error propagation analysis indicates that 
the standard deviation in p should be no greater than 
-2% or ~tO.05 B.M. Another factor that is prob- 
ably more important is the temperature range of the 
Curie-Weiss portion of the susceptibility data, 
which may be too small for the derivation of very 
accurate C and 0 values. This is illustrated by the 
low and high temperature measurements on 
La.,,Sr.z,RuO,, as shown in Figs. 3 and 4, re- 
spectively. Data in both temperature ranges were 
taken on the same sample preparation. From the 
high temperature run, p = 2.56 B.M. and 0 = 
-127°K (Table III). The corresponding low tempera- 
ture data are 2.70 B.M. and -118°K. Given such 
scatter, no particular significance can be attached 
to the variation of p with composition. 

FIG. 4. Inverse susceptibility at high temperatures for 
La.75Sr.25Ru03. Arrows indicate measurements taken on 
heating (+) or cooling (+). 

because of strong covalency effects (large e,-tzs 
splitting) characteristic of 4d-ion interactions. An 
ESR study (9) of Ru+) in a corundum (A&O,) 
matrix confirms this even for the trivalent ion, where 
covalency should be weaker. The spin-only moments 
corresponding to the low-spin states of Ru+3(dS) 
in LaRuO, and Ru4(d4) in SrRuO, are 1.73 and 
2.83 B.M., respectively. Although SrRuO, appears 
to exhibit a paramagnetic moment near the spin-only 
value, the LaRuO, moment is considerably higher 
than expected. However, d5 systems can show 
greatly enhanced paramagnetic moments (10, 11) 
because of orbital contributions. While it may be 
tempting to contemplate the effect of a distorted 
octahedral environment on the Ru ion, a structure 
determination (12) of GdFeO, has shown that the 
distortion effected by the orthorhombic symmetry 
is mainly borne by Gd+3, the Fe+3-0 octahedra 
remaining almost purely octahedral. 

The formulas for the solid solutions can be written The most obvious trend in the magnetic properties 
as LaXSrl-,Ru~3Ru~!,03. It can be safely assumed of La,Sr,-,Ru03 is the appearance of antiferro- 
that both Rut4 and Ru3 are in the low-spin state magnetism with increasing x. The ferromagnetism 
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characteristic of SrRuO, disappears at approxim- 
ately 35 % La, where the Weiss constant e becomes 
negative (Fig. 5). 

The shapes of the l/x vs. T curves for those 
samples that exhibit a negative 0 are not completely 
typical of antiferromagnets. The lack of a pro- 
nounced minimum may mean weak parasitic ferro- 
magnetism or trace ferromagnetic impurities. The 
only reasonable ferromagnetic impurity in the solid 
solution system would be SrRuO,. Since the effect is 
present even for LaRuO,, however, this seems un- 
likely to be the cause. Also, some of the curves are 
very similar to that of CaRuO, (3, 13), which is 
thought to be an example of band antiferromagnet- 
ism with parasitic ferromagnetism below TN. In 
addition, the fact that an orthorhombic distortion 
almost by definition prohibits exactly compensated 
antiferromagnetism suggests that parasitic ferro- 
magnetism is a reasonable explanation for the 
magnetic behavior at low temperatures. 

In an ABO, perovskite, both the A and the B ion 
compete in a covalent sense for the oxygen electrons. 
In SrRuO,, Ru+~ is able to interact strongly because 
of its relatively high charge and small size. The two 
unpaired electrons in Ru tZg levels are not localized 

+ 2oo- 

- 2001 
0 .I .2 .3 .4 .5 .6 .7 .6 .9 

X in La, Sr,,,RuO, 

FIG. 5. Weiss constant 0 vs. x for La,%, -,RuOl , 

on the Ru+~, and can take part in ferromagnetic 
band interactions at low temperatures. Although 
paramagnetic behavior is found above T,, the 
moment is below the spin-only value, consistent with 
some delocalization. When La+3 is substituted for 
SPZ, its smaller size and higher charge enable it to 
compete more strongly for oxygen electrons. At the 
same time, the Ru+~ resulting from the substitution 
is less strongly bonded than the Ru+~, because of its 
larger size and smaller charge. These effects are 
additive, both leading to a decreasing Ru-0 
interaction, and presumably a narrower r*-band. 
At LaRuO,, the bandwidth has been sufficiently 
decreased so that antiferromagnetic behavior is 
observed, which appears to be more characteristic 
of narrow bands (3). The paramagnetic moment 
is considerably higher than the spin-only value; 
this may result from orbital contributions and has 
been observed, for example, in Ru complexes (14) 
where presumably the electrons are localized rather 
than collective. Evidence that the bandwidth has 
not decreased to zero is provided by the metallic-like 
electrical behavior. 

Similar reasoning was used (3) to explain the 
contrast between CaRuO, (antiferromagnetic, unit 
cell volume V= 227 A)) and SrRuO, (ferromag- 
netic, V = 242 A3). In that example, the more acidic 
Ca+2 decreased the strength of the Ru+~-O inter- 
actions in CaRuO, to such an extent that anti- 
ferromagnetism resulted, for the same number of d 
electrons per Ru ion. Clearly the sign of the super- 
exchange interaction between Ru ions is determined 
not so much by the number of d electrons in the 
7~* band as by other considerations such as Ru-0 
covalency and bandwidth of the V* states. 

Finally, the magnetic properties of LaRhO, 
should reflect the filled tzs band previously discussed. 
This is essentially confirmed, with minor complica- 
tions. A value of xs = 1.2 x 10e7 emu/gm was found 
at 300°K. However, there was a small but definite 
temperature dependence and slight field dependence. 
The temperature dependence indicates a small 
amount of paramagnetic impurity (C, = 0.0082, 
& = 0.066; corresponds to 0.2 mole% of an 
S = 512 ion). The field dependence corresponds to a 
trace ferromagnetic component with a magnetization 
of ag = 5.5 x 10e4 emu. 
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