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Comparison of the magnetic properties of isoelectronic Srx„Na0.5La0.5…1ÀxRuO3
and SrxCa1ÀxRuO3 perovskites
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The solid solution Srx(Na0.5La0.5)12xRuO3 (0<x<1) is reported, and its structural, electronic, and mag-
netic properties are compared to isoelectronic SrxCa12xRuO3. The suppression of ferromagnetic interactions in
SrxCa12xRuO3 has frequently been attributed to the orthorhombic structural distortion, either through the
crossover to classical antiferromagnetic interactions, or to a nearly ferromagnetic metal. Comparison of the
magnetic properties of Srx(Na0.5La0.5)12xRuO3 to SrxCa12xRuO3, however, shows that there is a much faster
suppression of ferromagnetic interactions in the former case. Neither orthorhombic distortion nor cation size
disorder can explain the observed difference. Instead, the difference may be attributed to charge disorder on the
A site, which affects the local environment of Ru atoms greatly and leads to the faster suppression of the
long-range ferromagnetic state.

DOI: 10.1103/PhysRevB.63.024402 PACS number~s!: 75.30.Cr, 75.50.Cc, 61.12.Ld
c
p
a

a-
1
w

ut

s

d
fo

a
-
e

e
th
ng

e

e
sit
he

a

w-

oth
for

n in

the

Ru
ties
e

n
n
nt
int
and

y

ure

rties

the

n-
t.

evel
I. INTRODUCTION

The perovskite-based ruthenates have been of great re
interest due to the coexistence of ferromagnetism and su
conductivity in a single structural family. Three-dimension
SrRuO3 is metallic, and ferromagnetic belowTc;160 K.1

Double-layer Sr3Ru2O7 has a local moment at high temper
tures and develops antiferromagnetic correlations below
K, but the spins do not order magnetically down to very lo
temperatures.2,3 The single layer compound Sr2RuO4 dis-
plays no local Ru moment and is superconducting at abo
K.4

The ferromagnetism of SrRuO3 is at first unexpected, a
according to expectations, thet2g(d41) – O2p– t2g(d41) type
superexchange interaction in a perovskite structure shoul
antiferromagnetic.5 The expected magnetic ground state
the ruthenate perovskites becomes even more problem
when SrRuO3 is compared with the closely related com
pound CaRuO3. Although they are isoelectronic and hav
similar orthorhombic unit cells, CaRuO3 has a large negative
Curie–Weiss temperature,2110 K, and shows no long rang
magnetic ordering. This has variously been attributed to
difference in size between Sr and Ca and the correspondi
greater lattice distortion in CaRuO3,

1 the effect ofA cations
on the widths of the 4d bands and hence on the relativ
populations of the spin-up and spin-down bands,6 or the
greater Lewis acidity of Ca21 compared to that of Sr21.7

Band structure calculations have supported the importanc
the structural distortion. In one such calculation, the den
of states of SrRuO3 was found to have a strong peak at t
Fermi level, stabilizing ferromagnetism; while CaRuO3 was
found to be on the border of ferromagnetism and param
0163-1829/2000/63~2!/024402~8!/$15.00 63 0244
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netism due to the fact that its more distorted structure lo
ered the density of states at the Fermi level.8 In another cal-
culation, ferromagnetic ground states were found for b
compounds, but the calculated energies, especially
CaRuO3, were very sensitive to calculational parameters.9 It
has also been argued that the larger structural distortio
CaRuO3 would result in larger splitting of Rut2g orbitals, in
turn, leading to stronger antiferromagnetic interactions.10

Recently, a new context for understanding CaRuO3 has
been proposed. It questioned the validity of regarding
Curie–Weiss~CW! behavior of x(T) as the proof of the
local moment nature and antiferromagnetic coupling of
spins.11 Instead, it said that the change in magnetic proper
of SrxCa12xRuO3 could be explained quantitatively by th
spin-fluctuation theory of itinerant-electron magnetism. O
going from SrRuO3 to CaRuO3, the system changes from a
intermediate itinerant ferromagnet, through weakly itinera
ferromagnet, to a nearly ferromagnetic metal. This viewpo
was supported by the measurements of specific heat
high-field magnetization,12,13 and was further supported b
Ru and17O NMR studies.11,14This picture is consistent with
theoretical models based on electronic struct
calculations.8

Several studies have appeared which probe the prope
of SrxCa12xRuO3 perovskites.10–15,16The variation in prop-
erties may now be basically understood in terms of
change in magnetic ground state as a function of Ru–O–Ru
bond angle,8 but there may be other influences as well. Co
sideration of theA-site atom size disorder may be importan
It has, for example, been shown that at the same doping l
and meanA-site cation radius, theTc in superconducting
copper oxides and the transition temperatureTm in manga-
©2000 The American Physical Society02-1
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nate ferromagnets both show a strong linear decrease
A-site disorder.17,18

To study the magnetism further, and to test the effec
disorder on the magnetic properties, a series
Srx(Na0.5La0.5)12xRuO3 perovskites is reported. The stru
ture, electrical, and magnetic properties
Srx(Na0.5La0.5)12xRuO3 are compared to the isoelectron
SrxCa12xRuO3 series. Since the cation sizes decrease in
order Sr21(1.44 Å).Na1(1.39 Å).La21(1.36 Å).Ca21

(1.34 Å), a smaller orthorhombic distortion and a smal
size disorder would be expected for Srx(Na0.5La0.5)12xRuO3
than for SrxCa12xRuO3. Contrary to the expectation base
on Ru–O–Ru bond angle, however, a much quick
suppression of ferromagnetism was found
Srx(Na0.5La0.5)12xRuO3. Both orthorhombic distortion and
cation size disorder effects are considered, and neither
account for the observed changes in the magnetic proper
Instead, the effect ofA-site charge disorder is introduce
This disorder is derived from random distribution of Sr21,
Na1, and La31 on theA-sites. It gives a qualitative explana
tion for the observed changes. In Srx(Na0.5La0.5)12xRuO3,
there is less size disorder but moreA-site charge disorder
The magnetic properties of SrRuO3 are shown to be more
sensitive toA-site charge disorder than to structural disto
tion.

II. EXPERIMENT

Samples of Srx(Na0.5La0.5)12xRuO3 were prepared by
conventional solid state reaction using SrCO3~99.99%!,
Na2CO3~99.999%!, dried La2O3~99.99%!, and dried
RuO2~99.95%!. The starting materials were mixed in st
ichiometric proportion and heated at 500 °C for four hours
air. The powders were then heated at 1000 °C for two d
and at 1100 °C for one day in air with intermediate grindin
Finally, the samples were pressed into pellets and anne
at 1100 °C for three hours. Similar conditions were used
prepare samples of SrxCa12xRuO3.

Powder neutron diffraction data were collected at
NIST Center for Neutron Research using the BT-1 hig
resolution powder diffractometer. A Cu~311! monochro-
mator was employed to produce monochromatic neut
beams of wavelength 1.5401 Å. Collimators with horizon
divergences of 158, 208, and 78 of arc full-width at half-
maximum were used before and after the monochroma
and after the sample, respectively. The intensities were m
sured in steps of 0.05° in the 2u range 3°–168°. Data wer
collected at room temperature and the structural parame
were refined using the program GSAS.19

Electrical resistivity was measured in the range of 5–4
K using a standard four-lead AC technique on polycrys
line sample bars about 1 mm31 mm35 mm in size. The
magnetic properties were studied in a commercial appar
from QD. Data were collected in the temperature ran
5–300 K for Srx(Na0.5La0.5)12xRuO3 and SrxCa12xRuO3 at
1T on field cooling and 5–400 K at 6 T on field cooling.
Since the SrxCa12xRuO3 magnetic data in the literatur
vary,10–13,15,16we synthesized and measured the whole se
under our own conditions to allow direct comparison.
02440
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III. RESULTS

Neutron diffraction data showed that all samples
Srx(Na0.5La0.5)12xRuO3 were single phase and had th
GdFeO3 type orthorhombic perovskite structure. Figure
shows thex50.4 neutron diffraction pattern. Detailed resu
of the structural refinements are presented in Table I.20 The
cubic subcell parameters of Srx(Na0.5La0.5)12xRuO3 are
shown in Fig. 2~a!. All three lattice parameters decrease li
early when Sr21(1.44 Å) is substituted by smalle
La31(1.36 Å) and Na1(1.39 Å). There is, however, a
change in the slope aroundx50.4. The Ru–O–Ru bond
angles show a discontinuity at this composition, as shown
Fig. 2~b!. The rotation of RuO6 octahedra changes charact
whenx goes below 0.4, becoming more uniform, and is a
companied by a greater rate of decrease of the lattice pa
eters. Table II lists selected bond angles and bond dista
for Srx(Na0.5La0.5)12xRuO3. There are no significan
changes in the Ru–O bond lengths or the O–Ru–O b
angles within the RuO6 octahedra across the series, cons
tent with former studies showing the rigidity of the RuO6
octahedra in SrxCa12xRuO3,

21 and as would be expected fo
solid solutions in which the Ru oxidation state is unchang
Thus, the overall structural changes are in the Ru–O–Ru
bond angle between octahedra, as shown in Fig. 2.

The temperature dependence of the resistivity for po
crystalline pellets of Srx(Na0.5La0.5)12xRuO3 is shown in
Fig. 3. SrRuO3 is metallic with the expected kink in the
resistivity curve at the ferromagnetic transition temperat
160 K. On~La/Na! doping, the resistivity increases system
atically, but remains metallic for the whole series. In co
trast, the resistivity in SrxCa12xRuO3 charges little in the
paramagnetic temperature range, and there is no clear t
at low temperatures.10 The SrxCa12xRuO3 data show that the
orthorhombic distortion has no big effect on the observ
resistivity. We attribute the increasing resistivity
Srx(Na0.5La0.5)12xRuO3 to be due to the effect ofA-site
charge disorder, described in detail with regard to the m
netic properties. The different charges on theA-site cations

FIG. 1. Observed~1! and calculated~continuous line! powder
neutron diffraction pattern for Sr0.4Na0.3La0.3RuO3 at 295 K. The
difference curve between observed and calculated intensitie
shown at the bottom of the figure.
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Na/Sr!: 4c(x,1/4,z); Ru: 4b(0,0,1/2); O~1!:

0.8 0.9 1.0

5.5287~3! 5.5312~3! 5.5320~2!

7.8369~4! 7.8444~4! 7.8463~3!

5.5620~3! 5.5673~3! 5.5684~2!

240.99~3! 241.56~3! 241.70~2!

0.0183~6! 0.0176~6! 0.0166~5!

20.0046~8! 20.0029~8! 20.0034~6!

0.0087~4! 0.0079~5! 0.0089~4!

0.0089~4! 0.0074~4! 0.0068~3!

0.4945~8! 0.4953~9! 0.4973~7!

0.0541~8! 0.0532~8! 0.0524~6!

0.014~2! 0.018~2! 0.014~2!

0.000~2! 0.003~2! 0.000~2!

0.023~2! 0.013~2! 0.017~1!

20.000~2! 20.004~2! 20.005~2!

0.2806~5! 0.2776~5! 0.2775~4!

0.0302~4! 0.0288~4! 0.0276~3!

0.7231~5! 0.7240~4! 0.7233~4!

0.014~1! 0.012~1! 0.0109~8!

0.018~1! 0.017~1! 0.014~1!

0.010~1! 0.007~1! 0.0096~8!

20.004~1! 20.004~1! 20.0034~9!

20.005~1! 20.004~1! 20.002~1!

0.0029~1! 0.001~1! 0.000~1!

6.10 6.47 6.02
7.88 8.29 7.62

8 0.9157 0.9215 0.8601
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TABLE I. Structural parameters for ARuO3 at 295 K. A5Srx(La0.5Na0.5)12x . Space group:Pnma ~#62!. Atomic positions: A~La/
4c(x,1/4,z); O(2) 8d(x,y,z).

(x5) 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

a ~Å! 5.5001~3! 5.5058~3! 5.5099~3! 5.5145~3! 5.5202~3! 5.5220~2! 5.5230~3! 5.5263~3!

b ~Å! 7.7857~4! 7.7943~5! 7.8008~4! 7.8098~4! 7.8186~3! 7.8207~3! 7.8258~4! 7.8306~4!

c ~Å! 5.5087~3! 5.5168~3! 5.5227~4! 5.5312~3! 5.5406~3! 5.5463~2! 5.5512~3! 5.5572~3!

V ~Å3! 235.89~2! 236.75~2! 237.37~2! 238.21~2! 239.13~2! 239.52~2! 239.93~3! 240.49~3!

A x 0.0253~6! 0.0246~5! 0.0215~6! 0.0217~6! 0.0197~5! 0.0194~5! 0.0182~7! 0.0184~7!

z 20.008~1! 20.005~1! 20.007~1! 20.004~1! 20.003~1! 20.0067~7! 20.0077~9! 20.0046~9!

U ~Å2! 0.0103~5! 0.0100~5! 0.0106~5! 0.0107~5! 0.0108~4! 0.0103~4! 0.0086~5! 0.0092~5!

Ru U ~Å2! 0.0094~3! 0.0091~3! 0.0089~4! 0.0084~4! 0.0094~4! 0.0093~3! 0.0096~5! 0.0095~4!

O~1! x 0.4902~7! 0.4890~7! 0.4918~8! 0.4925~9! 0.4920~8! 0.4933~7! 0.4950~9! 0.4953~9!

z 0.073~1! 0.072~1! 0.067~1! 0.066~1! 0.058~1! 0.0566~8! 0.057~1! 0.0563~9!

U11 ~Å2! 0.018~3! 0.018~3! 0.021~3! 0.024~4! 0.019~3! 0.012~2! 0.008~2! 0.012~2!

U22 ~Å2! 0.002~2! 0.012~2! 0.000~2! 0.000~2! 0.000~2! 0.005~2! 0.000~2! 0.000~2!

U33 ~Å2! 0.020~3! 0.013~3! 0.035~3! 0.029~3! 0.027~2! 0.026~2! 0.029~2! 0.024~2!

U13 ~Å2! 0.006~1! 0.006~1! 0.005~2! 0.008~2! 0.002~2! 0.006~2! 0.007~2! 0.000~2!

O~2! x 0.2874~5! 0.2872~5! 0.2859~5! 0.2847~5! 0.2845~4! 0.2841~4! 0.2835~5! 0.2813~5!

y 0.0390~6! 0.0372~6! 0.0370~5! 0.0355~5! 0.0364~4! 0.0343~4! 0.0326~5! 0.0317~4!

z 0.7146~6! 0.7168~5! 0.7175~6! 0.7187~5! 0.7191~5! 0.7208~4! 0.7209~6! 0.7232~5!

U11 ~Å2! 0.012~1! 0.010~1! 0.013~1! 0.011~1! 0.0010~9! 0.0107~8! 0.012~1! 0.012~1!

U22 ~Å2! 0.022~2! 0.020~2! 0.016~1! 0.017~2! 0.018~1! 0.022~1! 0.022~2! 0.021~2!

U33 ~Å2! 0.012~2! 0.012~1! 0.012~1! 0.011~1! 0.014~1! 0.0138~9! 0.012~1! 0.010~1!

U12 ~Å2! 20.005~1! 20.004~1! 20.007~1! 20.004~1! 20.0060~9! 20.0064~9! 20.005~1! 20.006~1!

U13 ~Å2! 20.005~1! 20.009~1! 20.003~1! 20.004~1! 20.005~1! 20.007~1! 20.004~1! 20.004~1!

U23 ~Å2! 0.007~2! 0.005~2! 0.009~1! 0.006~1! 0.003~1! 0.007~1! 0.008~1! 0.004~1!

Rp(%) 4.94 4.67 6.04 5.22 5.29 4.95 6.74 6.39
Rwp(%) 6.35 5.87 7.48 7.41 7.16 6.50 8.60 8.21
x2 1.122 1.029 1.398 1.701 1.376 1.192 0.9379 0.940
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can affect the local environment of Ru atoms greatly, a
cause variations in the electron densities in the Ru–O
work, which are effective in scattering electrons.

The magnetic properties of the perovskite series are m
complex. The temperature dependence of inverse magn
susceptibility measured at 1T on field cooling for both ser
is displayed in Fig. 4. It can be seen that both series are
described by the Curie–Weiss law at high temperatu
while there are broad downward drops in 1/x in intermediate
temperature regimes in samples with mixedA cations. This
phenomenon was observed previously for SrxCa12xRuO3

FIG. 2. Selected structural data for Srx(Na0.5La0.5)12xRuO3.
Figure 2~a! shows the cubic subcell parameters
Srx(Na0.5La0.5)12xRuO3, and Fig. 2~b! shows the Ru–O~1!–Ru ~d!
and Ru–O~2!–Ru ~L! bond angles. Lines are guides to the eye
02440
d
t-

re
tic
s
ll

s,

and was attributed to the occurrence of Sr21 clusters in the
solid solution, leading to short-range ordered regions
SrRuO3.

15 The downward drops in 1/x disappear when the
magnetic field is increased from 1 T to 6 T. This shows th
magnetic interactions in these compounds have some
dependence.

Figure 5 shows the effective magnetic momentmeff and
the Curie–Weiss temperature,uCW, as a function of compo-
sition for Srx(Na0.5La0.5)12xRuO3 and SrxCa12xRuO3, de-
rived from the data in Fig. 4. The effective magnetic m
ments in SrxCa12xRuO3 decrease smoothly with compositio
from 2.7 to 2.1mB /Ru. For the~La/Na! doped series, the
moments decrease from 2.7mB /Ru to 2.3mB /Ru at interme-
diate composition and then increase back to 2.7mB /Ru. The
increase in effective Ru moment occurs at the same com
sition as the structural distortion betweenx50.3 and 0.4.
Subtle structural distortions or discontinuities in perovskit

FIG. 3. Temperature dependence of the electrical resistivity
polycrystalline samples of Srx(Na0.5La0.5)12xRuO3.
5

TABLE II. Selected interatomic distances~Å! and angles~°! for ARuO3 at 295 K. A5Sux(La0.5Na0.5)12x .

~x5! 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

A-O~1! 31 2.976~5! 2.980~5! 2.947~6! 2.944~6! 2.932~5! 2.926~4! 2.912~6! 2.911~6! 2.914~5! 2.906~6! 2.890~5!

2O~1! 31 2.596~5! 2.592~5! 2.623~6! 2.625~6! 2.629~5! 2.641~4! 2.658~6! 2.657~6! 2.653~5! 2.661~1! 2.677~5!

2O~1! 31 3.117~9! 3.130~8! 3.095~9! 3.116~9! 3.079~7! 3.054~5! 3.051~7! 3.068~6! 3.060~6! 3.067~6! 3.059~5!

2O~1! 31 2.405~9! 2.401~8! 2.438~9! 2.425~9! 2.471~7! 2.500~5! 2.506~7! 2.495~6! 2.509~6! 2.506~6! 2.513~5!

A-O~2! 32 2.667~4! 2.681~4! 2.683~4! 2.695~5! 2.701~4! 2.696~4! 2.704~5! 2.706~5! 2.714~4! 2.719~4! 2.728~3!

2O~2! 32 2.761~5! 2.755~5! 2.771~5! 2.762~5! 2.775~4! 2.777~4! 2.775~5! 2.774~4! 2.768~4! 2.768~4! 2.763~3!

2O~2! 32 3.260~4! 3.239~4! 3.231~4! 3.212~4! 3.211~4! 3.204~3! 3.194~4! 3.171~4! 3.163~3! 3.140~3! 3.134~3!

2O~2! 32 2.389~5! 2.413~5! 2.408~5! 2.434~5! 2.431~4! 2.438~3! 2.445~4! 2.473~4! 2.484~4! 2.508~4! 2.509~3!

Ru–O~1! 32 1.988~2! 1.989~1! 1.985~1! 1.987~1! 1.9814~9! 1.9806~7! 1.9819~9! 1.9827~8! 1.9825~7! 1.9835~6! 1.9832~5!

Ru–O~2! 32 1.983~4! 1.974~3! 1.977~4! 1.977~3! 1.979~3! 1.972~2! 1.974~3! 1.972~3! 1.974~3! 1.982~2! 1.984~2!

2O~2! 32 1.997~4! 2.004~3! 2.002~3! 2.001~3! 2.005~3! 2.008~2! 2.005~3! 2.004~3! 2.001~2! 1.991~2! 1.987~2!

Avg. Ru–O 1.989 1.989 1.988 1.988 1.988 1.987 1.987 1.986 1.986 1.986 1.98

Ru–O~1!–Ru 156.5~4! 156.8~4! 158.5~4! 158.5~4! 161.2~3! 161.6~2! 161.6~3! 161.8~3! 162.4~3! 162.7~2! 163.1~2!

Ru–O~2!–Ru 155.9~2! 156.9~2! 157.2~2! 158.1~2! 157.9~2! 158.9~1! 159.5~2! 160.5~2! 161.1~2! 161.1~2! 162.4~1!
2-4
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COMPARISON OF THE MAGNETIC PROPERTIES OF . . . PHYSICAL REVIEW B 63 024402
such as those seen here, can often be an indicator of del
electron/lattice interactions.22 Further detailed study of this
composition region may be of interest. All samples sh
Curie–Weiss-like behavior in the high temperature regim
The uCW’s are fit in the temperature range of 175–300 K.

FIG. 4. Temperature dependence of the inverse magnetic
ceptibility measured at 1 T on field cooling fo
Srx(Na0.5La0.5)12xRuO3 and SrxCaRuO3.

FIG. 5. Component dependence of~a! the effective magnetic
moment and ~b! Curie–Weiss temperatures fo
Srx(Na0.5La0.5)12xRuO3 ~m! and SrxCaRuO3 ~j!. Lines are guides
to the eye.
02440
ate

s.

temperature independent term,x0 , was determined to a pre
cision of 6531025 emu/mol Ru and is included in the fits
The Curie–Weiss temperatures decrease smoothly with c
position in both series. This is consistent with previous st
ies of SrxCa12xRuO3, and has been interpreted as being d
to the effect of orthorhombic distortion on the magne
properties. If distortion were the dominant factor in suppre
ing ferromagnetic interactions, then a loweruCW would be
expected in SrxCa12xRuO3 than in Srx(Na0.5La0.5)12xRuO3
at the same doping level due to the smaller size of C21

compared to (Na0.5La0.5)
21, and the larger resulting struc

tural distortion. The present experiments, however, show
opposite results: there is a much faster suppression ofuCW in
Srx(Na0.5La0.5)12xRuO3 than in SrxCa12xRuO3. This can be
seen, for example, by the fact that the transformation fr
positive to negativeuCW happens at a lower doping level i
Srx(Na0.5La0.5)12xRuO3. This suggests that although the di
tortion may be effective in suppressing ferromagnetic int
actions, it may not be the only significant factor.

The uCW’s in ~La/Na! doped samples change from pos
tive to negative whenx is close to 0.3. Ferromagnetism
still present, however, for samples withuCW,0. The com-
pound Sr0.2~Na0.5La0.5!0.8RuO3, for example, shows a mag
netic hysteresis loop even with a negativeuCW. Figure 6
shows the hysteresis loops measured at 5 K for
Srx(Na0.5La0.5)12xRuO3 with x50.4, 0.3, 0.2, and 0, respec
tively. There are small ferromagnetic components to
magnetization at low temperatures for all values ofx, except
for the x50 end member. The 6T measurement of magn
zation is at sufficiently high field to be above the hystere
loop for all compositions at all temperatures, and we the
fore employ 6 T magnetization to parametrize the ferrom
netic moment. The temperature dependence of magnetiza
measured at 6 T on field cooling for both series is display
in Fig. 7.

For a more detailed comparison, Fig. 8~a! showsuCW vs.

s-

FIG. 6. Magnetic hysterisis loops for Srx(Na0.5La0.5)12xRuO3 at
5 K with x50.4, 0.3, 0.2, and 0, respectively.
2-5
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the average Ru–O–Ruintraoctahedra bond angle for bo
series, using the structural data from Fig. 2 f
Srx~Na0.5La0.5!12xRuO3 and published structural data fo
SrxCa12xRuO3.

20 The Ru–O–Rubond angles are an indica
tor of the degree of orthorhombic distortion, and are the p
mary influence on the different electronic/magnetic states

FIG. 7. Temperature dependence of magnetization measur
6 T on field cooling for Srx(Na0.5La0.5)12xRuO3 and SrxCaRuO3.

FIG. 8. ~a! Curie–Weiss temperature (H51 T! and ~b! magne-
tization measured at 5 K in a field of 6T vs. the average Ru–O–Ru
bond angle for Srx(Na0.5La0.5)12xRuO3 ~m! and SrxCaRuO3 ~j!.
Lines are guides to the eye.
02440
i-
f

SrRuO3 and CaRuO3. At any particular bond angle, i.e., i
the degree of orthorhombic distortion is kept fixed, the~La/
Na! doped sample has a loweruCW than the Ca-doped
sample. This clearly shows that orthorhombic distortion c
not explain the differences in magnetic properties of th
two series and cannot be the sole factor in suppressing
romagnetic interactions. Figure 8~b! shows the magnetization
at 5 K measured at 6 T for all samples in the two seri
plotted as a function of the structural distortion via the R
O–Ru bond angle. The dramatic suppression of ferrom
netism for Srx~Na0.5La0.5!12xRuO3 can be seen.

IV. DISCUSSION

Structural distortions in perovskites which change the
traoctahedronM–O–M bond angle are expected to affect th
electronic bandwidth. There have been intensive studies
the 3d-based perovskites with unpaired electrons ineg orbit-
als. For the L12xAxMnO3 (L5RE,A5Ca, Sr) system, the
s(eg) bandwidth was found to have aW(u)'cos2 u depen-
dence, whereu is the Mn–O–Mnbond angle.23 Studies of
the rare earth orthoferrites show that the Neel temperat
TN , and cos2 u are linearly related.24 The same relationship
was found in the REMe0.5Mn0.5O3 ~Me5Ni, Co! system for
Tc whenu>140°.25

There has been, however, little work on the 4d-based per-
ovskites with unpaired electrons int2g orbitals. To get a
more precise description about the relationship betweenuCW
and bond angle for the ruthenate perovskites, calculation
the magnetic exchange interactions fort2g compounds are
needed. Experimental and theoretical studies of the 3d per-
ovskites with unpaired electrons ineg orbitals found that the
magnetic interactions change from antiferromagnetic to
romagnetic as the metal–oxygen–metal bond angle va
from 180° to 90°. The situation is more complex when t
interacting orbitals aret2g– O2p– t2g as in the present system
As the bond angle decreases, the 180°p-type p–d interac-
tion decreases, but thes-type-like p–d interaction becomes
stronger. Furthermore, interaction between twot2g orbitals
becomes possible. Detailed theoretical modeling of this s
tem would be of significant interest.

It has recently been shown that at the same doping le
and meanA-site cation radiuŝr A&,Tc in the cuprate super
conductors and the ferromagnetic transition temperatureTc
in manganate ferromagnets both decrease linearly withA-site
disorder, parametrized by the variance in radiis25^r A

2&
2^r A&2.15,16 In the two series under study here, cation s
disorder may also have a significant effect on the magn
properties. Table III shows the calculated meanA-site cation
radius,^r A&, and the size variance,s2, for both series. Al-
though^r A& is not fixed in the present study, the cation si
disorder effect cannot account for the differences in the r
at which Ca substitution and~La/Na! substitution suppress
the Tc of SrRuO3. First, at equalx, Srx~Na0.5La0.5!12xRuO3
has a smallers2 than SrxCa12xRuO3 due to Sr21 being
closer in size to La31 and Na1 than to Ca21. Thus, if uCW
were to decrease withs2, again Srx~Na0.5La0.5!12xRuO3
would have higheruCW values than SrxCa12xRuO3. Second,

at
2-6
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s2 peaks at the intermediate doping levels in both ser
while their uCW’s decease monotonically as Sr content d
creases.

Since neither orthorhombic distortion nor cation size d
order can explain the much faster suppression of ferrom
netic interactions in Srx~Na0.5La0.5!12xRuO3, there must be
other factors. One additional important factor may be cha
disorder on theA site of Srx~Na0.5La0.5!12xRuO3, which can
be parametrized in an analogous way as size disorder,
sCD

2 5^ZA
2&2^ZA&2, where ZA is the charge ofA cation.

There is no charge disorder in SrxCa12xRuO3 because Sr and
Ca are both divalent. In Srx~Na0.5La0.5!12xRuO3, however,
single valent Na1, divalent Sr21, and trivalent La31 are dis-
ordered on the perovskite ‘‘A’’ site. Thus, locally, the
RuIVO6 octahedra surrounded by La31 ions would behave
more like RuIIIO6 octahedra, whereas those surrounded
Na1 ions would behave more like RuVO6 octahedra.
(LaRuIIIO3) is paramagnetic, and studies of SrxLa12xRuO3
show that La31 was more effective than Ca21 in suppressing
ferromagnetic interactions.7 Sodium ruthenates do not form
perovskite structures, and little is known about their ma
netic properties. By introducing charge disorder, the lo
environment of ruthenium ions and their local charge stat
greatly changed, and there must be fluctuations in the lo
electron densities throughout the ruthenium–oxygen n
work. These fluctuations change the ruthenium–oxygen
bridization and the interaction between ruthenium spins,
ferromagnetism is suppressed dramatically. Although th
are no previously documented cases of this behavior,
present system appears to be a good example. In terms o
band structure picture, the La–Na–Sr charge disorder is
pected to smear the peak in the density of states whic
responsible for the ferromagnetism, and therefore supp
the ferromagnetism more for any particular amount of str
tural distortion. The decrease inuCW due to the structura
distortion effect can be calculated by subtracting theuCW of
the SrxCa12xRuO3 solid solution from that of SrRuO3, and
the decrease inuCW due to the charge disorder effect can
calculated by subtracting theuCW of Srx~Na0.5La0.5!12xRuO3
from that of SrxCa12xRuO3 at a particular Ru–O–Rubond
angle. Figure 9~a! compares these two effects onuCW. It is
seen that charge disorder acts more strongly than struc
distortion in decreasinguCW. Figure 9~b! compares the sup
pression of the 5 K magnetization of SrRuO3 at 6 T due to
these two effects. A similar conclusion can be drawn. T
decrease inuCW and 5 K magnetization due to charge diso

TABLE III. Statistical variances2 ~size disorder! in the distri-
bution of A-site radiis25^r A

2&2^r A&2.

^r A& s2 ^r A& s2

SrRuO3 1.44 0 SrRuO3 1.44 0
Sr0.8Ca0.2 1.42 0.0016 Sr0.8La0.1Na0.1 1.427 0.0007
Sr0.6Ca0.4 1.40 0.0024 Sr0.6La0.2Na0.2 1.414 0.0011
Sr0.4Ca0.6 1.38 0.0024 Sr0.4La0.3Na0.3 1.401 0.001 15
Sr0.2Ca0.8 1.36 0.0016 Sr0.2La0.4Na0.4 1.388 0.0009
CaRuO3 1.34 0 La0.5Na0.5RuO3 1.375 0.0002
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der are shown as a function of the variance in the cha
disorder (sCD

2 ) in Srx~Na0.5La0.5!12xRuO3 in the inset. The
low temperature magnetization is seen to be more imm
ately sensitive to charge disorder than isuCW.

One common feature of Srx~Na0.5La0.5!12xRuO3 and
SrxCa12xRuO3 is that theiruCW’s decrease smoothly with
doping. There have been two separate explanations for
smooth evolution ofuCW from positive to negative in
SrxCa12xRuO3. The older explanation is based on th
Curie–Weiss law, i.e., that positiveuCW indicates ferromag-
netic interactions and negativeuCW indicates antiferromag-
netic interactions between spins. In this scenario, both fe
magnetic and antiferromagnetic interactions are presen
these compounds, and their ratio changes on going f
SrRuO3 to CaRuO3. The strong Ru–O hybridization, whic
is found in SrRuO3, stabilizes the ferromagnetic groun
state. As Ca doping content increases, the Ru–O hybrid
tion decreases and the spins become more localized.
t2g(d41) – O2p– t2g(d41) type superexchange interaction
a localized-electron system is expected to be antiferrom
netic. A continuous change ofuCW in SrxCa12xRuO3 could
mean a continuous change in the relative strength of th
two kinds of interactions. Recently, the validity of regardin
the sign of the Curie–Weissu observed forx(T) as an indi-
cation of the sign of the spin coupling has been called i
question.11 Instead, it said that the change in magnetic pro
erties of SrxCa12xRuO3 could be explained quantitatively b
the spin-fluctuation theory of itinerant-electron magnetis
In this picture, consistent with one interpretation of the ele
tronic structure calculations,8 CaRuO3 is poised at a quantum

FIG. 9. Comparison of decrease in~a! Curie–Weiss tempera
tures, and~b! magnetization due to structural distortion~SD j! and
charge disorder~CD d! effects. Lines are guides to the eye. Ins
Suppression ofuCW ~m! and magnetization~d! due to charge dis-
order effect vs. charge disorder in Srx(Na0.5La0.5)12xRuO3.
2-7
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critical boundary between ferromagnetism and paramag
ism. In both contexts,uCW is an order parameter which is
measure of how far the compounds proceed from an in
mediate itinerant ferromagnet (SrRuO3), through weakly
itinerant ferromagnet, to an exotic nearly ferromagne
metal (CaRuO3).

SrxCa12xRuO3 has attracted much attention due to its u
usual and unexpected magnetic properties. Most former s
ies attributed the suppression of ferromagnetic interacti
on substituting Sr21 for Ca21 to the orthorhombic structura
distortion, either through the crossover to classical antife
magnetic interactions, or to a nearly ferromagnetic meta
state. Here we have shown that comparison of the magn
properties of Srx~Na0.5La0.5!12xRuO3 to SrxCa12xRuO3 indi-
cates that there is a much faster suppression of ferromag
, B
p

J.

hy

ta

t,

.
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interactions, observed inuCW and the low temperature mag
netization for Srx~Na0.5La0.5!12xRuO3. Neither orthorhombic
distortion nor cation size disorder can explain this drama
change. Instead, we suggest that it is due to charge diso
on the A-site, which affects the local environment of R
atoms greatly, leading to the faster suppression of the lo
range ferromagnetic state. This appears to be the first
ample of off-site charge-disorder induced suppression of
romagnetism observed for transition metal oxides.
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