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Ruthenium-99 M6ssbauer spectroscopy has been used to examine magnetic superexchange inter- 
actions in the distorted perovskite solid-solutions CaxSrl_xRuO3 (x = 0.1, 0.2, 0.3, 0.4, and 0.5). 
The end members of this series also have a slightly distorted perovskite structure but CaRuO3 is 
Curie-Weiss paramagnetic, with only a single-line M6ssbauer spectrum, whereas SrRuO3 is 
ferromagnetic and shows a broad well-resolved hyperfine pattern. For  x ~< 0.2 a substantial propor- 
tion of the ruthenium atoms experience a magnetic flux density (hyperfine magnetic field) close to 
35T, but inward collapse of the spectrum suggests that an increasing proportion of ruthenium 
atoms experience smaller flux densities. For samples with x ~< 0.3 there is an intense central "para- 
magnetic" component which increases rapidly with increasing x. The observed behaviour is 
incompatible with a conventional localized electron structure but can be interpreted satisfactorily 
on a collective electron model in which the average spin moment and hence the magnetic flux 
density at any given ruthenium atom is proportional to the strength of the exchange interactions 
with the six nearest-neighbour ruthenium atoms. The results imply that the greater electron-pair 
acceptor strength (Lewis acidity) of Ca 2+ compared to Sr 2+ results in a more effective competition 
with ruthenium for the oxygen anion orbitals involved in the superexchange interaction. It appears 
that, for a ruthenium to have a coupled spin-moment, it must have at least two exchange inter- 
actions through cube faces containing at least three strontium atoms. Possible origins of the reduced 
magnetic moment of SrRuOa are discussed and it is suggested that the latter probably stems from 
spin-canting rather than from partial overlap of spin-up and spin-down bands. 

Introduction 

O u r  in teres t  in the  m i x e d  phase  CaxSr l_x-  
R u O  3 s tems d i rec t ly  f r o m  ear l ie r  o b s e r v a t i o n s  
o f  the  s t r ik ing d i f ference  in m a g n e t i c  p ro-  
per t ies  o f  the e n d - m e m b e r s  S r R u O 3  a n d  
C a R u O 3  (1). 

S r R u O  3 is an  o r t h o r h o m b i c  d i s t o r t e d  
pe rovsk i t e  wi th  cell  d i m e n s i o n s  a =  553.19, 
b = 557.24, c =  784.96 pm.  The  m a t e r i a l  is 
a lso a meta l l ic  c o n d u c t o r  w i th  p ~ 2.75 × 10 -4 
o h m  cm at 300°K (2). In  the  p a r a m a g n e t i c  
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s ta te  the  m a g n e t i c  m o m e n t  is a b o u t  2.65 pB 
c o m p a r e d  to  a c a l c u l a t e d  v a l u e  o f  2.83 PB fo r  
S = 1 on  the  s p i n - o n l y  f o r m u l a .  T h e  o x i d e  is 
f e r r o m a g n e t i c  b e l o w  T c = 1 6 0 ° K  w i t h  a 
s a t u r a t i o n  m a g n e t i s a t i o n  o f  ca. 20 e m u  g-1  
(=  1.6 m 3 g - t  = 377 m 3 m o l e  - t  in S I  un i t s )  

l e a d i n g  to  p = 0.85 PB pe r  R u  (3). P o s s i b l e  
o r ig ins  o f  t he  r e d u c e d  m o m e n t  o f  S r R u O 3  
h a v e  b e e n  d i s cus sed  in the  l i t e r a t u r e  (3-5) a n d  
these  a re  r e v i e w e d  l a t e r  in th is  p a p e r  in  t h e  
l igh t  o f  o u r  o w n  resul ts .  

C a R u O 3  is a l so  a n  o r t h o r h o m b i c  d i s t o r t e d  
p e r o v s k i t e  w i t h  a =  552.89, b = 535.56,  e =  
766.01 p m  (2). I t  f o l l o w s  a C u r i e - W e i s s  l a w  
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at high temperatures with a negative Weiss 
constant (3). Goodenough et al. gave /2ef f = 

2.97 PB and indicated a Ngel temperature of 
110 + 10°K (4, 5) but our recent M6ssbauer 
data at 4.2°K (1) and neutron diffraction data 
(6) show no evidence of  magnetic ordering. 
The conductivity is similar to that of SrRuOa 
(~ 2.5 × 10 -4 ohm cm at 300°K) but shows no 
anomalies down to 4.2°K, in contrast to 
SrRuO3 which has an anomaly at the Curie 
temperature (2). 

It has been said that the similar conduction 
behaviour argues against any large differences 
in carrier mobility, conduction band width, 
and by implication degree of  covalent Ru-O 
n-bonding in these two oxides (2), although we 
are led to doubt  the latter point on the basis 
of  our own results. The high conductivity of  
these oxides, coupled with their Curie-Weiss 
paramagnetism (above Tc in the case of  
SrRuO3) rather than Pauli paramagnetism of  
a true metal, imply that the 4d electrons of the 
ruthenium atoms are itinerant but still com- 
paratively "tightly bound"  to the metal. The 
two compounds are closely related both 
chemically and structurally and it is therefore 
particularly surprising that there should be 
this striking difference in magnetic properties. 
A study of the solid-solution CaxSrl_xRuO3 
was therefore undertaken to probe these 
magnetic interactions more deeply. 

Experimental 

The end members SrRuO3 and CaRuOa 
were prepared by published methods (7, 8) 
f rom stoichiometric proport ions of  ruthenium 
metal and the alkaline-earth carbonates. The 
intermediate members of  this series with 
x = 0.1, 0.2, 0.3, 0.4, and 0.5 were prepared as 
single-phase materials using the method of  
Longo (9, 10). This involved heating stoichio- 
metric amounts of  strontium carbonate and 
calcium carbonate together with a 25 % excess 
of  ruthenium dioxide (to allow for loss by 
evaporation) in a platinum crucible for 24 hr 
at 1200°C. By this time the X-ray patterns 
indicated no trace of  excess RuO2 and showed 
clear sharp lines f rom phases isostructural 
with the end member  SrRuO3 (x = 0). 

The products were examined with a 
Phillips powder diffractometer using CuK~ 
radiation (2-- 154.18 pm). Magnetic suscept- 
ibilities were measured with a variable 
temperature Gouy balance in the temperature 
range 85-300°K. A vibrating sample magneto- 
meter was also used to study the more highly 
magnetic materials SrRuO 3 and Cao.sSro.5- 
RuO3. The M6ssbauer spectrometer embodied 
an MVT3 transducer, an MD3 drive amplifier, 
and an MFG3 waveform generator from 
Elscint Ltd., Israel. These units were coupled 
with a Northern Scientific Inc. NS630 multi- 
channel analyser. The radioactive source was 
made at the A.E.R.E., Harwell and consisted 
of  ~ l0 mCi of 99Rh, chemically extracted 
from the products of a 99Ru (d, 2n) 99Rh 
reaction and incorporated into a ruthenium 
metal matrix. Both the source and absorber 
were held at 4.2°K in a liquid helium cryostat, 
which was also manufactured by Elscint Ltd. 
All spectra were analysed by computer fitting 
techniques to be described later, and were 
calibrated using the spectrum of an iron foil 
at room temperature. The spectrum of ruthen- 
ium metal at 4.2°K was used as the reference 
zero of velocity. 

Crystallographic Data 

The X-ray powder diffraction patterns 
indicated that the products CaxSrl_xRuO3 
(x = 0.1, 0.2, 0.3, 0.4, and 0.5) were all single- 
phase materials, essentially isostructural with 
the end members of the series and, as there 
was no evidence of superstructure, they may 
be assumed to have a random or near-random 
substitution of Ca for St. The patterns were 
indexed with an orthorhombic unit cell and 
the resulting cell parameters are listed in 
Table I. The d-spacings and relative intensities 
for the individual phases are deposited with 
the Editors. As expected, there is a steady 
decrease in the unit cell volume as Sr 2+ 
is substituted by the smaller Ca 2+, but the 
overall variation is very small indeed. 
The phase Cao.sSro.sRuO3 is less distorted 
than either SrRuO3 or CaRuO3 and can 
in fact be indexed with a cubic cell, a =  
388.53 + 0.04 pm. 
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TABLE I 

L A T T I C E  P A R A M E T E R S  FOR THE CaxSr~_~RuO3 P E R O V S K I T E  PHASES 

Phase a (pm) b (pm) c (pro) V (nm 3) 

Cao.lSro.9RuO3 552 556 781 0.239 
Cao.2Sro.sRuO3 551 555 777 0.237 
Cao.aSro.vRuO3 550 553 777 0.236 
Cao.4Sro.6RuO3 549 552 777 0.235 
Cao.sSro.sRuOa 548 552 777 0.235 
CaRuOa* 552.89(3) 535.56(4) 766.01(5) 0.2260 
SrRuO3* 553.19(6) 557.24(6) 784.96(15) 0.2420 

* Data from Ref. 2. 

Magnetic Susceptibility 

Magnetic susceptibility was measured as a 
function of temperature for all of  the solid- 
solutions, using a Gouy balance. The plots of 
1/Z~ vs Tare shown in Fig. 1. SrRuO3 is known 
to order ferromagnetically below 160°K (3) 
and substitution of Sr 2+ by Ca 2÷ up to x = 0.4 
produces a small but regular decrease in the 
Curie temperature of about 7°K per 10 % sub- 
stitution, indicative of a weakening of  the 
ferromagnetic exchange interaction. For  Cao.g- 
Sro .6RuO 3 the ordering temperature is still as 
high as 130°K but the phase Cao.5Sro.sRuOa 
deviates markedly in magnetic behaviour 
from the other members of the series. It does 
not have a Curie point within the temperature 
range investigated on the Gouy balance (85- 
300°K) and extrapolation of the plot of 1/ZM 
vs T gives an intercept of only 28°K on the 
temperature axis. 

In order to determine the Curie temperature 
of Cao.sSro.sRuO3 measurements were made 
down to 4.2°K with a vibrating sample 
magnetometer. The magnetic behaviour of  
SrRuOa was similarly studied and the results 
are shown in Fig. 2 in the form of  a plot of  
spontaneous magnetization (at zero applied 
field) against temperature. The results confirm 
the value of  160°K for the Curie temlberature 
of SrRuOa and indicate that Cao.sSro.5RuO3 
orders ferromagnetically at 54°K. Further-  
more, the spontaneous magnetization is 
reduced from 16.78 emu g-~ for SrRuO3 to 
only 3.2 emu g-~ for Cao.sSro.sRuO3 as a 
result of the weakened ferromagnetic exchange 
interaction. 

As mentioned earlier there is some doubt  
about the cause of  the reduced magnetic 
moment of SrRuO3 (3-5). A possible explana- 
tion is that the spins are canted into a spiral. 
Such a configuration resists reversal more than 
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FIG. 2. Plot of magnetization vs  temperature for 
(a) SrRuO3 and (b) Cao.sSro.sRuO3. 
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a collinear spin arrangement  and would give 
the low saturation moment  and high coercive 
force which have been observed (3). However,  
neutron diffraction data (4, 5) have been said 
to eliminate the spiral structure and to give an 
estimate for the magnetic moment  of  1.4 + 0.4 
PB at 4.2°K; but, only one magnetic peak was 
available for intensity measurements because 
the scattering intensities are particularly un- 
favourable for ruthenium (4). An alternative 
explanation, based on the observation that  
the magnetization does not saturate in a flux 
density of  12.5T at 4.2°K (where ~/eff = 1.55 
#B), attributes the reduced moment  ferro- 
magnetism (FR) to partial separation of the 
spin-up and spin-down bands (4, 5) but again 
spin-canting would cause a similar effect. 
Although there is no unambiguous evidence 
for or against a spiral spin configuration, the 
possibility should not be excluded, particularly 
as a similar perovskite, SrFeO3, has a helical 
antiferromagnetic structure (11), and such 
arrangements  are not  uncommon in col- 
lective-electron systems. 

In  order to shed further light on this topic 
it seemed worthwhile to compare the magnet- 
ization behaviour with that  expected for an 
S = 1 spin-state (4d 4 low-spin configuration). 
The theoretical curve given by the appropriate  
Brillouin function is shown in Fig. 2 and it can 
be seen that  there is fairly close agreement 
with the experimental data. This leads us to 
suggest that  there are indeed two unpaired 
electrons per ruthenium atom and that  the 
reduced momen t  is probably  the result of  
spin-canting rather than partial overlap of  
spin-up and spin-down bands. 

Miissbauer Spectra 

The M6ssbauer  spectra of  CaRuO3 and 
SrRuO3 at 4.2°K have been published prev- 
iously (1): that  of  CaRuO3 is a single line 
appropriate  to a paramagnet ic  Ru(IV) cation 
on a cubic site, whereas the complex spectrum 
of  SrRuO3 can be interpreted as a magnetic 
hyperfine splitting of  the 2~---~ nuclear 
transition in 99Ru with a single hyperfine field 
of  flux density 35.2T (352 kG) and an E2 /MI  
mixing ratio of  2.72 + 0.17. 

Spectra for the phase of  CaxSrl_xRuO3 for 
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FIG. 3. Ruthenium-99 M6ssbauer spectra for the 
series Ca, Sr~_~RuO3: (a) x = 0.1, (b) x = 0.2, (c) x = 0.3, 
(d) x = 0.4, and (e) x = 0.5. 

x - -0 . 1 ,  0.2, 0.3, 0.4, and 0.5 are shown in 
Fig. 3. The solid lines through the data are the 
results of  a computer curve-fitting analysis to 
be described in detail in a later section. It  is at 
once apparent that the spectra are inconsistent 
with any interpretation based on a single value 
for the flux density for each composition and 
attempted computer fits on this basis were 
very unsatisfactory. For samples with x ~< 0.2 
a substantial proportion of the ruthenium 
nuclei (which decreases as x increases) 
experience a magnetic flux density close to 
35T, but the inward collapse of  the spectrum 
as x increases suggests that an increasing 
proportion experience a smaller flux density 
For  samples with x/> 0.3 there is an intense 
central "paramagnet ic"  component which 
increases rapidly with increasing x. Thil 
central portion of the spectrum is anomalously 
broad for x = 0.5 when compared with th~ 
central component  for x = 0.4. These featureJ 
are unusually complex for a system which ig 
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FIG. 4. Two unit cells of the perovskite structure 
AB03 showing a cube face across which exchange 
interaction between two ruthenium atoms takes place. 
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not being magnetically diluted in the con- 
ventional sense, and require the development 
of  an electronic model for the system which 
will serve as a basis for a more quantitative 
analysis of the data. 

In the idealized perovskite lattice each 
ruthenium atom is coupled by a R u - O - R u  
superexchange to six other ruthenium atoms 
at the favourable angle of ~180 ° (see Fig. 4). 
The intermediate oxygen atoms are in the face 
centres of a body-centred cube with eight 
Ca/Sr at the cube corners (.4 sites). Although 
the shorter Ru-Ru  distance in CaRuO3 
implies a stronger exchange, the oxygen anion 
orbitals which have a p,~-d,~ overlap with the 
ruthenium cations also have a p ,  overlap with 
four of the A cations. The greater electron-pair 
acceptor strength (Lewis acidity) of the Ca 2÷ 
therefore results in increased competition for 
the orbitals involved in the superexchange. A 
similar example can be found in the oxide 
system CaxSr~_xMnO3 where increase in 
calcium content decreases the N6el tempera- 
ture because the exchange interactions are 
weakened (12). In each case the chemical 
influence is more important than either the 
bond angle distortion or the lattice contrac- 
tion. 

The molecular field theory for localized 
electrons has been developed by Coey and 
Sawatzky (13). The magnetic flux density at 
an Fe 3+ ion, for example, is proportional to 
the average value of (Sz) which has a strong 
dependence on the number and strength of the 
nearest-neighbour interactions. However, in 
the low-temperature limit, (S~)r=o tends to 
the maximum value of the local spin moment  
so that all Fe 3+ ions, irrespective of the 
magnetic environment, experience effectively 
the same flux density. Raising the temperature 

causes the flux density to decrease more 
rapidly for those ions with fewer magnetic 
neighbours, but a substantial effect is seen 
only above a reduced temperature of  T/Tc > 
0.2. Thus in the spinel (Coo.sZno.~)[Fe2]O4, 
where the number of A - B  exchange linkages is 
governed by the statistical distribution of  Co 
and Zn, the observed spectrum shows a 
minimal inward broadening of  the Fe 3+ 
hyperfine splitting at 90°K (TN = 448°K) (14). 
In the present example of CaxSrl-xRuOa the 
temperature of  measurement is well below 
the ordering temperature ( T c =  160°K in 
SrRuO3) so that, although the substitution of  
Ca would affect the exchange interactions 
specifically, no collapse of  the hyperfine field 
would be expected for low Ca content. 

Several other factors seem equally unlikely 
to contribute to the inward collapse o f  the 
spectrum. First, the reduction in lattice 
parameter from ~554 pm in SrRuO 3 to ,-,542 
pm in CaRuOa might be expected to cause an 
increase in the covalency of the R u - O  bond- 
ing, but the observed decreases in magnetic 
flux density are an order of  magnitude greater 
than those found for covalency effects in iron 
chemistry. Second, it could be argued that the 
low-spin d 4 ( S =  1) configuration o f  the 
Ru(IV) ion might lead to large orbital and 
dipolar contributions to the flux density. 
However, the observed spectra do not  seem 
consistent with this, and similar inward 
collapse is not seen for example when Fe is 
substituted for Ru in SrRuO3 (15). 

A more satisfactory explanation can be 
proposed on the basis of  a collective-electron 
structure. Although the existence of  a finite 
magnetic moment at a lattice site in a metal 
can be explained within the overall frame of  a 
collective-electron band model, the theory 
cannot easily be extended to deal with 
randomized solid solutions. In particular, 
little is known about  the detailed band 
structures of these metallic oxides. The 
behaviour we observe in CaxSrl_~RuO3 has 
similarities with the Fe-AI and Fe-Si  alloy 
systems (16, 17). Their structure comprises 
two interpenetrating simple-cubic lattices, one 
containing only iron atoms (A-sites) and the 
other containing both iron and aluminium 
(D-sites). The immediate environment of  the 
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A-site is eight D-sites which form the corners 
of  a cube and which, in ordered FeaA1 for 
example, are occupied by 4A1 and 4Fe atoms 
in an alternant array. The magnetic flux 
density at the A-site is sensitive to the occupa- 
t ion of  the D-sites and, in the disordered 
alloys where the D-site occupation is random, 
it has been convincingly shown that the 
observed flux density at any A-site decreases 
by about 5 ~ per AI in the 8 nearest D-sites 
(about 8 ~ per Si nearest neighbour). How- 
ever, the flux density is insensitive to the overall 
A1 (or Si) concentration. Furthermore,  in 
disordered Fe3AI, ferromagnetic relaxation 
below the Curie temperature can cause 
collapse of  the hyperfine lines to a "para- 
magnetic" component  from those A-sites with 
more than three aluminium nearest neigh- 
bours: The Curie temperature of the ordered 
Fe3AI, where nearly all the A-sites have 4AI 
neighbours, is considerably lower than that 
of  the disordered alloy (18). In these alloys 
the aluminium is nonmagnetic and causes a 
weakening of  the exchange interactions. In the 
present instance of  CaxSrl_xRUO3, the number 
of  interacting nearest neighbours is unaltered, 
and therefore one must propose that the 
substitution of  Ca has a large effect on the 
R u - O - R u  superexchange. 

Other metallic systems are also known to 
feature nearest-neighbour effects. In the 
Ni -Cu  alloys there is evidence that a nickel 
a tom with 8-12 Ni neighbours has an aligned 
magnetic moment,  whereas all those with less 
than 8 have zero moment  (19). Presumably a 
site which is effectively nonmagnetic is not  
strongly coupled to the spin-lattice so that fast 
relaxation results in zero resultant spin 
moment.  Particularly significant is a recent 
study of Ni -Cu alloys by X-ray photo- 
emission spectroscopy, which shows clearly 
that  the density of states can be represented to 
a good approximation by superimposing 
those of the component  metals, and that there 
is only a very limited sharing of  electrons by 
the two constituents, despite the itinerant 
character of  the magnetic electrons (20). 

In view of this and other evidence for 
nearest-neighbour interactions in metallic 
systems it seems reasonable to assume that 
the close parallels between the present metallic 

oxides and the Fe-A1 alloys are not fortu- 
itous. We have, therefore, adopted a simplified 
phenomenological model which incorporates 
some of the features of the latter. 

Phenomenological Model 

The magnetic field at any given ruthenium 
atom, Rut, will be proportional to (St z) where 
the maximum value of this average spin- 
moment is S = 1 corresponding to complete 
alignment of spin-up and spin-down bands. 
We shall assume that, in general, the value of 
(St  z) is proportional to the strength of the 
exchange interactions with the six next- 
nearest-neighbour ruthenium atoms, Ruj, so 
that substitution of Ca for Sr reduces the 
exchange energy. 

The total exchange energy for atom Rut 
including a l l j  neighbours will be 

E = - 7 .  J t j ( s t ' s j )  
J 

where St and S i are in units of h and Jij is the 
average exchange integral for the overlapping 
ions. If St and Sj are undergoing rapid 
relaxation then (St" Sj) will be zero, but if St 
and Sj are strongly coupled then E will be 
large and will saturate at low temperatures. 
To a rough approximation E will then be 
proportional to ~ j  Jij. 

As each Ru -O -Ru  superexchange takes 
place through a cube face containing four 
A-site cations (see Fig. 4), we can define the 
following values for Jtj: 

Exchange Exchange 
integral Geometry energy 

J4 4Sr on cube face 4E 1 
J3 3Sr + 1Ca on face 3E 1 + E 2 
J2 2Sr + 2Ca cis on face 2E1 + 2E2 
J2' 2Sr + 2Ca trans on face 2E 1 + 2E z 
J1 1Sr + 3Ca on face E1 + 3E2 
Jo 0Sr + 4Ca on face 4E 2 

To simplify further, we can also define two 
energies, E 1 and E2 (El > E2) so that sub- 
stitution of Ca for Sr progressively and pro- 
portionately changes the strength of Jtj. The 
magnetic flux density at Rut will be propor- 
tional to the total moment at the site, and we 
take this as a linear function of the total 
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TABLE II 

EXCHANGE INTERACTIONS 

23 

Number of Ca Total exchange Relative 
nearest-neighbours interaction probability 

6J4 1 
3J4 + 3./3 I 
2Z, + 2J 3 + 2J 2 3] 
d'4 + 4Ja + J2' 
6J3 

~J4+2J3+2J~ .+J1  -i} 
3Ja + ZJ2 + 3"2' I 
3Ja + 3Jz' 

~33-a + 3J~ 4~/ 
2Ja + 2./2 + 2Ja -}~-/ 
,/4 + 4Jz + So ~3y] 
Ja + 2J2 + 2Jz" + J~ ~ 2 
44 + 2&' ~i 

.64' V gg 

2.]2 -f- J2" + 3J1 37 
,3J2' + 3J1 

Relative Observed 
exchange magnetic 

energy flux density 

8E1 B 
7E~ + E2 B -  .dB 

6E~ + 2E2 B -  2AB 

5E~ + 3E2 B -  3AB 

4E~ + 4E2 B - 4 A B  

4Et + 4Ez 0 

3El + 5Ez 0 

exchange energy. This reasoning is intuitive, 
being essentially true for a simple metal, and 
hopefully a reasonable approximation in a 
random solid solution. Although the electrons 
are itinerant, a change in the local exchange 
energy is seen directly as a change in the local 
value of the spin moment.  

The random statistical probabilities of the 
various configurations for calcium substitu- 
tion on A sites of  up to five strontium atoms 
are shown in Table lI. With the simplifications 
introduced one finds the very simple result 
that the observed field at a ruthenium (B) site 
will decrease by a constant increment as the 
number of calcium neighbours increases. The 
observation of a "paramagnet ic"  component  
for x > 0.3 is compatible with a rapid relaxa- 
tion for weakly coupled atoms. These spectra 
can only be fitted satisfactorily if it is assumed 
that only about half of the ruthenium atoms 
with four calcium neighbours are magnetically 
coupled. Significantly, 16 of the ruthenium 
atoms with four calcium nearest neighbours 
have at least two exchange interactions through 
cube faces containing at least three strontium 

atoms, which suggests that this may be the 
criterion for a ruthenium a tom to have a 
coupled spin moment.  The criterion is 
physically realistic in that any given ruthenium 
atom must be strongly coupled to at least 
two others to maintain magnetic continuity 
through the lattice, and we have therefore 
adopted it in the analysis of all spectra for 
x > 0.3. 

Analysis of Miissbauer Data 

The solid lines through the MOssbauer data 
m Fig. 3 were computer  curve-fitted on the 
basis of  the foregoing model, assuming a 
completely random distribution of  Ca/Sr 
cations on the A sites. The propor t ion  of  
ruthenium atoms having n Ca nearest neigh- 
bours in CaxSrl_xRuO3 is then given by the 
binominal distribution 8!(1 - x)"xn/{(8 - n)! 
n!}, which yields the percentages listed in 
Table III .  

Ruthenium atoms with 0, 1, 2, and 3 
nearest-neighbour calcium atoms were as- 
sumed to be magnetically coupled with flux 
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TABLE I l i  

PERCENTAGE PROBABILITIES OF SITE OCCUPANCIES 

x=0 .1  0.2 0.3 0.4 0.5 

TABLE IV 

PARAMETERS DERIVED FROM CURVE-FITTING a 
(CHEMICAL ISOMER SHIFT ~ RELATIVE TO 

RUTHENIUM METAL AT 4.2°K) 

n = 0 43.0 16.8 5.8 1.7 0.4 
1 38.3 33.6 19.8 9.0 3.1 
2 14.9 29.4 29.6 20.9 10.9 
3 3.3 14.7 25.4 27.9 21.9 
4 0.4 4.6 13.6 23.2 27.3 
5 - -  0.9 4.7 12.3 21.9 
6 - -  - -  1.0 4.1 10.9 
7 - -  - -  0.1 0.8 3.1 
8 - -  - -  - -  0.1 0.4 

Total which 
is magnetic 98.8 96.7 88.0 72.1 51.2 

densi t ies  o f  B, B - A B ,  B - 2 A B ,  and  B - 3AB,  
respect ively .  F o r  x = 0.1 and  0.2, where  there  
is no  centra l  c o m p o n e n t ,  this  p r o c e d u r e  gives 
essent ia l ly  the  same c o m p u t e d  va lue  o f  A B  
fo r  B = 35.2T (see later) ,  which  gives con-  
f idence in the analysis .  F o r  x t> 0.3 the  p ro -  
p o r t i o n  o f  r u t h e n i u m  a t o m s  hav ing  four  (or  
m o r e )  ca lc ium ne ighbours  becomes  signif icant  
(see Tab le  I I I )  and ,  as s ta ted  earl ier ,  16 o f  T~- 
these  are  a s sumed  to be magne t i ca l ly  coupled ,  
w i th  a flux dens i ty  o f  B -  4 A B ,  whils t  the  
r e m a i n i n g  19 and  those  wi th  5, 6, 7, and  8 
ca lc ium neares t  ne ighbour s  a re  a s sumed  to 
con t r i bu t e  to  a cent ra l  c o m p o n e n t  hav ing  a 
ful l  w id th  at  ha l f  he ight  o f  0.31 m m  s -1. Othe r  
m o d e l s  were t r ied  bu t  this  was the  only  one 
wh ich  gave sa t i s fac tory  fits for  x = 0.3 a n d  0.4. 

Because  o f  the  t rough l ike  na tu r e  o f  these 
un re so lved  hyperf ine  spec t ra  i t  was f o u n d  tha t  
the  mul t ip le- f ie ld  fits were n o t  very sensit ive to 
changes  in the  l inewid th  o f  the  c o m p o n e n t  
l ines.  The  value  o f  F = 0.31 m m  s -x, de r ived  
fo r  x = 0.1, was the re fore  used  as a fixed 
p a r a m e t e r  in the  final ana lys is  o f  the  spec t ra  
fo r  x = 0.2, 0.3, and  0.4. Howeve r ,  for  x = 0.5 
a sa t i s fac to ry  fit was o b t a i n a b l e  on ly  i f  the  
l i newid th  was a l lowed  to increase.  A l t h o u g h  
the re  is no  di rec t  evidence for  pa r t i a l  ca t ion  
o r d e r i n g  in the  samples ,  this  seems to be the  
m o s t  l ike ly  cause for  the  d i sc repancy  in 
Cao .sSro . sRuO 3 (or  CaSrRu206) .  Two  fur ther  
imp l i c i t  a s sumpt ions  are  tha t  the  recoi l - f ree  
f r a c t i o n  is i n d e p e n d e n t  o f  the  neares t -  

x AB/fr) ~/(mm s -1) x 2 df  

0.1 4.90 + 0.15 -0.314 + 0.016 339 245 
0.2 4.83 _+ 0.15 -0.332 + 0.008 325 245 
0.3 4.54 _+ 0.10 -0.304 + 0.006 322 245 
0.4 3.72 + 0.12 -0.303 + 0.003 237 246 
0.5 4.9 (fixed) b -0.324 + 0.016 246 246 

a B fixed at 35.2T; linewidth fixed at 0.31 mm s -1. 
b Linewidth allowed to vary and gave 0.64 + 0.03 

mm s -1. 

ne ighbour  cat ions,  and tha t  sa tura t ion  effects 
can  be neglected.  

The final fit values are given in Table  IV. 
Tak ing  the spect ra  for  0.1 ~< x ~< 0.4 as a group,  
these all  have the same value for  th¢in i t ia l  flux 
densi ty  B and  the l inewidth so that ,  apa r t  
f rom the basel ine and  a normal iz ing  intensi ty 
var iable ,  the only free parameters  in the final 
fit are the incrementa l  flux densi ty AB,  and 
the chemical  i somer  shift, 6. F r o m  Table  IV it 
can be seen tha t  the la t ter  is effectively cons tant  
wi th in  exper imenta l  error.  I t  is also apparen t  
t ha t  the a s sumpt ion  of  a cons tant  value for  
A B  remains  a lmos t  within exper imental  error ,  
except  for  x = 0.4, when it is significantly 
smaller .  

This obse rva t ion  o f  a cons tant  increment  
in the flux densi ty  reduct ion  is good  evidence 
tha t  the local  spin momen t  is caused by  the 
sum effect o f  the local  exchange interact ions.  
This  then raises the  quest ion as to what  
effective spin m o m e n t  the flux densi ty o f  
35.2T cor responds  to. I f  i t  were due to two 
unpa i r ed  4d e lect rons  on the ru thenium then 
this would  co r re spond  to 17.6T per  electron. 
In  this connec t ion  it may be significant that  
unpubl i shed  d a t a  on the mixed phase SrFeo.5- 
Ruo.sOa-y show a b roadened  hyperfine field of  
flux densi ty  52.9T (15). This phase is an 
Fea+Ru s+ oxide wi th  a 99Ru chemical  i somer  
shift  of  +0.116 __ 0.038 m m s  -1. The 4d a Ru  s+ 
ca t ion  is in some ways comparab le  to the 
3d 5 Fe  a+ ca t ion  and,  as the mixed phase  
appears  to be noncollect ive this would  imply  a 
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flux densi ty  o f  17.6T per  e lec t ron in close 
agreement  with the value ca lcu la ted  f rom the 
present  perovski te  phases.  SrRuO3 therefore  
has a flux densi ty close to the l imi t  o f  35.2T, 
which would  suggest  tha t  the sp in -up  and  
sp in-down bands  (i.e., assuming tha t  a meta l l ic  
descr ip t ion  of  the f e r romagne t i sm holds)  are  
a lmost  comple te ly  separa ted  in this  mater ia l .  
The gross reduct ion  in observed  magne t ic  
momen t  can not  therefore  be caused  by  b a n d  
over lap  but,  as suggested earl ier ,  mus t  arise 
by  a spin-cant ing mechanism.  I t  shou ld  be 
possible  to  d is t inguish conclusively between 
these two possibi l i t ies  by  measur ing  the 99Ru 
M~Sssbauer resonance  in a large app l i ed  
magnet ic  field. Only  in the case o f  F R ferro-  
magnet i sm would  an a b n o r m a l l y  large aug-  
menta t ion  of  the flux densi ty  be observed.  W e  
hope  to carry out  this exper iment  at  a la t ter  
date.  
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