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“Fe and 99Ru Miissbauer spectroscopy, coupled with magnetic susceptibility measurements down to 
4.2 K, have been used to study the electronic and magnetic properties of the new cubic-ordered 
perovskites BaLaMRu06 (M = Mg, Fe, Co, Ni, or Zn). The ruthenium is present in the +5 oxidation state 
in all the compounds except BaLaFeRuOe which contains iron(II1) and ruthenium(W). All the 
compounds exhibit long-range antiferromagnetic order, with NCel temperatures in the range 20-40 K. 
Mdssbauer spectra for the new compound LasCoRuOs and the isostructural cubic perovskites 
LazMRuOd (M = Mg, Ni, or Zn) confirm the presence of ruthenium(IV) in these phases and indicate that 
they are not ordered magnetically at 4.2 K. 

Introduction 

Until very recently the only oxides known 
to contain ruthenium in the pentavalent state 
were the hexagonal perovskite-type phases 
Ba3M Ruz09 (M = Mg or Ni) (I ). However, 
this situation has now altered and with the 
aid of 99Ru Miissbauer spectroscopy we have 
confirmed the presence of ruthenium(V) in 
several new oxide phases including the 
ternary perovskites SrFe,Rui-,03+ (2) and 
the sodium ruthenium oxides Na3Ru04 and 
Na4Ru207 (3). Encouraged by the variety of 
interesting magnetic properties displayed by 
these materials (2-4) we have continued 
these studies and now report measurements 
on the new perovskites BaLaMRu06 (M = 
Mg, Fe, Co, Ni, or Zn) prepared recently by 
Darriet and co-workers in Bordeaux (5). 
These compounds crystallize with the cubic, 

ordered perovskite structure, which is ideal 
for studying 180” magnetic superexchange 
interactions between ruthenium and other 
metal cations. We also present 9aRu Mbss- 
bauer spectra for the closely related new 
compound LazCoRuOb and the isostructural 
compounds La2MRu06 (M =Mg, Ni, or 
Zn). After the completion of this work 
Donohue and McCann reported the pre- 
paration of some novel automobile emission 
control catalysts of formula M2LnRu06 
(M = Ba or Sr, Ln = Y, rare earth, or Bi), 
some of which crystallize with the cubic, 
ordered perovskite structure (6). We have 
confirmed the presence of magnetically 
ordered ruthenium(V) both in these 
compounds and in the new calcium analogs 
CazLnRuOd (Ln = Y, La, or Eu), and have 
reported the results elsewhere (7). 
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Experimental 

The compounds BaLaMRu06 (M = Mg, 
Fe, Co, Ni, or Zn) and LaZCoRu06 were 
synthesized by Darriet and co-workers (5), 
and we are grateful to them for supplying us 
with samples together with unpublished 
crystallographic and magnetic susceptibility 
data. The compounds LazMRu06 (M = Mg, 
Ni, or Zn) were prepared by us using 
methods described in the literature (8) and 
were characterized by X-ray powder 
diffraction using a Philips powder 
diffractometer. 

The Miissbauer spectra were recorded 
using techniques described previously (3), 
and computed using programs developed by 
Dr. T. C. Gibb. The 99Ru chemical isomer 
shift data are quoted relative to an absorber 
of natural ruthenium metal at 4.2 K and of 
thickness 140 mg cm-*. The experimental 
linewidths of the radioactive sources 
measured against this absorber were found 
to be 0.25 f 0.01 mm see-‘. Sample 
thicknesses for 99Ru spectra were typically 
400 mg cm-* of compound. The 57Fe spectra 
were recorded using a source of 57Co in a rho- 
dium matrix, supplied by the Radiochemical 
Centre, Amersham; chemical shifts are 
quoted relative to the centroid of the spec- 
trum of iron metal at room temperature. 

Crystallographic Data 

The compounds BaLaMRuOd (M = Mg, 
Co, Ni, or Zn) crystallize with the face- 
centered cubic, ordered perovskite structure 
for which the space group is Fm3m (5). 
From Table I it can be seen that there is an 
excellent linear relationship between the 
lattice parameter and the ionic radius of the 
divalent metal cation M”, which is good 
evidence for the formulation of these 
compounds as Ba”La”‘M”Ru”0~. The iron 
analog is also a cubic perovskite but in this 
case there is no evidence for cation ordering 
on the B-site. Moreover, the doubled cell 

TABLE I 

CRYSTALLOGRAPHIC DATA FOR THE PHASES 
BaLaMRu06 

Ionic radius 
Cell parameter, a (MI’)’ 

Phase (pm) (pm) 

BaLaMgRu06 795.7 72.0 
BaLaCoRu06 797.0 73.5 
BaLaNiRu06 793.5 70.0 
BaLaZnRu06 798.2 74.5 
BaLaFeRuOs 397.3 77.0 

a Taken from R. D. Shannon and C. T. Prewitt, Actu 
Cryslallogr. B 25, 925 (1969). 

parameter for BaLaFeRu06 falls off the line, 
indicating that this compound is unlikely to 
contain Fe”. 

The lattice parameters for the cubic 
perovskites La&4Ru06 (M = Mg, Ni, or Zn) 
have been published previously (8). It should 
be noted that the lattice type for these 
compounds is simple cubic and not face- 
centered cubic as it is for the ordered 
Ba2M”RuV06 compounds; the space group 
is probably P4?32. 

Magnetic Susceptibility 

The magnetic susceptibility was measured 
for BaLaCoRu06 down to 4.2 K with a 
Faraday balance, and the plot of l/x; vs T 
for this compound is compared in Fig. 1 with 
data (5) for the compounds BaLaMRu06 
(M = Mg, Fe, Ni, or Zn); all the compounds 
are antiferromagnetic with Neel tempera- 
tures in the range 20-40 K. The Mg, Ni, and 
Zn compounds were measured to very high 
temperatures and are seen to follow a Curie- 
Weiss law in this region. The moments of 
3.85 and 3.84 l&B for the ruthenium ions in 
BaLaMgRuO, and BaLaZnRu06 are very 
close to the spin-only value of 3.87 for the 
(t2,)3 configuration, and we have observed 
similar values in the closely related oxides 
CazYRu06, Ca2LaRu06, and Ba2LaRu06 
(7). This is perhaps surprising as this 
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FIG. 1. Plot of the reciprocal molar susceptibility 
against temperature for the cubic, ordered perovskites 
BaLaMRu06 (M = Mg, Fe, Co, Ni, or Zn). 

configuration is expected to have moments 
that are reduced from the spin-only value by 
the factor (1- ~A/10 Dq), where (Y is 4 for 
the A2 ground term and A has a value of 
500 cm-’ for RuV (9). Thus Ru” should have 
l.kff Of about 3.5 J*B, and Values ranging from 
3.48 to 3.70 J*g have been observed in the 
compounds MrRuVF6 (10). In order to cal- 
culate the moment for Ru” in BaLaNiRuOG, 
the Ni” contribution has been subtracted out 
assuming a value of 2.99 for peff. This gives 
kefr = 3.67 for Ruv which is very close to the 
expected value. The Co compound also 
appears to show Curie-Weiss behavior, but 
measurements were made only up to 300 K 
for this compound and this may limit the 
accuracy of the molar Curie constant, CM, 
and the paramagnetic Curie temperature, 13, 
calculated from the linear portion of the 
curve. In any case 13 is not a reliable measure 
of magnetic interactions in the Con 
compound, owing to spin-orbit effects (11). 

Miissbauer Measurements 

The 99Ru Mossbauer spectra at 4.2 K for 
the compounds BaLaMRuOs (M = Mg, Co, 
Ni, or Zn) are very similar to one another, 
and a representative example is shown in 
Fig. 2. The spectrum features a magnetic 
hyperfine pattern in which the 18 
components resulting from the IR = $+ 1, = 4 

BoLaZnRuO, 

-i -3 -1 -1 0 1 2 3 ‘ 

Velocity /(ml? s-1) 

FIG. 2. g9Ru Miissbauer spectra at 4.2 K for 
BaLaZnRuOn and BaLaFeRuO+ The computed values 
of the baseline are 67.1 x lo6 and 67.2 x 106, respec- 
tively. 

transition are nearly all distinguishable. The 
solid line through the data points is the 
computed least-squares fit in which the rela- 
tive intensities have been constrained to their 
theoretical values. 

The computed parameters for all the 
compounds are given in Table II and confirm 
the presence of magnetically ordered RuV in 
these four compounds. The chemical isomer 
shifts and magnetic llux densities fall in 
the narrow ranges +0.04-0.13 mm set-’ 
(relative to Ru metal) and 55.8-58.4T, 
respectively, which are typical for this 
oxidation state. For example, the magneti- 
cally ordered Ru” oxides SrlFeRuOs 
(8 +0.116 mm set-‘, B 52.9 T) (2), 
Na3Ru04 (6 +0.039 mm set-‘, B 58.58 T) 
(4), and M&zRu06 [(M = Ca, Ln = Y, La, 
orEu;M=Sr,Ln=Y;M=Ba,Ln=Laor 
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TABLE II 

99Ru MGSSBAUER PARAMETERS AT 4.2K FOR THE PEROVSKITES BaLaMRuO, 

Phase 

Chemical isomer 
shift, S” 

(mm se-‘) 

Magnetic flux 
density, B 

CT) 
Linewidth, f 
(mm sect’) x”(d)* 

BaLaMgRuOs 
BaLaZnRuOe 
BaLaCoRuOe 
BaLaNiRuOd 
BaLaFeRuOe 

+0.131*0.010 55.5*0.3 0.45 * 0.03 280 (241) 
+0.095 f 0.010 55.5 zto.5 0.40 f 0.02 172 (241) 
+0.040 f 0.030 5!3.4*0.4 0.29io.01 153 (241) 
+0.063 f 0.010 55.8+0.2 0.40 * 0.02 564 (242) 
-0.342 i 0.020 ca. 14.8 + 0.3 0.4’ 433 (242) 

a Relative to ruthenium metal. 
* d = Degrees of freedom. 
’ Fixed parameter. See comments in text. 

Eu) (S +0.13-0.18 mm set-‘, B 56.1- 
59.5 T)] (7) all give small positive chemical 
isomer shifts, and magnetic flux densities in 
the region of 55 T. As discussed elsewhere 
(2,4,7) the (Q3 configuration of RuV with 
S = z is expected to generate magnetic fields 
which are relatively insensitive to changes in 
environment, and this is borne out in prac- 
tice. The computed linewidths, which range 
from 0.29 to 0.45 mm set-‘, are reasonably 
narrow but are nevertheless broadened 
slightly compared with the natural linewidth 
for the source. This may indicate the 
presence of a small range of hyperfine fields 
caused by randomization of the Ban and Lam 
cations on the A-sites. 

From Fig. 2 it can be seen that the 99Ru 
Mijssbauer spectrum of BaLaFeRuOs is 
quite different from those of the other 
compounds. It consists of a magnetically 
broadened resonance centered at -0.34 

14.8 T shown in Table II was given by a fit in 
which the linewidth was constrained to a 
value of 0.4 mm set-‘. For comparison the 
Ru’” oxide SrRu03 gives a flux density of 
35.2 T and a chemical isomer shift of 
-0.33 mm set-’ (12). It appears, therefore, 
that the spectrum of BaLaFeRu06 is show- 
ing an inward collapse of the magnetic 
hyperfine splitting indicative of a reduced 
exchange interaction at the ruthenium 
similar to that observed in the metallic solid- 
solutions CaXSrI-XRu03 (13) and 
LaXSr1-XRu03 (14). Alternatively, the small 
value for the field could indicate the presence 
of a component of opposite sign transferred 
from Fe to Ru, though this does not seem to 
occur to any appreciable extent in the 
compounds BaLaMRu06 (M = Co or Ni), 
where the full Ru” hyperfine field is obser- 
ved, despite the coexistence of another 
magnetic ion on the B-site. 

mm set -I, indicative of Ru’“. Attempts to The presence of RI.? in BaLaFeRuOs 
curve-fit the spectrum with a single implies the coexistence of Fe”‘on the B-site, 
hyperfine pattern have proved unsuccessful. and this has been confirmed by 57Fe Moss- 
Instead there appears to be a range of Ru bauer spectroscopy. The spectra are shown 
environments, consistent with randomiza- in Fig. 3 and the computed parameters listed 
tion of the Ru and Fe on the B-sites as well as in Table III. At 290 and 100 K the spectra 
of the Ba and La on the A-sites, coupled with consist of quadrupole doublets (A = 
the greater sensitivity of the Ru’” (&J4 0.49 mm set-‘) centered at +0.40 and 
hyperfine field to change in environment. +0.5 1 mm set-‘, respectively, which are 
The average value for the flux density of typical for high-spin Fem. The linewidths are 
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BoLaFeRuO, 

FIG. 3. 57Fe Miissbauer spectra at 29.5 and 4.2 K for 
BaLaFeRu06. The computed values of the baseline are 
2.19 x 106 and 3.50 x 106, respectively. 

broad, consistent with cystallographic dis- 
order both at the A- and the B-sites, which is 
probably also the cause of the quadrupole 
splitting. At 4.2 K the spectrum is magnetic- 
ally split, with a flux density of 49.6bO.2 T 

which is also characteristic of high-spin Fe”‘. 
Again the linewidths are very broad, ranging 
from 0.57 mm set-’ for the inner lines to 
1.09 mm set-’ for the outer lines. 

The 99Ru MGssbauer spectra for the 
compounds La,MRu06 (M = Mg, Co, Ni, or 
Zn) all consist of two overlapping lines of 
approximately equal intensity, with no evi- 
dence for magnetic interactions at 4.2 K. The 
spectrum for the cobalt compound, which 
shows the greatest separation betweer! the 
two lines, is shown in Fig. 4 and can in 
principle be interpreted either as two singlets 
or as a quadrupole splitting. To resolve the 
problem we have curve-fitted the spectrum 
in various ways. The line positions, -0.143 
and -0.436 mm see-‘, resulting from a two- 
peak fit would represent rather unusual 
chemical isomer shifts for ruthenium in oxide 
phases and on this basis alone this model 
seems unlikely to be correct. Moreover, the 
spectrum can be fitted very satisfactorily as a 
six-line quadrupoie-split pattern wiih a 
computed value for the chemical isomer shift 
of -0.286 mmsec-‘, which is typical for 
Ru’” . In this analysis the only variables were 
the quadrupole coupling constant e2qQe, the 
chemical isomer shift 6, the linewidth r, a 
single value to scale the intensities, and the 
baseline; the ratio of the quadrupole 
moments was fixed to the value QJQ, = 
+2.94 (15) and the E2/Ml mixing ratio at 

TABLE III 

“Fe MBSSBAUER PARAMETERS FOR BaLaFeRu06 

Chemical isomer Quadrupole Magnetic flux 
Temperature, T shift, S” splitting, density, B Linewidth, r 

WI (mm set-‘) $e*qQ (mm set-‘) (T) (mm set-‘) x2Wh 

4.2 +0.50 * 0.01’ Od 
0.4;; 0.01 

49.6+0.2 0.57-1.09 192 (227) 
100.0*0.2 +0.51 io.01 0 0.50,0.47 249 (239) 

295zt5 +0.40*0.01 0.49*0.01 0 0.47,0.46 402 (239) 

a Relative to metallic iron. 
b d = Degrees of freedom. 
’ This spectrum was recorded with the source at 4.2 K, but the shift has been corrected to refer to a room 

temperature source. 
d E = (e2qQ/8)(1-3 cos28). 
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-1 0 I 

Veloc~ly /mm 5-l 

FIG. 4. 99Ru Mossbauer spectrum at 4.2 K for 
LaaCoRuO+ The computed value of the baseline is 
29.9x 106. 

the value S2 = 2.72 (12). From the analysis it 
was not possible to determine the sign of the 
quadrupole coupling constant e2qQ,, 
because equally good fits were obtained 
regardless of whether the sign was taken as 
positive (as in Fig. 4) or negative. The 
quadrupole splittings for the other 
compounds were smaller than that for the 
cobalt compound and have not been 
analyzed in detail. The appearance of 

quadrupole splitting in the Ru’” resonance is 
not unexpected despite the overall cubic 
symmetry of the unit cell and arises from the 
non-cubic local environment at the indivi- 
dual ruthenium sites. 

General Discussion 

The ordered perovskite structure 
M”M”‘BB’06 adopted by the compounds 
BaLaMRuOd is a face-centered cubic struc- 
ture with the space group Fm3m, in which 
the B and B' cations form a NaCl-type lattice 
with both cations in perfect octahedral 
coordination. Each oxygen is coordinated to 
1 B cation, 1 B' cation, and 4 A-site cations 
M” or Mm, whereas each A-site cation is 
coordinated to 12 oxygens. 

When B is a paramagnetic cation and B' is 
diamagnetic, the dominant magnetic inter- 
action is a superexchange involving the 
diamagnetic intermediary 0-B'-0, rather 
than a direct metal-metal interaction (16). 
For a given oxidation state the 180” B-O- 
B'-O-B interaction is an order of magnitude 
weaker than the B-O-B interaction found in 
normal perovskites, though the B-B dis- 
tances differ by only a factor of 2. It is, 

TABLE IV 

99Ru MGSSBAUER PARAMETERS AT 4.2 K FOR THE PEROVSKITES La*MRuOb 

Phase 

Chemical isomer Quadrupole 
shift, 6” splitting, e*qQ, 

(mm see-‘) (mm set-r) 
Linewidth, r 
(mm set-r) 

LazMgRuOd ’ 
LaxCoRu06 ’ 

LaaNiRu06 ’ 
LazZnRu06 ’ 

-0.24 0.58 0.25,0.29d 255(232) 
-0.287*0.002 +0.617*0.002 0.26*0.01f 204(242) 
-0.286*0.002 -0.617zkO.002 0.26*0.01' 203 (242) 
-0.30 0.44 0.56,0.44d 259(232) 
-0.32 0.54 0.26,0.48d 148(232) 

o Relative to ruthenium metal. 
b d = Degrees of freedom. 
‘Fitted with two Lorentzian lines only. Errors associated with the various parameters are ca. 

*0.02 mm seq-r. 
d Curve-fitted linewidths of the two Lorentzians. 
’ Fitted with the full six-line quadrupole pattern. 
’ Linewidth of each of the six components. 
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therefore, perhaps surprising that the 
compounds BaLaMRu06 (M = Mg or Zn) 
show long-range order, particularly as 
LaRu03 itself is paramagnetic at 4.2 K (14). 
The same comment applies to the related 
compounds Ca2LnRu06 (Ln = Y or La) 
which we have shown recently to be antifer- 
romagnetic, despite the fact that CaRu03 is 
paramagnetic down to 4.2 K (7). The crucial 
factor in both systems is undoubtedly the 
greater strength of the exchange interactions 
between Ru” ions compared with those in 
the cases of Rum and Ru’“. 

Perhaps equally notable is the observation 
that the Ntel points for the compounds 
BaLaMRu06 (M = Mg or Zn) are compar- 
able with those for the analogous compounds 
containing the paramagnetic Con and Ni” 
ions (Fig. 1). Intuitively, much stronger 
superexchange interactions might have been 
expected for the latter. Instead, there 
appears to be an approximately regular 
increase in TN with decreasing ionic radius of 
the divalent metal cation, and therefore with 
decreasing cell parameter (see Table I). The 
increase in the overlap integrals with 
decreasing distance is therefore an important 
factor influencing the relative strengths of 
the superexchange interactions in this series. 
However, the possibility that the observed 
correlation might arise from the fortuitous 
cancellation of several other effects cannot 
be ruied out. In this respect it is interesting to 
note that the opposite behavior is observed 
in a series of cubic, ordered perovskites of Ni, 
for which the Neel temperature has been 
found to increase with increasing radius of 
the B cation (17). In another study a cor- 
relation has been observed between the NCel 
temperature and the ionization potential of 
the diamagnetic B cation (16). Clearly the 
strength of the exchange interactions is 
controlled by the interplay of several factors 
and each system has to be considered indivi- 
dually. 

The observation of antiferromagnetism 
rather than ferromagnetism in the 

compounds BaLaMRu06 (M = Mg or Zn) is 
consistent with Goodenough’s predictions of 
a weak antiferromagnetic superexchange 
interaction between d3 ions. This follows 
because the signs of the B-0-B’-O-B and 
B-O-B superexchange interactions are 
predicted to be the same (18). By contrast, 
the behavior of the analogous Fe, Co, and Ni 
compounds is more difficult to rationalize. In 
these compounds the 180” superexchange 
interactions of the type Ru”-O-M” (M = 
Co or Ni) or Ru’“-O-Fe”’ should all be 
ferromagnetic according to Goodenough’s 
rules, but this does not appear to be the case 
at low temperatures, where the plots of l/x; 
vs T show distinct minima, indicative of 
antiferromagnetism. In view of the fact that 
the Ru-0-M-0-Ru antiferromagnetic 
superexchange leads to NCel temperatures of 
ca. 20 K in the Mg and Zn compounds, it is 
not unreasonable to expect this interaction to 
become important in the Fe, Co, and Ni 
compounds at these temperatures. However, 
it is not clear why it appears to dominate the 
(predicted) ferromagnetic Ru”-0-M” (M = 
Co or Ni) and Ru’“-O-Fe”’ interactions. It is 
perhaps significant that both BaLaCoRuOd 
and BaLaNiRu06 appear to give positive 
extrapolated 0 values, indicative of ferro- 
magnetic interactions, despite the clear 
minima in l/x vs T at low temperatures. 
These results are not well understood at 
present and further work is planned to 
resolve the problem (5). 

Turning finally to the compounds 
LaJ4RuOb, we note that none of these is 
magnetically ordered at 4.2 K. This is 
consistent with the weaker superexchange 
interactions associated with Ru’” compared 
with Ru”, coupled with the presence of La”’ 
as the only ions on the A-sites. The greater 
electron-pair acceptor strength (Lewis acid- 
ity) of Lam compared to Ban results in a 
more effective competition with ruthenium 
for the oxygen anion orbitals involved in the 
superexchange interaction, and precludes 
long-range magnetic order. 
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