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The crystal structures of the double perovskites Bal.aZnRuOg4, Bal.aNiRuQ,, and Sr,FeRuQ, have
been refined in space group I2/c using neutron powder diffraction data collected at room temperature.
Data collected at 5 K led to refinements in I2/c for Sr,FeRuQO4 and Bal.aZnRuQ, and in a triclinic
space group for BaLaNiRuOy. Bal.aZnRuOg shows A-type antiferromagnetism at 5 K whereas Sr,Fe-
RuOg and BaLaNiRuO, show no evidence of long-range magnetic ordering. Mossbauer and magnetic
susceptibility data indicating low temperature transitions (<50 K) in these latter two materials have
been interpreted in terms of spin-glass behavior, attributable to the long-range structural disorder of

the B-site cations in the perovskite structure.

Introduction

Low-temperature  antiferromagnetism
has been observed in many compounds
having the general formula A,BRu’*Oq
where A and B are diamagnetic cations (/-
4). The materials studied to date all adopt a
perovskite-related structure with an alter-
nate ordering of the cations B and Ru’* on
the octahedral sites. The magnetic Ru’*
ions (4d3:4A,,) thus form a face-centered
array in a cubic unit cell having g, ~ 8 A,
that is ~2a, where a, is the cell parameter
of the primitive perovskite unit cell. These
compounds frequently exhibit small distor-
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tions from cubic symmetry, but the octahe-
dral sites always form a highly symmetrical
array. A segment of a typical crystal struc-
ture with some distortion is shown in Fig. 1;
the size of the unit cell is ~5.5 X 5.5 x 8 A,
that is ~V2a, X V2a, X 2a,. The arrange-
ment of the magnetic ions in the corre-
sponding 8-A pseudo-cubic cell is shown in
Fig. 2; the arrows in this diagram represent
the alignment of the magnetic moments in
the antiferromagnetic phase of all the com-
pounds studied to date with the exception
of BaLaRuQ¢. This spin arrangement,
known as Type I antiferromagnetism, in-
volves a strong antiferromagnetic superex-
change interaction between nearest-neigh-
bor (NN) Ru’* ions and a negligible
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Fig. 1.
perovskite A,BRuQ;. A and B are diamagnetic cations
in 12- and 6-coordinate sites, respectively.

The crystal structure of an ordered

next-nearest-neighbor (NNN) interaction.
The Type Illa ordering adopted by Ba,la
RuQy is consistent with a strong NN inter-
action over a distance of ~V/2a,, but in this
case there is also a significant antiferromag-
netic NNN interaction over a distance of
~2ay, (1).

In this paper we describe the conse-
quences of introducing a second transition
metal species into the structure, such that
all the octahedral sites are occupied by
magnetic ions. Conventional wisdom has it
that under such circumstances the superex-
change between NN cations, now sepa-
rated by a distance of only a,, will be by far
the strongest magnetic interaction, and this
is consistent with the observation of G-type
antiferromagnetism (Fig. 3) below 750 K in
LaFeO; (5). However, the compounds cho-
sen for our study, BaL.aNiRuQg and Sr,Fe
RuQg, present additional complications in
that although 180° superexchange interac-
tions between pairs of like ions (i.e., Ni/Ni,
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FiG. 2. Type 1 spin arrangement in antiferromag-
netic A,BRuQOg. Only the Ru®* jons are marked; they
occupy half the octahedral sites of the perovskite
structure.

Fe/Fe, and Ru/Ru) are expected to be anti-
ferromagnetic, those between a Ni/Ru pair
are predicted to be ferromagnetic (6); in the
case of an Fe/Ru pair, the 180° o-superex-
change is predicted to be ferromagnetic
whereas the 180° mr-superexchange is pre-
dicted to be antiferromagnetic. Further-
more, we are dealing with the interaction of
electrons in 3d orbitals with those in 4d or-

01’90

FiG. 3. G-type spin arrangement in an antiferromag-
netic cubic perovskite with all the octahedral sites oc-
cupied by a magnetic cation. Only one octant of the
unit cell is shown.
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bitals, which have a more extensive wave
function containing an extra radial node. In
order to provide a reference point, we have
also studied Bal.aZnRuQg, which contains
a diamagnetic ion, Zn?*, having a size com-
parable to that of Ni’* and Fe3*, and the
Ru** compound La;NiRuQy. The structural
details of the latter have been published
elsewhere (7), whereas the crystal and mag-
netic structures of the former compound
are reported for the first time below.
Sr;FeRuOg, BaLLaNiRuOg, and Bal.aZn
RuOq have all been prepared previously (8,
9). On the basis of X-ray powder patterns,
Sr,FeRuQOg was reported to be a distorted
perovskite-like phase with no ordering of
the Fe3* and Ru’* ions on the octahedral
sites. The cation oxidation states were es-
tablished by Mossbauer spectroscopy; the
S7Fe spectrum was a quadrupole-split dou-
blet at room temperature and a six-line pat-
tern at 4.2 K (8 = 0.55 mm sec™!, B = 49.1
T), and the ®Ru spectrum showed an 18-
line hyperfine splitting at 4.2 K. The line-
widths in the “’Fe spectrum collected at 4.2
K were broad, consistent with a disordered
cation arrangement. Magnetic susceptibil-
ity data collected in the range 80 < T < 300
K indicated paramagnetism, aithough the
Weiss constant § was large and negative.
These results were taken as evidence that
SrFeRuO¢ orders antiferromagnetically
with 4.2 < Ty < 80 K. The ¥Ru Mossbauer
spectrum of BaLaNiRuOg also showed hy-
perfine splitting at 4.2 K and the magnetic
susceptibility was found to reach a maxi-
mum at ~25 K, although the Weiss con-
stant was positive. The low-temperature
phase was again assumed to be antiferro-
magnetic, although it was recognized that a
positive value of § was anomalous in such a
compound. X-ray powder diffraction pat-
terns of BalLaNiRuOg and Bal.aZnRuOgled
Fernandez et al. (9) to conclude that both
of these compounds are cubic, space group
Fm3m, with an ordered 1: 1 arrangement of
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cations on the octahedral sites. The **Ru
Mossbauer spectrum of Bal.aZnRuOg at 4.3
K was an 18-line hyperfine pattern, and the
magnetic susceptibility had a maximum
value at ~20 K. Significantly, and in con-
trast to BaLaNiRuOg, the Weiss constant
of BalLaZnRuOjg was found to be large and
negative. Again it was concluded that the
susceptibility maximum corresponds to a
transition between paramagnetic and anti-
ferromagnetic phases.

In this paper we describe the determina-
tion of the full crystal structures of the title
compounds by neutron powder diffraction,
our attempts to establish their magnetic
structures by low-temperature diffraction
experiments, and the Mdssbauer and sus-
ceptibility experiments that were prompted
by our initial results. Finally, we interpret
our data in terms of spin-glass behavior.

Experimental

Polycrystalline samples of the title com-
pounds were prepared by firing the appro-
priate quantities of BaCO;, La,0;, NiO,
RuQ,, SrCOs, and Fe,0; (all spectroscopic-
grade materials) in air at temperatures of
1300°C (Sr,FeRuQg) or i350°C (BaLaNi
RuO¢ and BalLaZnRuOQy) for several days,
slow cooling to less than 800°C, and then
quenching to room temperature. The mix-
tures were ground and remade into pellets
several times during the course of the reac-
tions, the progress of which was monitored
by X-ray powder diffraction. This tech-
nique indicated that the final, well-sintered
products were monophasic perovskites
with symmetries lower than cubic. Neutron
diffraction data were collected at room tem-
perature and 5 K for all three compounds
using the powder diffractometers Dla (Sr;
FeRuO¢ and Bal.aNiRuOg; A = 1.958 or
1.910 A) and D2b (BaLaZnRuOs, A = 1.594
A) at ILL Grenoble operating with a 26 step
size of 0.05°. The samples were contained
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in 12- or 16-mm-diameter vanadium cans.
The resulting data were all analyzed by the
profile analysis technique (/) using the fol-
lowing scattering lengths: bg, = 0.52, by, =
0.83, bs, = 0.69, bg, = 0.73, bz, = 0.57, b
= 0.95, bni = 1.03, and by = 0.58 x 10712
cm. The background levels were estimated
by interpolation between regions where
there were no Bragg peaks. Y’Fe Mossbauer
spectra of Sr.FeRuQg were recorded be-
tween room temperature and 4.2 K with a
7Co/Rh source matrix at room tempera-
ture; isomer shift values are relative to the
spectrum of metallic iron. Temperatures
below 80 K were obtained using liquid he-
lium in an Oxford Instruments CF500 con-
tinuous flow cryostat controlled by a DTC2
digital temperature controller. The main
spectrometer was an MS102 microproces-
sor from Cryophysics Ltd. The magnetic
susceptibilities of Sr,FeRuO4 and BalLaNi
RuQy¢ were recorded under both zero-field-
cooled (zfc) and field-cooled (fc) conditions
using an Aztec DSMS Faraday magne-
tometer which had been calibrated using
99.999% pure Gd,O;. Approximately 120
mg of sample were held in a plastic con-
tainer at the end of a quartz-tailed rigid
brass rod, which was suspended between
the poles of an electromagnet such that the
sample experienced a mutually perpendicu-
lar magnetic field and field gradient, both in
the plane perpendicular to the rod. An
SMC-TBT helium flow cryostat controlled
by a BT-300 temperature regulator was
used to vary the temperature between 5 and
300 K with a stability of 0.2 K. All measure-
ments were made in a field of 0.3 T, which
was also the field applied during cooling in
the case of the fc experiments.

Results

(i) BaLaZnRuOg

The room-temperature neutron diffrac-
tion data from BaLaZnRuQO¢ were analyzed
in space group I2/c, that is, with a mono-
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TABLE I

STRUCTURAL PARAMETERS FOR BalLaZnRuOg AT
RooM TEMPERATURE (SPACE GRouP [2/c)

Atom  Site x y z B (A?)
Ba/La 4e 0 0.499(1) 1/4 0.57(3)
Zn/Ru  4a 0 0 0 0.23(3)
01 4e 0 0.043(1) 1/4 1.49(4)
02 8f 0.260(1) 0.752(2) 0.0190(6) 1.49(4)

Note. Cell parameters: a = 5.6479(2), b = 5.6672(2),
c = 7.9859(2) A; B = 90.10(1)°.

clinic distortion of the perovskite structure
and with a disordered arrangement of Ru’*
and Zn?* ions on the octahedral B sites, in
contrast to the ordered cation arrangement
shown in Fig. 1. Ba?* and La’* ions were
assumed to be disordered over the A sites.
Refinements of the usual profile parameters
and the atomic parameters led to the agree-
ment factors Ry, = 10.4% and R, = 5.2%
when the highly asymmetric peaks with 26
< 40° were excluded from the analysis. The
refined values of the atomic parameters and
the most important bond lengths and bond
angles are listed in Tables I and 11, respec-
tively. The final observed, calculated, and
difference diffraction profiles are plotted in

TABLE 11

BOND LENGTHS (IN A) AND BOND
ANGLES (IN DEGREES) FOR
Bal.aZnRuO¢ AT RooM

TEMPERATURE
Zn/Ru-0O1 Zn/Ru-02
2.011(6) 2.01(1)
2.00(1)
Ba/La-O1 Ba/LLa-02
2.587(8) 2.78(1)
3.081(8) 2.98(1)
2.834(8) 2.88(1)
2.67(1)
01-Zn/Ru-02 90.5
01-Zn/Ru-02 90.7
02-Zn/Ru-02 90.5
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Fig. 4. The unit cell parameters refined to
the following values: a = 5.6479(2), b =
5.6672(2), ¢ = 7.9859Q2) A, B = 90.10(1)°.
Here, and throughout this paper, the figure
in brackets is the estimated standard devia-

F1G. 5. A-type spin arrangement in an antiferromag-
netic cubic perovskite with all the octahedral sites oc-
cupied by a magnetic cation.

tion in the last place. The data collected at 5
K contain additional Bragg peaks indicative
of long-range Type A antiferromagnetic or-
dering (Fig. 5). The nonmagnetic scattering
was analyzed in space group I2/c and the
final structural parameters are given in Ta-
ble ITI (Rypr = 10.2%, R, = 4.8%). The mag-
nitude of the ordered magnetic moment of
the Ru’* cations was then estimated by

TABLE III

STRUCTURAL PARAMETERS FOR Bal.aZnRuQOg AT 5 K
(SpacE Grour I2/c)

Atom Site x y z B (AY)
Ba/La 4e 0 0.501(1) 1/4 0.65(2)
Zn/Ru  4a 0 0 0 0.39(2)
Ol 4e 0 0.043209) 1/4 1.63(9)
02 8f 0.261(1) 0.759(2) 0.0222(4) 1.58(5)

Note. Cell parameters: a = 5.6364(2), b = 5.6621(2),
c = 7.9686(2) A; B8 = 90.077(7)°.
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Fi1G. 6. The observed (. . .), calculated (—), and difference diffraction profiles of Sr,FeRuO, at room

temperature. Reflection positions are marked.

comparing the intensity of the strongest
magnetic peak, (001), with that of several
intense nonmagnetic peaks, assuming a
value of unity for the form factor of Ru** at
sin 6/x ~ 0.06. We do not feel justified in
including the very weak magnetic peaks at
higher angles in a refinement because of un-
certainties in the form factor. The magnetic
moment calculated in this way was 1.5(1)
up per Ru’*, in reasonable agreement with

TABLE IV

STRUCTURAL PARAMETERS FOR Sr,FeRuQOq AT RooM
TEMPERATURE (SPACE GROUP 12/c)

Atom  Site x y z B (Ay)
Sr de 0 0.500(3) 1/4 0.53(4)
Fe/Ru 4da 0 0 0 0.48(4)
01 4e 0 0.011(5) 1/4 0.98(9)
02 8f  0.228(2) 0.728(2) 0.0055(8) 0.83(6)

Note. Cell parameters: @ = 5.5379(3), b = 5.5429(3),
c = 7.8772(1) A; 8 = 90.11(1)°.

the values found previously in magnetically
ordered oxides (I-4).

(ii) SryFeRuOq

The full diffraction data set collected on
Sr;FeRuQg at room temperature was ana-
lyzed in space group I2/c. The diffraction
profiles drawn in Fig. 6 derive from the
structural parameters of Table IV and cor-
respond to agreement factors Ry, = 9.4%
and R, = 3.8%. The corresponding bond
lengths and bond angles are listed in Table
V. The data collected at 5 K were analyzed
in a similar way, leading to the structural
parameters presented in Table VI with Ry,
= 10.8% and R; = 5.2%. There were no
peaks in the low-temperature data set that
could be attributed to magnetic scattering,
nor was there a marked enhancement of
any of the peaks which are common to both
data sets. The 5 K data were thus analyzed
in terms of nuclear scattering alone.
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TABLE V

BOND LENGTHS (IN A) AND BOND ANGLES (IN
DEGREES) FOR Sr;FeRuO¢ AT ROOM TEMPERATURE

Fe/Ru-01 Fe/Ru-02
1.97(3) 1.97(2)
1.97(2)
Sr-01 Sr-02
2.72(3) 2.63(2)
2.83(3) 2.69(2)
2.78(3) 2.93(2)
2.87(2)
O1-Fe/Ru-02 90.1 Fe/Ru-O1-Fe/Ru 176.6
O1-Fe/Ru-02 90.3 Fe/Ru—02-Fe/Ru  169.7

0O2-Fe/Ru-02 90.1

The inverse molar magnetic susceptibil-
ity of Sr,FeRuQyg is shown in Fig. 7, for
both the zfc and fc cases. The zfc curve has
a minimum at ~50 K. Above this tempera-
ture 1/x increases in a nonlinear manner,
the gradient of the graph decreasing with
increasing temperature. In the temperature
range 80 < T < 200 K, the molar Curie
constant is approximately 2.8; for 200 < T
< 300 K the value has increased to ~4.3.
The effective magnetic moment per cation
thus increases from ~3.4 to ~4.2 ug, but is
always below the average value (5 up) ex-
pected for a random, noninteracting ar-
rangement of Ru’* and Fe** ions. It is clear
from Fig. 7 that the Weiss constant, 6, for
Sr,FeRuQg is large and negative, indicative
of the presence of antiferromagnetic inter-

TABLE VI

STRUCTURAL PARAMETERS FOR Sr;FeRuQg AT 5 K
(Space Group I2/¢)

Atom  Site x y z B (A?)
Sr 4e 0 0.501(2) 1/4 0.62(4)
Fe/Ru 4a 0 0 0 0.68(4)
0l 4e 0 0.006(4) 1/4 0.94(7)
02 8f  0.219(1) 0.724(1) 0.0074(6) 0.84(5)

Note. Cell parameters: a = 5.5092(3), b = 5.5138(3),
¢ = 7.8752(1) A; B = 90.13(1)°.
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F1G. 7. The inverse molar magnetic susceptibility of
Sr,FeRuQq as a function of temperature (+, zfc; A, fc).

actions. The fc susceptibility overlays the
zfc curve above 50 K. However, below this
temperature xg > Xzfc-

The Mossbauer spectrum of Sr,FeRuOq
is plotted as a function of temperature in
Fig. 8. At 290 K the spectrum consists of a
simple gquadrupole doublet with a chemical
shift of § = 0.37 mm sec™!, and a quadru-
pole splitting of A = 0.60 mm sec™'. The
linewidth of T' = 0.53 mm sec™' is larger
than normal because of the variable effect
of the incipient cation disorder on the elec-
tric field gradient at any given iron site. Be-
low approximately 70 K this simple spec-
trum broadens out and is eventually
replaced by a six-line magnetic hyperfine
splitting. At 4.2 K, the hyperfine field has a
flux density of 49.0 T and an isomer shift of
0.51 mm sec™!. The pattern is symmetrical
as if there were no quadrupole interaction,
but the linewidth is large at 0.73 mm sec™!
and it may be assumed that the electric field
gradient tensor can take up a number of
different orientations with respect to the
spin axis. The Mossbauer parameters are
typical of Fe3* cations. As the temperature
increases the magnetic flux density begins
to decrease in the characteristic Brillouin
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Fi1G. 8. The Mdssbauer spectrum of SrFeRuQq as a
function of temperature between 290 and 4.2 K.

collapse of a magnetically ordered material,
but by 40 K there is a very marked increase
in the linewidth. As the temperature in-
creases further there is an inward collapse
of the hyperfine pattern suggestive of a re-
laxational motion of the spin axis. There is
no distinct ordering temperature as would
be found in a simple antiferromagnet, for
example, nor is the relaxation behavior
compatible with slow paramagnetic relaxa-
tion which does not show an initial Bril-
louin collapse.

(iiit) BaLaNiRuOg

As in the cases of BaLaZnRuO and
Sr;FeRuQg, the room-temperature crystal

BATTLE ET AL.

TABLE VII

STRUCTURAL PARAMETERS FOR BaLaNiRuQOg AT
RooM TEMPERATURE (SPACE Group I2/c)

Atom Site x y z B (A?)
Ba/La d4e 0 0.498(3) 1/4 0.45(4)
Ni/Ru 4a 0 0 0 0.33(4)
01 4e 0 —-0.013(4) 1/4 1.5(2)
02 8f 0.222(2)  0.726(2) 0.0090(7) 1.02(8)
Note. Cell parameters: a = 5.6093(3), b = 5.6154(3),

¢ = 7.95712) A; B = 90.16(1)°.

structure of this compound was refined in
space group I2/c with a disordered arrange-
ment of Ru and the first-row transition
metal on the octahedral sites. The refined
structural parameters are listed in Table
VII and bond lengths and bond angles are
given in Table VIII. The observed, calcu-
lated, and difference profiles are plotted in
Fig. 9, for agreement factors of Ry, =
9.3%, Ry = 4.6%. However, we were un-
able to obtain satisfactory refinements of
the crystal structure at 5 K in a monoclinic
space group and we therefore lowered the
symmetry to triclinic, while retaining an /-
centered cell for ease of comparison with
the other structures discussed in this paper.

TABLE VIII

BoND LENGTHS (IN A) AND BOND
ANGLES (IN DEGREES) FOR
Bal.aNiRuO¢ AT RooM

TEMPERATURE
Ni/Ru-01 Ni/Ru-02
1.99(2) 1.98(2)
2.01(2)
Ba/La-01 Ba/La-02
2.87(3) 2.63(2)
2.75(3) 2.72(2)
2.81(3) 3.00(2)
2.91(2)
0O1-Ni/Ru-02 93.6
O1-Ni/Ru-02 93.5
02-Ni/Ru-02 90.2
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TABLE IX

STRUCTURAL PARAMETERS FOR Bg_LaNiRuOG AT S K
(Space Group I1)
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TABLE X

BoND LENGTHS (IN A) AND BOND ANGLES
(1N DEGREES) FOR BaLaNiRuOg¢ AT 5 K

Atom x y z B (Az)
Ba/La 0.000(4) 0.501(1) 0.246(4) 0.43(6)
Ni/Ru(1) 0 0 0 0.49(4)
Ni/Ru(2) 0 0 12 0.49(4)
01 0.016(6) —0.015(7) 0.248(5) 1.07(5)
02 0.229(7) 0.726(6) 0.004(6) 1.07(5)
03 —0.213(6) 0.716(5) 0.492(2) 1.07(5)

Note. Cell parameters: a = 5.5964(2), b = 5.5879(2),
¢ = 7.9319(1) A; a = 89.803(7), B = 90.10(2), v =
90.09(1)°.

The final structural parameters are given in
Table IX; they correspond to the agreement
factors Ry, = 9.6%, R = 4.2%. The bond
distances in the triclinic structure are listed
in Table X. The inverse molar magnetic
susceptibility of BalLaNiRuQOg is plotted in
Fig. 10. These curves differ in a number of

Ni/Ru(1)-01 1.97(7) Ni/Ru(2)-0O1 2.00(7)
Ni/Ru(1)-02 2.00(7) Ni/Ru(2)-02 1.98(7)
Ni/Ru(1)-03 2.01(5) Ni/Ru(2)-03 1.98(5)
Ba/La-0O1 Ba/La-02 Ba/La-03

2.89(8) 2.63(8) 2.59(6)

2.71(8) 2.69(8) 2.68(6)

2.89(8) 2.97(8) 3.04(6)

2.71(8) 2.92(8) 2.94(6)

O1-Ni/Ru(1)-02 943 01-Ni/Ru(2)-02  94.7
O1-Ni/Ru(1)-03  91.3 O1-Ni/Ru(2)~03 924
O1-Ni/Ru(1)-03  93.0 02-Ni/Ru(2)-03  93.0

ways from those presented for Sr,FeRuOq
in Fig. 7. There is little difference between
the zfc and fc susceptibilities, both having a
maximum at ~20 K. The gradient of 1/x
versus T increases as the temperature is in-
creased toward 300 K and hence the effec-
tive magnetic moment per cation de-
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Fi1G. 9. The observed (. . .), calculated (—), and difference diffraction profiles of BaLaNiRuOq at

room temperature. Reflection positions are marked.
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FiG. 10. The inverse molar magnetic susceptibility
of BaLaNiRuOyg as a function of temperature (+, zfc,
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creases, in contrast to the behavior of
Sr,FeRuOq. The Curie constant for 150 < T
< 300 K is ~4.1 and hence the average ef-
fective moment per cation is ~4 ug, larger
than the value of ~3.4 ug expected on the
basis of the spin-only formula. The Weiss
constant, 6, deduced from the high temper-
ature data is small (~20 K) and positive, in
agreement with the results of Fernandez et
al. (9).

Discussion

The crystal structures described above
are all strongly pseudo-symmetric, particu-
larly Sr,FeRuOg, and the space group I2/c
was only accepted after refinements in
space groups of higher symmetry had pro-
duced poor agreement between the ob-
served and calculated diffraction profiles.
The pseudo-symmetry manifests itself in
relatively high standard deviations associ-
ated with the metal-oxygen bond distances
listed in the tables; a similar effeci was
found in Ba,l.aRuQq (1), a pseudo-cubic tri-
clinic compound. The presence of the sub-
tle distortions necessitated the omission of
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the grossly asymmetric, low-angle peaks
from the analysis of the data collected on
D2b for Bal.aZnRuOg, although we were
able to work with the full data sets coliected
on Dla for Sr,FeRuOg¢ and BaLaNiRuOy.
An important feature of all three com-
pounds is the lack of long-range order
among the transition metal species which
occupy the 6-coordinate sites. This is in ac-
cord with our previous work on L.a;NiRuQOg
(7), but contradicts the conclusions drawn
by Fernandez et al. (9) from a qualitative
inspection of X-ray powder diffraction pat-
terns. Support for a disordered arrange-
ment comes from the low-temperature
structure of BaLLaNiRuOg, which was re-
fined in space group I1, thus making cation
ordering possible. However, the oxide ions
refined to positions which create two octa-
hedral sites of essentially the same size,
consistent with a disordered cation distri-
bution. The M/Ru-O bond lengths in all
three of the title compounds (M = Fe, Ni,
or Zn) are intermediate between those ex-
pected for Ru**~0O and M-O bonds, again
consistent with a lack of long-range order.
The bonds in BaLaNiRuO4 are somewhat
shorter than those found in La;NiRuOg,
consistent with the Ru ions in the laiter
having an oxidation state of +4 rather than
+5 as in the former. The oxygen—oxygen
distances (not tabulated) in all three com-
pounds are typical of mixed-metal oxides,
the shortest contact at room temperature
being 2.72 A.

The magnetic behavior of these materials
is most unusual and merits careful atten-
tion. The perovskite Sr,Fe3™Mo3tOq (11) is
ferrimagnetically ordered below 450 K.
However, the B-site cations in this com-
pound are ordered, unlike those in our sam-
ples, and we shall show below how the
magnetic properties of these materials are
controlled by cation ordering. It is interest-
ing to note that the temperature factors of
atoms Ol and O2 in BalLaZnRuQg are un-
usually high, and the enhanced values per-
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sist down to 5 K. This indicates either that
there is a significant vacancy concentration
in the oxygen sublattice or that the oxide
ions undergo small displacements from
their ideal positions. Our attempts to refine
the occupation factors of O1 and O2 failed
to improve the agreement between the ob-
served and calculated profiles. The idea of
small anion displacements is attractive
when considered along with the magnetic
properties of BaLaZnRuOQOg. The Zn?* and
Ru’* cations are apparently disordered
over the octahedral sites of a perovskite
structure; in effect they form a pseudo-cu-
bic primitive arrangement with half of the
sites occupied by a magnetic cation. With
such a high concentration of magnetic spe-
cies, well above the percolation limit, it is
entirely reasonable for the compound to or-
der antiferromagnetically at low tempera-
tures; what is surprising is the nature of the
magnetic structure that is adopted. We
would expect the NN superexchange along
a pathway Ru—-O-Ru to be the strongest
magnetic interaction in such a system, and
that a G-type magnetic structure would be
adopted, as in the case of LaFeO; (5) cited
above. However, the adoption of an A-type
structure indicates that the Ru—Ru interac-
tion over a distance \/iap is dominant, that
is, the same interaction that dominates in
the A,BRuO, compounds having an ordered
arrangement of B and Ru’* ions. We there-
fore propose that, although the Zn?* and
Ru’* ions are disordered over the distances
sampled in a neutron diffraction experi-
ment, short-range order increases the num-
ber of Ru-O-Zn NN pathways and the
number of NNN Ru-—Ru interactions to
such an extent that Type A ordering is more
stable than Type G. This local cation order-
ing will produce corresponding anion dis-
placements, consistent with the enhanced
temperature factors discussed above.
There is thus no major unexplained conflict
between the neutron diffraction, Moss-
bauer, and susceptibility data on Ba
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LaZnRuOg; the compound orders antiferro-
magnetically at low temperatures in a way
which is consistent with the crystal struc-
ture if we invoke the presence of short-
range ordering of the B-site cations. It is
interesting to note that Sr;FeNbQg, another
compound with a disordered arrangement
of cations in the octahedral sites, does not
order antiferromagnetically but behaves as
a spin glass (12). It has been suggested that
short-range ordering is present in this com-
pound, and that it raises the effective per-
colation threshold for G-type magnetic or-
dering. Apparently the adoption of a Type
A structure is not open to Sr,FeNbOg, pos-
sibly because of the relatively small radial
extent of the 3d orbitals on Fe3* compared
to that of the 4d orbitals on Ru’*.

The case of Sr,FeRuOg¢ is more complex
than that of BalLaZnRuQg. The Mdssbauer
and the zfc susceptibility data suggest that
this compound may be antiferromagnetic at
S5 K. However, the behavior of the fc sus-
ceptibility, the non-Brillouin collapse of the
3’Fe Mossbauer spectrum at 50 K, and the
absence of magnetic scattering from the
low-temperature diffraction pattern all indi-
cate that this is an incorrect conclusion.
The hyperfine splitting in both the *Ru and
7Fe Méssbauer spectra at 4.2 K indicates
that the cation spins are static on a time-
scale of ~1077 sec, but the absence of mag-
netic Bragg peaks proves that there is no
long-range magnetic ordering. We therefore
conclude that we are dealing with a spin
glass, and this conclusion is supported by
the magnetic susceptibility data. The re-
duced effective magnetic moment at high
temperatures reflects the occurrence of
short-range antiferromagnetic clustering; as
the temperature is lowered the number and
size of the clusters increases until at the
glass transition temperature, Tg ~ 45 K, an
infinite cluster is formed and, on further
cooling, the fc and zfc susceptibilities di-
verge. This model is consistent with that
proposed previously for Sr,FeNbO, (12),
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and also with the theoretical work of Bar-
bara and Malozemoff (/3) and Cyrot (/4). It
is, however, unusual for an insulating
material having a nonfrustrated primitive
pseudo-cubic lattice, fully occupied by
magnetic cations, to behave in such a way.
Our explanation of the behavior relies on
the existence of a ferromagnetic superex-
change interaction between 4d3:Ru’* and
3d5:Fe’* ions. Indeed the occurrence of an-
tiferromagnetic ordering in BaLaZnRuQq
and spin-glass behavior in Sr;FeRuOjq indi-
cates that the interactions between the sec-
ond magnetic species and the Ru®* ions are
crucial for the formation of a glassy phase.
The magnetic interaction between pairs of
Fe’* ions will always be antiferromagnetic
in this structure, as will that between pairs
of Ru’™ ions. Given the high Néel tempera-
ture of LaFeQs, it is easy to visualize short-
range antiferromagnetic spin-ordering be-
tween neighboring Fe?* ions in Sr,FeRuQ,
at room temperature, and hence to explain
the reduced magnetic moment at high tem-
peratures. At lower temperatures, the ex-
tent of this short-range order will increase,
and a similar effect will begin to occur be-
tween neighboring Ru’* ions. However,
there will aiso be a ferromagnetic o-interac-
tion along all connections of the form Ru—
O-Fe. This interaction is strongest when
the superexchange pathway is linear, and in
Sr,FeRuQq4 the departure from linearity is
small (Ru-O-Fe = 170°). The growth of
antiferromagnetic clusters will be opposed
by this interaction, and below T an infinite
cluster is formed with all spins static in a
topologically nonfrustrated arrangement
which contains antiferromagnetic pairs of
like ions and ferromagnetic Ru/Fe pairs.
However, because the Ru’™ and Fe3* ions
are arranged randomly over the lattice
sites, there will be no long-range order of
the spins and consequently only weak, un-
observable magnetic peaks in the neutron
powder diffraction pattern. There are many
examples of spin-glass behavior in insulat-
ing materials having a topologically frus-

BATTLE ET AL.

trated lattice (/5) or competing NN and
NNN interactions (16) but, to our knowl-
edge, Sr;FeRuO4 and BaLaNiRuQg (to be
discussed below) are the first compounds
having a nondiluted, nonfrustrated mag-
netic sublattice which shows spin-glass be-
havior.

There are both similarities and differ-
ences between the magnetic behavior of
Sr,FeRuQyg and that of BaLLaNiRuQg. In the
latter case, Fernandez et al. (9) have ob-
served hyperfine splitting in the Ru Méss-
bauer spectrum at 4.2 K, but we do not see
any magnetic scattering in the neutron dif-
fraction pattern. These results suggest that
BaLaNiRuOg is also a spin glass, but the
magnetic susceptibility results necessitate a
more careful analysis. There is no signifi-
cant difference between the zfc and fc data
at temperatures below the susceptibility
maximum, but this may be a consequence
of the field used (0.3 T). A more important
difference between the data collected on
Bal.aNiRuOg and those from Sr,FeRuOQq is
that whereas the effective magnetic mo-
ment of the latter is always less than the
spin-only value, that of the former is en-
hanced between T and 300 K. This implies
that any short-range ordering is ferromag-
netic, consistent with a positive value of 9,
but the presence of a minimum in 1/x versus
T suggests that an antiferromagnetic order-
ing takes place at ~20 K. Similar behavior
has been observed in Fe, Mg,_,Cl, (I7) by
Bertrand et al. who proposed that ferro-
magnetic clusters develop at high tempera-
tures and that these clusters interact anti-
ferromagnetically at Ts. Their data, like
ours, extrapolate to a positive § value from
high temperatures and to a negative value
from the temperature range immediately
above Tg. We must therefore explain why
the short-range ordering which occurs at
high temperatures in BaLaNiRuOy is pre-
dominantly ferromagnetic. As in the case of
Sr,FeRuQg4, the superexchange between
pairs of like ions (Ni/Ni or Ru/Ru) will be
antiferromagnetic. However, 180° superex-
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change along a pathway NiZ*-O-Ru’* is
predicted (6) to be ferromagnetic for both
o- and m-orbitals, and it appears that this
interaction dominates the high-temperature
short-range ordering in our compound
where the bond angle is =168°. This is sur-
prising because Ni~O-Ni antiferromag-
netic superexchange is known to be very
strong, leading to a Néel temperature of 523
K in NiO (18). In order to rationalize our
observations, we suggest that in Bal.aNi
RuOg, as in BaLaZnRuOq, there is a local
1:1 ordering of the 6-coordinate cations,
and the number of Ni-O-Ru pathways is
thus increased above that expected in a
truly disordered structure. This hypothesis
is once again supported by the large tem-
perature factors of the oxide ions (see Table
VII), a feature which was absent in Sr,Fe
RuOg¢ where we did not invoke short-range
order to explain the magnetic properties. It
is entirely reasonable that ordering should
occur to a small extent between Ru’* and
NiZ* or Zn?*, but not between Ru’* and the
smaller, more highly charged Fe** ions.

In conclusion, we have presented experi-
mental evidence which suggests that Ba
LaNiRuOy and Sr,FeRuOg show spin-glass
behavior at low temperatures. These mate-
rials need to be investigated further using
ac susceptibility techniques and diffuse
elastic neutron scattering, the latter to
probe short-range ordering, both structural
and magnetic.
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