JOURNAL OF SOLID STATE CHEMISTRY 19, 155-160 (1976)

A Systematic Study of Magnetic Order in Divalent Europium

Perovskites

J. E. GREEDAN*, CHAI-LING CHIENY, anD RICHARD G. JOHNSTON}

*[nstitute for Materials Research and Department of Chemistry, McMaster
University, Hamilton, Ontario L8S 4M1, Canada; tDepartment of Physics, The
Johns Hopkins University, Baltimore, Maryland 21218; }Materials Research
Laboratory, The Pennsylvania State University, University Park, Pennsylvania 16802

Received April 5, 1976; in revised form May 27, 1976.

The magnetic properties of a series of cubic perovskite materials, Eu(Aly.sTae. 5)Os,
Eu(Mgo.s W, 5)0s, and Eu(Lu,, sTao.5)Os have been investigated using bulk magnetic and Mdoss-
bauer techniques. Eu(Aly.sTao.5)Os is a ferromagnet (7, ~ 5°K, 8. =+ 8°K), Eu(Lu,.5Ta,.5)O3
is an antiferromagnet (Ty = 4.0, 8. = —8°K), while Eu(Mg,_sW,.5)O; is probably antiferromagnetic
(Ty = 2.8°K, 6.=— 1°K). These data are compared with the known properties of EuLiH; and
EuTiO; and a sharp drop in 6. as a function of increasing lattice constant is noted. A molecular
field theory analysis of the data yields two possible sets of nn (J,) and nnn (J2) exchange constants

for each compound which are compared with existing theories.

Introduction

The magnetic properties of the cubic
perovskite EuTiO;, have been considered
anomalous since the original investigation by
McGuire et al. (1) disclosed that this material
was an antiferromagnet with a type G mag-
netic structure, Ty = 5.3°K, 6, =+ 3.8°K. A
molecular field theory analysis of the above
data yielded surprising values for the exchange
constants, J,;/k (nearest neighbors) =
—0.021°K and J,/k (next nearest neighbors) =
+0.040°K. The negative J, was unexpected in
that the nn Eu?* distance in EuTiO, (3.90 A)
lies between that for EuO (3.63 A) and EuS
(4.20 A), both ferromagnets for which J; is
relatively large and positive. As the next
nearest neighbor interaction is of the 180°
cation—anion~cation type the positive value of
J, is not in accord with the usual super-
exchange theory. The properties of EuTiO,
appear to be even more anomalous in com-
parison with EuLiH;, also a cubic perovskite
material, with an Eu?* nn distance of 3.79 A.
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This material is a ferromagnet with 7, =
37.6°K, 8. = +40°K, J,/k = +0.8 + 0.2°K, and
Jy/k =+ 0.05°K (2, 3).

The different magnetic properties of
EuTiO;, EuO, and FuLiH; have been
rationalized in part by Chien et al. (¢). They
assume that J, has the form suggested by
Goodenough (5) and Kasuya (6), J,
Jinab?/U?, where b is a transfer integral
between rn cations dependent on overlap, U
is the energy separation between 4f and 5d
levels of appropriate symmetry, and J..
is the intra-atomic Hund’s rule coupling
constant.

It is further assumed that & is roughly
comparable for EuO, EuLiH;, and EuTiO;,
which leads to the conclusion that wide differ-
ences in J; are due to wide differences in U. U
in turn is determined by the magnitude of the
crystal field splitting, 4, of the 5d levelsinto e,
and t,, sublevels, U varying inversely with A.
The point charge model, despite its obvious
limitations, has the virtue that quantitative
calculations are straightforward and these in-
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FIG. 1. Schematic relationships between 4, the crystal field splitting of the 5d levels, and U, the promotional
energy for the Goodenough-Kasuya (G-K) exchange interaction, for EuTiO; and EuLiH; assuming a tight-

binding band model.

dicate that 4 for EuO and EuLiH; is about an
order of magnitude greater than for EuTiO;
“).

The situation of EuLiH, vis & vis EuTiO,
also can be understood qualitatively by means
of a tight—binding band model, as illustrated
in Fxg 1. Here 4 is the difference between cr,z
and n band centers. As H™ lacks p- orb1tals
the e} band for EuLiH, will be relatively low-
lymg, resulting in a larger 4 and a smaller U
than for EuTiO,. In either model the relation-
ship between 4 and U is the same, but for the
tight-binding approach the width of each
5d subband is proportional to the appropriate
transfer integral, b, or b,,

Different authors have emphasized the
possible contribution of mechanisms other
than the Kasuya-Goodenough mechanism
to J;. For example, nn Eu?* ions also can be
connected via a 90° cation-anion—cation
(c~a~c) interaction in both the NaCl(EuO)
and perovskite (EuTiO;, EuLiH,) structures
(I). It has been pointed out that the number of
90° c—a—c linkages in EuTiO; is twice that for
EuO. If the 90° interaction is negative this
would contribute to a smaller J, in EuTiO,
than in EuO. Indeed, if the G—~K mechanism
is diminished by crystal field effects, the
negative interaction may be dominant. The
90° c—a—c interaction is expected to be absent
in EuLiH; as the relevant anion H™ has no
available p-orbitals.

In order to learn more about the puzzling
magnetic behavior of divalent europium

perovskites it would be advantageous to study
systems in which more precise control over
the exchange parameters b and U can be exer-
cised. Such an opportunity is perhaps afforded
by compounds of the type Eu(M,y M’y 5)Os,
cubic perovskite materials in which M and
M’ may exhibit various combinations of
valence the average of which is 4+. By care-
ful choice of M and M’, the Ev?** nn distance,
and thus b, can be varied without affecting
the gross crystal symmetry. Also, according
to point charge arguments, A4 will decrease
with increasing lattice constant and thus U
will increase. From the tight-binding band
viewpoint the main effect of an increasing
lattice constant will be to decrease b, and
thus also the e, bandwidth, which leads %o an
increasing U. Fmally, it is desirable that the
anion, in this case O?~, be common throughout
the series and that if possible the mean electro-
negativity of the M and M’ cations be roughly
constant and roughly equal to that of Ti in
order to facilitate comparison with EuTiO,.

The materials chosen for this study are
Eu(Aly sTag )O3, Eu(Mgo.sWo.5)0s, and
Eu(Lug sTa, 5)O;, all of which are cubic
perovskite materials covering a range of
lattice parameters which includes that of
EuTiO,.

Experimental

Preparation of materials. Eu(Al, sTa, 5)O;
and EuMg, sW,.5)0;3 were prepared as
described previously (7). Eu(Lug sTa, 5)O4
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was prepared by two different solid-state reac-
tions:

EuO + %Lu203 + iTazos

— Eu(Luo.5Ta,.5)O0;,
%Eu203 + %LUZ03 + jlo‘Tazos + ’lz—oTa

— Eu(Lu, sTa, 5)Os.

The reactants were mixed, pelletized, sealed
under argon into molybdenum crucibles, and
fired at 1700°C for 12 hr. Single-phase
materials were generally obtained without
regrinding and only single-phase materials
were used for X-ray and magnetic measure-
ments.

X-ray characterization. Precision lattice
parameters were determined as described
previously (7).

Magnetic measurements. Magnetic data
were obtained using a PAR vibrating sample
magnetometer in the temperature range from
1.2 to 300°K and in applied fields from 100 Oe
to 30 kOe. Calibration was carried out using
Hg[Co(SCN),] and a small sphere of high
purity Ni. Samples consisted of sintered disks
or spheres attached to the vibrating probe
with low-temperature varnish.

Maéssbauer measurements. Mossbauer spec-
tra were determined as described previously

(3).

Results and Discussion

As shown in Table I all of these materials
except Eu(Lu, sTa, 5)O; have the (NH,);FeFg
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modification of the perovskite structure in
which the M and M’ ions are ordered on the
sixfold site, leading to a doubling of the
primitive cubic cell. Table I also includes
values of A calculated on the point charge
model using methods described previously (4).
Note the nearly identical Eu** nn distance for
Eu(Al, sTa, s)O; and EuTiO; and that the
calculated A values behave in the expected
manner.

The low-temperature magnetic properties of
these phases are shown in Figs. 2, 3, and 4.
From the low field magnetization—temperature
curves, Fig. 2, Eu(Aly sTa, 5)O; appears to
be a ferromagnet with 7, somewhat above
42°K. T, for Eu(Aly sTay s)O; can be
estimated as about 5°K by extrapolation of
the Mossbauer hyperfine fields (proportional
to zero-field magnetization), assuming a
molecular field dependence, as shown in Fig. 4.
Eu(Lu, sTa, 5)O; appears to be an antiferro-
magnet with Ty =4.0°K. Eu(Mgy.sWy.5)Os
apparently orders antiferromagnetically at
2.8°K. This ordering temperature is con-
firmed by Mossbauer effect measurements,
Fig. 4. The magnetization curve for this ma-
terial is characteristic of an antiferromagnetin
a field which exceeds the spin-flop field. The
field dependence of the magnetization at 1.2°K
for each of the materials is shown in Fig. 3. The
curve for Eu(Al, sTa, 5)O; is typical for ferro-
magnets while the curve for Eu(Luy_ sTa, 5)O5
is typical for antiferromagnets with small
exchange fields showing effects which may

TABLE 1

STRUCTURAL DATA AND CALCULATED 4 VALUES FOR DIVALENT EUROPIUM PEROVSKITES

Eu?*-Eu?* nn

Compound Space group ao (A) distance (A) 4 (V)
FuLiH, Pm3m 3.797 3.797 1.00
Eu(Aly sTag 5)0; Fm3m 7.794 3.897 0.22
EuTiO; Pm3m 3.904 3.904 0.21
Eu(Mg, sWo.5)0, Fm3m 7.901 3.951 0.20
Eu(Lug sTag )05 Pm3m® 4.100 4.100 0.17

“ This material is also probably ordered, but the very small difference in atomic
number between Lu and Ta (4Z = 2) renders it unlikely that superlattice lines can be

observed by X rays.
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FiG. 2. Low-temperature susceptibility data for the

perovskites Eu(M, sM’.5)O; at an applied field of
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FiG. 4. '*'Eu hyperfine fields from the M&ssbauer

effect as a function of temperature.

be due to spin-flopping in the region up to 7
kOe. Eu(Mg, sW; 5)O; has an unusual but
not impossible field dependence for an anti-
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ferromagnet with low spin-flop and exchange
fields.

Susceptibility data, collected in the region
from 4.2 to 300°K, were analyzed using the
Curie-Weiss Law and these results together
with those from Figs. 2 and 3 are summarized
in Table II. Note that the values of C,, the
molar Curie constant, are very near the
theoretical value of 7.87 and that saturation
moments are very close to 7 ug suggesting very
little contamination by Eu3*. The signs of 6,
for Eu(Al, sTagy s)O; and Eu(Lu, sTag )05
are consistent with ferromagnetism in the
former and antiferromagnetism in the latter
while the small negative value for
Eu(Mg, sW,.5)O0; is further evidence for
antiferromagnetism in this material.

To begin an interpretation of these data it
is of interest to consider the variation of the
algebraic sum of J, and J,, i.e.,, the Weiss
constant, 0,=(2S(S + 1)/(3k))(6J, + 12J,),
throughout the series. In Fig. 5 we plot 8, vs
the primitive cubic lattice parameter, g, (this
is also the nn Eu?*-Eu?* distance) for all
known divalent europium perovskites which
have been well characterized.

The sharp drop in 6, in going from EuLiH;
to Eu(Aly sTa, 5)O; may be attributed to a
sharp decline in J,. It is misleading to attribute
this entirely to a decrease in b, the transfer
integral, because of the aforementioned change
in 4, and thus U, in going from EuLiH; to
Eu(Al, sTag.5)O; and the different properties
of the H- and O~ anions. It we focus attention
on the oxides, a less dramatic but nonetheless
marked decline in 8, is observed from a posi-
tive value in Eu(Al, sTa, s)O; which passes
through zero near Eu(Mg, sWy.5)0,
and attains a definitely negative value for
Eu(Lu, sTa, 5)0;. This trend is not subject
to a unique interpretation at present because
of a lack of information on J; and J, separ-
ately. The set of {/,, J,} consistent with these
data is not, however, infinite. Information on
the ordering temperatures together with the
molecular field theory can be used to drasti-
cally reduce the number of possibilities.

For the simple cubic magnetic lattice
appropriate to the perovskite structure Cofta
(8), Adamowicz (9), ter Haar and Lines (10)
have derived the following relationships,
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TABLE 11

SUMMARY OF MAGNETIC DATA FOR DIVALENT EUROPIUM PEROVSKITES Eu(M, M’y s)O4

Saturation moment at

Compound Cym 6. °K) T~ or T, (°K) 1.2°K in Bohr magnetons
Eu(Aly sTag.5)O; 7.95 +8 + 1 ~5, T, 6.85
Eu(Mg,.sWo.5)0s3 7.90 —1+1 28| o 6.70
Eu(Luo sTag.5)03 7.73 —8+1 40f " —

assuming only near neighbor, J,, and next
near neighbor, J,, interactions:

TC:0C=§§(§kL1—)(6Jl+ 127;) (1)
Tt = %5(%11_) (—6J,+120) ()

Ty, = §ﬂ§;—l) T, — 4J,) 3)
Ty =— %ﬂs—kf—l) QL +4J). @)

Relationship (1) is exact for . and also holds
approximately for the ferromagnetic ordering
temperature, 7,. In addition, three types of
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F1G. 5. The variation of 8. as a function of the primi-
tive cubic cell parameter a, for the series of weli-
characterized Eu?* perovskites.

antiferromagnetic order are predicted, type G
(Tx1), type A (Ty,), and type C (Tn3). The
nomenclature adopted here is that of (5). In
Fig. 5 we plot a phase diagram relating values
of 0./Ty to the J,/J, ratios permitted for each
type of ordering. Comparing our experi-
mental values for 6,/7, (Table III) with
Fig. 6, we see that type C ordering is unlikely
and can be eliminated from consideration.
Indeed to our knowledge, type C ordering
has never been observed for any real material.
Both type G and type A ordering
are possibilities for Eu(Mg, sWy 5)O; and
Eu(Lug sTa,.s)0;. Simultaneous solution of
Egs. (1) and (2) and (1) and (3) give two
distinct sets of exchange parameters for both
compounds, as shown in Table II1.

Lacking neutron diffraction data on the
type of AF ordering for these compounds
it is impossible to choose between the quite
different sets of parameters. Itis still of interest
to examine the dependence of J, and J, on
distance and A for each set and compare these
to existing theories.

For type G order J, is always negative
and becomes more so with an increase in
lattice constant. This is qualitatively consistent
with a model in which J, is determined by
competing positive and negative exchange
mechanisms with the negative interaction
dominant. Let us assume that the negative
interaction is relatively insensitive to lattice
constant at least within this narrow range. If
the positive contribution is the G-Kinteraction
it will decrease with increasing lattice constant
due to a decrease in b (decrease in overlap)
and an increase in U (decrease in A4). Thus,
the net J, will become more negative with
increasing distance. The situation with J, is
more puzzling as this parameter changes sign
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TABLE 1II

EXCHANGE PARAMETERS FOR DIVALENT EUROPIUM PEROVSKITES OBTAINED FROM THE MOLECULAR FIELD THEORY
ASSUMING TyPE G OR TYPE A ORDER

Type G Type A
Compound Ji/k (°K) Jo/k (°K) Ji/k (°K) Ja/k (°K) 6./Tx
Eu(Al,.sTao, 5)0s — — — —
EuTiO; —0.021 +0.040 — — +0.717
Eu(Mg,.sW,.5)05 —0.030 + 0.008 +0.007 + 0.009 +0.059 +0.008 —0.037 +0.003 —0.35+0.3
Eu(Lu, sTao,5)03 —0.095 + 0.016 —0.016 + 0.004 +0.032 +0.008 —0.079+0.003 -20 +0.3

from positive to negative with increasing
distance. Such behavior for J,, 180° c—a—c, is
anticipated by Kasuya (6), who predicts that
J, may also result from competition between
a positive interaction dominant at short
Eu-O distances and a negative interaction
dominant at longer Eu-O distances. For type
A order, J, remains positive but decreases with
increasing a, which is consistent with a
dominant G-K mechanism. J, becomes more
negative with increasing distance, which is the
same dependence as for the type G alternative.

It is clear that the set of parameters for type
G order is more consistent with the known
properties of EuTiO;. Given the remark-
ably similar distance for EuTiO; and
Eu(Al, sTa, s)O; it may, however, be difficuit
to reconcile the ferromagnetic order found in

G/TN Ko

+4¢

, J2
B E e Ay

\ TYPE C

Fi1G. 6. A molecular field theory phase diagram
relating 0/Ty . and J,/J; for the simple cubic magnetic
lattice. Adapted from (9).

the latter within a single theory for all of these
materials. In order that Eu(Al, sTa, 5)O; be
ferromagnetic, J; must be positive. By reason-
able extrapolation one predicts from the type
G parameter set that J,/J, is positive and
JiJJ, < 1, while from the type A set J,/J, is
probably negative and (J,/J;) > 1. Thus,
data on Jy/J, for Eu(Al, sTay 5)0O; would
provide very useful information and to-
gether with the magnetic structures of
Eu(Mgo sW5.5)0; and  Eu(Lug sTa, 5)Os
should permit this problem to be resolved.
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