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We have reexamined the magnetic behavior of BaPrO; in the temperature range 4.2 < T < 300 K. An
anomaly in the susceptibility at 11.6(1) K has been observed, and is attributed to the onset of long-
range ordering of the Pr** f~electrons. Above the critical temperature, the paramagnetism is composed
of a temperature-dependent term with an effective moment of 0.7(1) .5 and a temperature-independent
term of 6.9(2) X 107* emu/mole. Calculations based on a simple crystal field model explain the low

effective moment found experimentally.

Introduction

Considerable interest has centered on the
elucidation of systematics in the magnetic
behavior of 5fions in binary or ternary ox-
ides (I-9). The current attention is focused
on the interaction between f-electrons in a
variety of ternary oxides which share as a
common structural feature two- or three-
dimensional networks of corner-sharing
M-0g octahedra. Within this class, the pe-
rovskite (ABOs) structure is of particular
interest, since it is known to stabilize a
large number of ions in a variety of oxi-
dation states. Focusing on the case in
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which A is a divalent ion (A = Sr, Ba), this
structure can accommodate a variety of
tetravalent lanthanide and actinide ions
(10-17) at the B site. This B-ion sits at the
center of the slightly distorted octahedron
formed by the six near-neighbor oxygen
atoms. The octahedra are linked in a 3-d
corner-sharing network which can act as a
superexchange pathway, permitting inter-
actions between the B-ions through the
intervening oxygen atoms. These interac-
tions effect the magnetic behavior of the
metal ions, permitting long-range ordering
of the unpaired f~-moments.

Light tetravalent actinide ions which are
stabilized in the perovskite structure ap-
pear to order magnetically at relatively high
temperatures. For example, BaNpO; or-
ders at 48 K (2) and BaPuOs orders at 160 K
(18). There are two magnetic lanthanide
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TABLE I

THE LATTICE PARAMETERS OF BaPrQO; As DETER-
MINED BY NEUTRON DIFFRACTION (REF. (21)) AND
X-RAyY DIFFRACTION (REF. (/12) AND THiS WORK) OF
POWDER SAMPLES

BaPrO, Ref. 21) Ref. (12) This work
a (éx) 6.181(1) 6.181 6.170(2)
b (1}) 6.214(1) 6.210 6.214(3)
c (A) 8.772(1) 8.728 8.716(3)

ions which form in this structure, Pr** and
Tb**. BaTbO; orders at 37 K (/9) but
BaPrO; has been reported to show no evi-
dence of magnetic order down to 2 K (/9).
We found this lack of magnetic ordering in
BaPrO; surprising in light of the relatively
high ordering temperatures found for the
other tetravalent ions in this compound.
Therefore, we set out to reinvestigate the
magnetic behavior of BaPrOs in an attempt
to understand the apparently inconsistent
behavior of Pr** in this host.

Experimental Section

The samples were prepared by repeat-
edly grinding and firing to 1000°C mixtures
of dried BaCO; (p.a., Merck, West Ger-
many) and PreO;; (99.999% EGA-Chemie,
West Germany) in the correct stoichiomet-
ric metal ratios. BaPrO; was prepared and
stored in atmospheres with different oxida-
tive powers, the details of which are de-
scribed elsewhere (6). The samples were
characterized by CuKa X-ray diffraction
from a Scintag PADV diffractometer cali-
brated with NBS Si powder. The sample
used for the magnetic measurements is
BaPr0; 33, as determined by iodometric ti-
tration (20). In view of the error limits for
this analysis, these results seem entirely
consistent with the ideal perovskite stoichi-
ometry and therefore we use the formula
BaPrO; to describe our sample. Infrared
spectra of the compounds as KBr-pellets
were obtained with a Perkin—-Elmer M283
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device (4000 to 200 cm™') and as poly-
ethylene pellets with a Beckman FS-729
spectrometer (40 to 400 cm™!). Magnetic
susceptibility measurements from 300 to
4.2 K were performed on a Faraday bal-
ance (6).

Results and Discussion

Structure

All of the peaks observed by X-ray pow-
der diffraction for BaPrO; were indexed
using an orthorhombic cell and indicated a
single phase material within the accuracy of
the measurement (approx. 5%). The lattice
constants refined from these data are listed
in Table I and are consistent with the previ-
ous values obtained from neutron diffrac-
tion where BaPrO, was found to crystallize
as an orthorhombically distorted perovskite
@n.

The ideal perovskite ABOs, typified by
the cubic compound CaTiO; (I10), can be
viewed as a three-dimensional network of
Ti—-O corner-sharing octahedra, with the
B-ion sitting in a site of m3m (O,) symme-
try. The orthorhombic distortion observed
in the Pr compound involves a cooperative
buckling of these corner-sharing octahedra,
as shown in Fig. 1 and as typified by
GdFeO; (22). This buckling involves a re-
orientation of the B-O octahedra with re-
spect to each other, which results in a drop
of the crystal symmetry from cubic (Pm3m)
to orthorhombic (Pnma), and the local site
symmetry at the B cation drops from m3m
to 1. However, while there is a cooperative
buckling of octahedra with respect to each
other, there are only small changes in the
near-neighbor oxygen coordination about
the B site. In BaPrO; the Pr** ions have
an almost octahedral arrangement of near-
neighbor oxygens, with Pr-O distances of
222 and 223 pm. The Ba~-O distances range
from 258 to 363 pm (21).

Information about the effective site sym-
metry of the Pr** in BaPrO; can also be
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FiG. 1. Orthorhombic perovskite (GdFeQ;) struc-
ture. The Pr-O-Pr superexchange pathway can be
viewed as corner-linked Pr-Og octahedra.
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inferred from the infrared spectrum of this
material, which is shown in Fig. 2. Com-
parison of this figure with the spectra for
the cubic, tetragonal, orthorhombic, and
rhombohedral phases of BaTiO; (23)
suggests only small departures from octa-
hedral site symmetry in the present case.

Transmission
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The same conclusion follows from com-
parison with other work on perovskite ti-
tanates (24). The relationship between in-
frared frequencies observed here and those
reported for orthorhombic CaTiO;, cubic
SrTiO;, and tetragonal PbTiO; (24) sup-
ports our hypothesis of nearly octahedral
geometry for the site of the Pr ion in
BaPrO;.

Magnetic Susceptibility (x)

A Curie plot (x~' vs T) of the magnetic
susceptibility data, obtained on powdered
samples of BaPrQs, is shown in Fig. 3. The
anomaly in the data at 11.6(1) K is inter-
preted as evidence of long-range magnetic
ordering of the Pr** moments. This finding
is consistent with the ordering tempera-
tures in other compounds with f-ions on the
B-site of the perovskite lattice, It is also
similar to the ordering temperature in PrO;
(14 K) (25), another Pr** compound with
Pr-O-Pr pathways available for super-
exchange.

Previously, BaPrO; was studied by neu-
tron diffraction and magnetic susceptibility
(19) where there was no evidence found for
long-range order, and there was no anom-
aly in the inverse susceptibility data at
about 12 K. The difference between the
previous work and the results presented
here may be the result of slight differences
in oxygen stoichiometry. The presence of
small quantities of Pr’** may be expected
depending on the method of sample prepa-
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F1G. 2. The infrared spectra of BaPrO,; from (a) 400 to 40 cm™' and from (b) 4000 to 200 cm™~’.
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F1G. 3. A Curie plot, x' vs T, from a powdered
sample of BaPrO;, with a notable cusp at 11.6(1) K
which marks the onset of long-range order.

ration and storage (6). The incorporation of
Pr3* is accompanied by oxygen defects, re-
quired for charge balance, and may result in
sufficient defect concentration to destroy
any cooperative magnetic ordering (26).
We believe that the deviation from the
observed Curie Law behavior is primarily
the result of a temperature-independent
contribution to the paramagnetism (TIP),
since a plot of xT vs T (Fig. 4) is rectilinear
above 100 K. If a yip term is added to the
Curie Law, the slope of this xT curve
equals the TIP contribution, and the inter-
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F1G. 4. A plot of xT vs T for BaPrO; (solid circles).
The slope is equal to the temperature-independent
paramagnetism, and the intercept is proportional to
the effective moment. Also shown are the curves
calculated for E(I'y) — E(I';) = 2056 and 1550 cm™!.

181

cept is proportional to the effective mo-
ment. Since the Pr** moments order at
about 12 K, the addition of a Weiss con-
stant to the Curie Law is justified. How-
ever, the inclusion of a Weiss constant of
—12 K into our data analysis does not sig-
nificantly alter either the effective moment
or the TIP contribution obtained from these
data. Therefore, assuming no Weiss con-
stant, the effective moment for Pr*' in
BaPrO; determined from Fig. 4 is 0.7(1) g,
with a TIP contribution of 6.9(2) x 107*
emu/mole.

The observed effective moment, 0.7(1)
g, is much smaller than expected for an
fl-free ion in its J = § ground state, 2.54 ugp,
and there is a large TIP contribution to the
measured susceptibility. These results sug-
gest that the crystalline electric field (CEF)
has a significant effect on the magnetic
properties. In order to investigate the effect
of the CEF on the susceptibility of Pr** in
BaPrOs;, we have used an octahedral point
charge model to calculate the susceptibility
as a function of temperature. In our initial
attempts to model the data, we utilized the
Stevens formalism (27), a common method
of treating Ln*" magnetic data. This formal-
ism only considers the states arising from
the 2Fs; ground term, and ignores all contri-
butions arising from the excited 2F; state,
approximately 3000 cm™' above the ground
term, based on the free-ion spin—orbit split-
ting (28). In pure O, symmetry the *Fs;
ground multiplet splits into a I';-ground
state and a I'g-excited state. The I'»-ground
state is a Kramers doublet and cannot be
further split by the crystal field so the first
excited state is derived from this I's quartet.
On the basis of inelastic neutron scattering
experiments the first excited state has been
located at approximately 2000 cm™' above
the T"; (29). The T's-quartet can be split by
lower site symmetry, and its energy
strongly influenced by the magnitude of
both fourth degree and sixth degree CEF
components. This means that the calcu-
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lated TIP, which arises from a mixing of the
ground and excited state wavefunctions by
the magnetic field will be sensitive to the
model chosen for the CEF.

Within J = § states, the octahedral Ham-
iltonian using Stevens’ notation (27) takes
the form:

Hegr = Afr)BO4 + 509
+ Asroy(0§ — 2109), (1)

where the O;"’s are related to the spherical
harmonics (30), and (r")’s are the radial
integrals for the rare-earth electrons (3/). 8
and vy are the Stevens factors for the re-
duced matrix elements (J||®||J), ® = 2, 3.
v is identically zero, while 8 is nonzero for
f! systems in this formalism. Thus, only
one variable parameter, A4{r*) controls the
CEF. An estimate of this parameter (965
cm™!) is available from inelastic neutron
scattering data on BaPrO; (29), and was
used to calculate the eigenfunctions and
eigenvalues of Pr** in this compound. The
susceptibility can then be calculated using
the van Vieck formalism (8, 32). The curva-
ture to the experimental data is reproduced
by the calculation, but the magnitude of the
computed susceptibility is much larger than
found by experiment. The effective mo-
ment extracted from this calculation is 1.23
up and it is independent of the size of the
crystal field. Although this value is smaller
than the free ion effective moment (2.54
wp), It is still significantly larger than the
observed value, 0.7 wg. On the other hand
xTip is calculated to be 3.8 X 107* emu/
mole, about half the experimental value,
6.9(2) x 10~ emu/mole.

We have tried in two ways to bring the
calculated TIP value in this model closer to
the experimental value while retaining the
Stevens formalism. In the first approach an
axial term is added to the octahedral Hamil-
tonian. In order to reduce the number of
new parameters we have added only one
axial Ax(r?) term while preserving the cu-
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bic relation of the fourth-order terms and
keeping the magnitude of A% fixed at
the value obtained by neutron inelastic
scattering (29). This type of axial field
causes a decrease in the calculated TIP
term. However since the calculated TIP
contribution was already too small, an axial
distortion introduced in this manner does
not help to reproduce the experimental re-
sults. Furthermore, the infrared results sug-
gest that the site symmetry is well repre-
sented as cubic. In the second approach the
octahedral symmetry is retained but the
value of A«r*) is reduced to 725 cm™! in
order to reproduce the xrp experimental
value. However, in this case the calculated
effective moment remains unchanged and
there is no other experimental data suggest-
ing a crystal field value this low.

The Stevens formalism, commonly used
to treat data obtained from trivalent lantha-
nides, does not produce useful results for
this case of Pr**. The basic assumption of
the method, namely, that only states arising
from the 2Fs; ground term need to be con-
sidered in the calculation, is false in this
case. The effect of the crystal field is not
small with respect to that of the spin-orbit
coupling, and the CEF splitting of the 2Fs;
ground term (2000 cm™') is actually compa-
rable to the spin-orbit splitting of the free
ion 2Fs;, and %F, terms (3000 cm™'), so that
significant mixing of all these states occurs.

In order to better understand this prob-
lem, we have also done a full intermediate
coupling crystal-field calculation involving
all 14 states arising from f!. The Hamilto-
nian for this octahedrally symmetric case is
specified by three energies: a spin-orbit
coupling and the two crystal field energies.
There are several possible ways in which to
define these two crystal field energies. The
most appropriate choice depends on the de-
tails of the situation under investigation.
Often when the effect of the crystal field is
small and the emphasis is on its relationship
to the surrounding crystal structure, it is
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desirable to use one energy parameter each
for the fourth and the sixth order tensor
operators representing the electric field in
the crystal. These parameters are often
called A r*) and A«r®) as in (29). In a
case like the present one, however, it is
more convenient to focus on the energy of
separation between the f-electron states in
the absence of spin—orbit coupling, which
is analogous to 10 Dq in the transition metal
cases (33). Then, the two ligand field pa-
rameters may be written (34)

7R = ECty) — ECayz,)
and
70 = ECty) — ECt),

where E(’T") stands for the energy of the
f-electron states transforming as the I'(=
ay, hu, OF ty,) representation of 0. These
two sets of parameters are related as
follows:

Agr®y = 213Q + 2R)/32
Ag(r®) = 39(50 — 4R)/640
or
7R = 80(13A4(r*) — 84A4(r%))/429
7Q = 64(13A4(r"y + T0A(r®))/429.

The magnetic moment of the I'; states for
an f-electron in an octahedrally symmetric
field can be written as

Pest = ppg'S’
in terms of the Bohr magneton ug, an effec-

tive spectroscopic splitting factor g’ and the
Pauli spin matrices
i—ij
-k /

s’—1 k
2\j +ij

The value of g’ for the ground I'; state of
f! is completely determined by the ratio
of the crystal field energy R to the
spin—orbit coupling constant {;, where
Es_o = Cfl * S.
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Let

a =H1 — 14R/Y)
+ 7[1 — (AR/T){ + AR/

then (35)
g' = (6 — 8a)(a® + 3).
Using |uer] = 0.7(1) up we find
g = +0.7(1) x 2/[3]'"? = £0.808(0.115)

leading to three possible values for R/(|R| +
{r): —0.54, 0.205, or 0.50. The value of
0.205 seems most reasonable yielding 7R =
1562 cm™! when combined with ¢ = 865
cm™! from the atomic spectrum of Pr** in
the vapor phase (28). (It seems worth not-
ing that this electronic structure yields a
negative value for g’, a prediction that may
be investigated using polarized microwave
radiation as was done for NpF¢ by Hutchi-
son and Weinstock (36).) We reject the
other two possible values for 7R because
one is negative (the one corresponding to
—0.54) requiring the a,, state to be at higher
energy than the t,, states, which is appro-
priate in cubic but not octahedral coordi-
nation, and the other is approximately 6000
cm™!, much larger than the crystal field
splitting expected for a rare-earth ion like
Prt.

Combining the foregoing values for {yand
7R with the assigned value of 2057 + 81
cm™! for the transition energy from the
ground I'; states to the first excited I'y states
as seen in inelastic neutron scattering (29),
we obtain 7Q = 2881 = 100 cm™'. When
these values of {, 7R, and 7Q are used, the
energy levels shown in Table II are obtained
for the f' configuration. Putting these
energy levels and their corresponding mag-
netic matrix elements into the van Vleck
expression for paramagnetism (8, 32) yields
the calculated curve plotted in Fig. 4. In
this analysis, the effective moment, 0.69
1B, can be fitted to agree with the value
obtained experimentally. The temperature-
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TABLE 11

THE CALCULATED ENERGY LEVELS
OBTAINED FOR THE f! CONFIGURATION
oF Pr** IN BaPrO; For (1) = 865, 7R =
1562, aND 7Q = 2881 aND (2) { = 865,

7R = 1562, AnD 7Q = 1267 (aALL
NUMBERS ARE IN cm™})
Calculated
energies
Symmetry 1 )
I, 0 0
I's 2056 1551
I, 3202 3202
I's 5589 4480
I's 6776 5162

independent term is then calculated to be
5.34 x 107* emu/mole as compared to our
interpretation of the data to yield 7 x 107*
emu/mole. The agreement seems quite rea-
sonable in light of uncertainties associated
with the required Selwood diamagnetic cor-
rection (37) and the simplicity of the octa-
hedral crystal field model used here. It
should be noted that the experimental mag-
netic susceptibility above 100 K can be fit
very well in terms of an energy difference
ETs) — ET5) of 1550 cm™! rather than 2056
cm~! and the corresponding curve is plotted
in Fig. 4 as well. There is however no rea-
son to assign a state at this lower energy.
The much more likely explanation is that
the discrepancy in xqp is due to the uncer-
tainties of the diamagnetic correction (37)
and the limitations of the cubic crystal
model.

It is informative to contrast the two crys-
tal field calculations performed here. The
first calculation considers only states
arising from the ground 2Fs; term and ig-
nores the states arising from 2Fy;,. Con-
sidering only these states is a common
practice when dealing with trivalent rare-
earth ions. However, this assumption is not
valid for tetravalent praeseodymium in
BaPrO;; instead the CEF and spin—orbit
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parameters are comparable. Considering
the simplified model, and assuming octahe-
dral symmetry, the effective magnetic mo-
ment for the I'; level derived from 2Fsp, is
fixed at 1.24 ug, independent of the size of
the CEF. It is only by including states
arising from the excited %F-;, term that the
calculated magnetic moment can be al-
tered. A small amount of mixing can have a
large effect on the effective moment and the
TIP term. Consequently the crystal field pa-
rameter obtained by ignoring %Fy, states
(Alr*) = 725 cm™) is quite different from
those obtained with the inclusion of these
states (A(r*) = 1100 cm™"; Ag(r®) = 71
cm™'), with the latter adequately reproduc-
ing the experimental susceptibility above
100 K.

Conclusions

We have studied the magnetic properties
of BaPrO; in the temperature range 4.2 < T
< 300 K. We find an anomaly in the x ' vs T
curve at 11.6(1) K which is interpreted as
the onset of long-range order of the Pr**
moments. The curvature in the x™! vs T
data above 70 K is shown to be the result
of second-order, temperature-independent
paramagnetism. A comparison of crystal
field calculations using the Stevens formal-
ism with those of a full intermediate
coupling scheme clearly demonstrates that
only a full calculation, which deals with all
the states arising from the f! configuration,
is able to reproduce the experimental find-
ings. The inability of the simplified calcu-
lations to reproduce the experimental ef-
fective moment demonstrates that the
simplified calculations often used to deter-
mine the CEF in trivalent rare earths are
not satisfactory in this case. The good
agreement between the magnetic suscepti-
bility calculated using all the energy levels
and the experimental data available for Pr**
in BaPrO; is consistent with our ultimate
aim in performing these calculations, that
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is, to provide eigenfunctions and eigen-
values of Pr** which can be transferred to
other systems and other experiments.
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