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Tetravalent praseodymium perovskites BaPrQ;, BaCe,
Pr,_,0,, and Sr,Ba,_,PrO; were prepared, and their magnetic
susceptibilities were measured in the temperature range be-
tween 4.2 and 300 K. Magnetic ordering found in the BaPrO;
(the transition temperature is 11.6 K) is weakened with substi-
tution of Sr for Ba and much more weakened with substitution
of Ce for Pr. Above this transition temperature, the susceptibil-
ity decreases anomalously with increasing temperature. A mag-
netic hysteresis was found at 4.5 K for all the compounds stud-
ied here. The magnetic susceptibility above the transition
temperature is composed of a Curie-Weiss term associated
with a small effective magnetic moment of Pr** and a large
temperature-independent paramagnetism. The effective mag-
netic moment of the Pr** ion in Sr,Ba,-,PrO; increases with
strontium concentration (y). This result is in accordance with
the result obtained from the electron paramagnetic resonance
spectrum of Pr** doped in Sr,Ba;_,CeO;.
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INTRODUCTION

The most stable oxidation state of rare earth elements
is trivalent. In addition to this state, cerium, praseodymium,
and terbium have the tetravalent state (1). We are inter-
ested in the electronic state of tetravalent praseodymium
ions in solids.

Perovskite-type oxides, ABQO;, where A is a divalent ion
(e.g. Sr, Ba), accommodate tetravalent metal ions at the
B sites of the crystals. The B site ions sit at the center of the
octahedron formed by six oxygen ions. Since tetravalent
lanthanide and actinide ions can be incorporated into the
B sites, this lattice lype is useful for studying the magnetic
properties of these ions in octahedral symmetry.

Our attention is given to the barium praseodymium ox-
ide BaPrQs. In our previous study (2), we have reported
that this compound shows an antiferromagnetic transition
at 11.5 K. A very sharp drop in the susceptibility is ob-
served when the lemperature is increased through this
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transition temperature. This magnetic ordering corres-
ponds to the A-type anomaly found in the heat capacity vs
temperature curve (3). Above the transition temperature,
the susceptibility {ollows the modified Curie—Weiss law.
The effective magnetic moment of Pr** in BaPrO; is 0.68
pg. This result means that although the paramagnetic
property of this compound is attributable to an unpaired
4f electron, the effect of the crystal field on the Pr** ion
is great. This small effective magnetic moment can be ex-
plained by the octahedral crystal field model using the
g value of the electron paramagnelic resonance (EPR)
spectrum of Pr** doped in diamagnetic BaCeQ; (which is
isomorphous with BaPrQO;) (4).

To clarify the nature of magnetic interactions between
praseodymium ions, we have prepared BaCe,Pr,_,O;
(0 < y = 0.30) solid solutions in which some diamagnetic
Ce** ions are substituted for paramagnetic Pr** ions and
Sr,Ba;_,PrO; (0 < y = 0.50) solid solutions in which Sr**
jons are substituted for Ba?' ions, and measured both the
temperature dependence of the magnetic susceptibilities
between 4.2 K and room temperature and the field depen-
dence of the magnetization at 4.5 and 20 K. To discuss
the low effective magnetic moment of Pr** found in the
Sr,Ba,_,PrO; solid solutions and its variation with the y
value, the EPR spectra of Pr** ions doped in Sr,Ba;_,CeQ;
were measured.

EXPERIMENTAL

1. Sample Preparation

BaPrO; BaCOj; and PryO were used as the starting
materials. Pr,O,; was reduced to stoichiometric Pr,Os by
heating under a flow of hydrogen gas at 1000°C for 8 hr.
BaPrO; was prepared by intimately grinding BaCO; and
Pr;0; in the correct stoichiometric metal ratio, pressing
the mixture into a pellet, and then heating it under a flowing
oxygen atmosphere at 1200°C in an SiC resistance furnace
for a day. After cooling to room temperature, the sample
was crushed into powder, reground, repressed into a pellet,
and heated under the same conditions to make the reaction
complete. Since BaPrO; loses a few oxygens at high tem-
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peratures and is reoxidized to the stoichiometric composi-
tion during cooling (5), the sample was kept at 1000°C for
48 hr and cooled to room temperature in the furnace.

BaCe Pr,_yOs, Sr,Ba,_,PrO;. Starting materials are
BaCOs, Prg0y;, and CeQ, for the preparation of BaCe,
Pr,_,O; solid solutions, and BaCQj;, SrCQ;, and PrsO;;
for Sr,Ba,_ PrO; solid solutions. Before use, CeQ, was
heated in air at 850°C to remove any moisture and oxidized
to the stoichiometric composition. These materials were
weighed in the correct metal ratios (y = 0.05, 0.10, 0.15,
0.20, 0.25, and 0.30 for BaCe,Pr,_,05; y = 0.05,0.10, 0.15,
0.20, 0.30, 0.40, and 0.50 for Sr,Ba;_,PrO;), mixed well,
and then pressed into pellets. The heating procedures were
the same as in the case of BaPrO; except for the heating
temperature, which was raised to 1300°C to make the for-
mation of solid solution complete.

Sr,Bay ,Pryg;Cengs05. The samples for the measure-
ments of EPR spectra of Pr*~ ions doped in diamagnetic
Sr,Ba; ,CeOs; were prepared in the same manner as the
preparation of Sr,Ba;_,PrO; solid solutions. BaCOs;,
S$rCO;, P10y, and CeQ; were weighed in the correct
metal ratios (y = 0, 0.10, 0,30, and 0.50), mixed well,
pressed into pellets, and then heated. After the mixtures
were cooled, the grinding, mixing, and heating procedures
were repeated to obtain homogeneous samples.

2. Analysis

An X-ray diffraction analysis was performed with CuKa
radiation on a Phillips PW 1390 diffractometer equipped
with a curved graphite monochromator. The lattice param-
eters of the samples were determined by a least-squares
method. The oxygen concentrations of the samples were
checked by the weight change after heating. The results
of the oxygen analysis indicate that in view of the error
limits for this analysis, the samples prepared in this study
are considered to have entirely ideal perovskite stoichiom-
etry and therefore we use the formula ABQO; to describe
our samples.

3. Magnetic Susceptibility Measurements

The temperature dependence of the magnetic suscepti-
bilities was measured both with a Faraday-type torsion
balance and with a commercial SQUID magnetometer
(Quantum Design, MPMS model).

The temperature range of the magnetic susceptibility
measurements with the magnetic balance was between
4.2 K and room temperature. The apparatus was calibrated
with CoHg(SCN), as a standard (6). The temperature of
the sample was measured by a “normal” Ag vs Au-0.07
at.% Fe thermocouple (4.2 ~ 40K) (7) and an Au-Co vs
Cu thermocouple (10 K ~ room temperature). The mag-
netization was measured in each of the field strengths 2800,
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FIG. 1. Crystal structure of BaPrO;.

4700, 6900, 9000, and 10,600 G. Details of the experimental
procedure have been described elsewhere (8).

The magnetic susceptibility measurements with the
SQUID magnetometer were carried out at 1000 G in the
temperature range between 4.5 and 300 K. The field depen-
dence of the magnetization for the samples was measured
at 4.5 and 20 K by changing the magnetic field strength
from 0 to 50,000 G, from 50,000 to 0 G, from 0 to —50,000
G, from —50,000 to 0 G, and then from 0 to 50,000 G.

4. Electron FParamagnetic Resonance Measurements

The EPR measurements were carried out with a JEOL
RE-2X spectrometer operating at X-band frequency (9.1
GHz) with 100-kHz field modulation. Measurements were
made both at room temperature and at 4.2 K. The magnetic
field was swept from 100 to 13,000 G. Before the specimen
was measured, a blank was recorded to eliminate the possi-
bility of interference by the background resonance of the
cavity and/or sample tube. The magnetic field was moni-
tored with a proton NMR gaussmeter, and the microwave
frequency was measured with a frequency counter.

RESULTS AND DISCUSSION
BaPrO;

The BaPrO; crystallizes orthorhombically. Figure 1
shows its crystal structure. The lattice parameters for the
BaPrO; prepared in this study are a = 6.188, b = 6.205,
and ¢ = 8.738 A. As shown in Fig. 1, in the true crystallo-
graphic cell, there are four distorted perovskite pseudo-
cells. They are monoclinic and their cell parameters are
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FIG. 2. Temperature dependence of magnetic susceptibility for Ba
PrO; measured by SQUID.
0 1 | | 1
calculated to be a' = ¢’ = 4.382, b’ = 4.369 A, and B = 5 10 15 0
90.16°. This result (a" = b’ = ¢’ and B = 90°) means that

the orthorhombic distortion from cubic perovskite is quite
small and the Pr** ion is nearly octahedrally coordinated
by six oxygen ions, although there is a cooperative buckling
of octahedra (see Fig. 1). Figure 2 shows the temperature
dependence of the magnetic susceptibility for BaPrO; mea-
sured in a magnetic field of 1000 G by the SQUID. A very
sharp decline in the susceptibility is observed when the

temperature is increased through the transition tempera-

ture (11.6 K). This result is in accordance with the magnetic
susceptibility data previously measured by the magnetic
torsion balance (2).

Figure 3 shows the magnetic hysteresis curve (magneti-
zation vs applied field curve) for BaPrO; at 4.5 K measured
by the SQUID. A weak hysteresis has been found, i.e., the
magnetic susceptibility of BaPrO, depends on the applied
field at this temperature. The small ferromagnetic moment

FIG. 4. Magnetic susceptibilities for BaCe,Pr,_,Os solid solutions
(y = 0.10, 0.20, and 0.30) at low temperatures measured by SQUID.

may derive from a minor departure from chemical stoichi-
ometry. At 20 K, which is higher than the magnetic transi-

tion temperature, no hysteresis has been found and the
behavior of BaPrO, is paramagnetic.

BaCeyPr,_,0;

From the X-ray powder diffraction analysis, the ortho-
rhombic solid solutions of BaPrO; and BaCe O were found
to be formed in a single phase. Figure 4 shows the tempera-
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FIG. 3. Magnetic hysteresis curve for BaPrO; at 4.5 K.
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ture dependence of the magnetic susceptibilitics for BaCe,
Pr;,05 (y = 0.10, 0.20, and 0.30) in a magnetic field of
1000 G measured by the SQUID. As expected, magnetic
interactions between praseodymium ions are weakened
with the substitution of cerium for praseodymium. Figure
5 shows the variation of the transition temperatures for
BaCe,Pr;-,03 with cerium concentration, y, The transition
temperature decreases greatly with the substitution of ce-
rium for praseodymium, because this substitution de-
creases the concentration of praseodymium ions, i.e., the
magnetic dilution increases with y.
Below the transition temperatures, the magnetic suscep-
tibilities of these solid solutions also depend on the applied
magnetic field. Figure 6 shows the magnetic hysteresis

curve for BaCeg,5Pro7s05 at 4.5 K, which is very similar
to that for BaPrO;.
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FIG. 5. Variation of magnetic transition temperature with y value
for BaCe,Pr,_,O5 solid solutions and Sr,Ba;. ,PrOs; solid solutions.

SryBal_yPr03

The X-ray powder diffraction analysis shows that the
orthorhombic solid solutions of BaPrO; and SrPrQO; were
formed in a single phase at least in the experimental Sr/
(Ba + 8r) ratios (y = 0 ~ 0.50).

Figure 7 shows the variation of the lattice parameters,
a, b, and c, for Sr,Ba;_,PrO; solid solutions as a function
of strontium concentration (y). With increasing strontium
concentration, all the lattice parameters decrease, due to
the substitution of smaller Sr** jons for Ba?' ions. Since
the difference in ionic radius between Sr** and Ba?* is
not very large (9), this substitution of Sr?* for Ba®' in
Sr,Ba,_,PrO; results in only minor shrinkage of the lattice.
For example, the decrease in the lattice parameter of
Sros0BagsgPrQ; i1s only =~1% compared with that of Ba
PrO;. As shown already, the orthorhombic distortion from
ideal cubic perovskite structure is quite small for BaPrOs;.
This situation is valid for the Sr,Ba;_,PrO; solid solutions
studied here. These facts indicate that the change in the
crystal field is negligible among these Sr,Ba,_,PrO; solid
solutions and the Pr** ion is nearly octahedrally coordi-
nated by six oxygen ions.

Figure 8 shows the temperature dependence of the mag-
netic susceptibilities for Sr,Ba, ,PrO;. This figure indicates
that the temperature dependence of the susceptibilities is
quite similar to that found for BaPrO;. A very sharp de-
cline in the susceptibility is still observed when the temper-
ature is increased through the transition temperature even
for the SrgsoBag soPrO; solid solution. The variation of the
transition temperature for Sr,Ba;_,PrO; solid solutions
with strontium concentration (y) is shown in Fig. 5. The
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FIG. 6. Magnetic hysteresis curve for BaCeysP1y750; at 4.5 K.

transition temperatures of Sr,Ba;,PrO; solid solutions de-
crease with increasing y value, but the rate of this decrease
is much slower than that found for BaCe,Pr;_,O; sotid
solutions. This is due to the fact that the substitution of
Sr for Ba in BaPrO, does not decrease the Pr** concentra-
tion in the lattice; SrPrQ, is paramagnetic.

The hysteresis of the magnetization has been also found
in these Sr,Ba;_,PrO; solid solutions. Figure 9 shows the
magnetic hysteresis curve (magnetization vs applied mag-
netic field curve) for SryzeBapsPrOs at 4.5 K. From the
comparison with Fig. 3, this figure indicates that the field
dependence of the magnetization for Sr,Ba;_,PrO; is
somewhat different from that for BaPrQO; at low applied
field.

Effective Magnetic Moment of Pr** in Sr,Ba;_,PrO;

Above the transition temperatures, the magnetic suscep-
tibilities of these Sr,Ba;_,PrO; solid solutions follow the
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FIG. 7. Variation of lattice parameters for Sr,Ba;_,PrO; solid solu-
tions with y value.
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TABLE 1
Magnetic Data for Sr,Ba,_,PrO,

Solid solutions meir {pn) xrip (emu/mole)
Sro1Bag P10, 0.812 620 x 10°°
S1y,BagsP1O; 0.834 630 X 10°°
Sry:Bay ,Pr0O; 0.833 650 X 107°
St; Bag PrO; 0.835 650 X 107
SrgsBag sPrO; 0.879 730 X 107°
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FIG. 8. Magnetic susceptibilities for Sr,Ba; ,PrO; solid solutions
{y = 0.10, 0.20, 0.30, 0.40, and 0.50) at low temperatures measured by
SQUID.

modified Curie-Weiss law. From the extrapolation of the
measured magnetic susceptibility (xewp) to 1/7 — 0, the
temperature-independent paramagnetism (yrp) was ob-
tained. The resulting temperature-dependent susceptibility
(X(T) = Xexp — xtip) followed the Curie—Weiss law. The
effective magnetic moments of praseodymium can be cal-
culated from this temperature-dependent part of the sus-
ceptibility; they are listed in Table §. The effective magnetic
moments obtained are much smaller than that expected
for a free fion (2.54 ug), which indicates that the crystal
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FIG. 9. Magnetic hysteresis curve for Srg0BaosPrQ; at 4.5 K.

field with octahedral symmetry has a significant effect on
the magnetic properties of Pr**. A comparable small mag-
netic mement has been reported for the actinide ion with
[Rn]5f! configuration ([Rn]: Rn core) in the same octahe-
dral crystal field (10, 11).

The effective magnetic moment of Pr** in the Sr,Ba;_,
PrO; increases with strontium concentration { y). The sub-
stitution of Sr for Ba in Sr,Ba;_,PrO; changes neither the
Pr** concentration in the solid solutions nor the crystal
field around the Pr*" ion. This increase in the effective
moment of Pr** is due to the fact that the effective magnetic
moment for STPrQO; (perr = 1.58 us) (12) is larger than
that for BaPrO; (perr = 0.68 up) (2}, and is in accordance
with the behavior found in the g value of the EPR spectrum
for the Pr** ion doped in Sr,Ba,_,CeO; (which is isomor-
phous with Sr,Ba, ,PrOs3), as will be described later.

The values of the temperature-independent paramagne-
tism (yrrp) obtained are in the range between 6.2 X 1074
and 7.3 X 10~ emu/mole, i.€., they are nearly constant for
the Sr,Ba; ,PrOs; solid solutions. We have already shown
that the large temperature-independent paramagnetism
(xtre = 6.8 X 107* emu/mole) found for BaPrO; can be
explained by the magnetic susceptibility calculation based
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FIG.10. EPR spectrum of Pr** ion doped in Sry;oBag epCeOsat 4.2 K.
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TABLE 2
Experimental and Calculated Line Positions® for
Sry;Bag,yPr0O;,
Experimental Calculated
Difference
Allowed  Forbidden Allowed  Forbidden exp — cale
12,814 12,793 21
11,366 11,374 -8
10,204 10,205 -1
8,989 8,986 3
7,971 7,984 —13
7,604 6,999 5
6,184 6,199 -15
5,450 5452 -2
4853 4,850 3
4,307 —
3,903 3,869 34

¢ All values are given in G.

on the octahedral crystal field model (4). Since the change
in the crystal field around the Pr** ion by substitution of
Sr for Ba in Sr,Ba;_,PrO; is negligible, the temperature-
independent paramagnetism will not change in these solid
solutions; i.€., a small energy gap between the ground and
excited crystal field energy levels (~2000 cm™') (13) pro-
duces large temperature-independent paramagnetism
(xrip ~ 6 X 10~ emu/mole) (4).

Electron Paramagnetic Resonance of Pr*' Doped in
SryBa,_,CeO,

For the praseodymium ion in the tetravalent state, an
EPR spectrum should be observed because the Pr** ion is
a Kramers ion ([Xe]4f" configuration). Our previous study
(4) shows that the EPR spectra of Pr** can be observed by
diluting it in a diamagnetic BaCeQOj; (which is isomorphous
with BaPrO; (14)). So, in this study, we have prepared the
samples for the EPR measurements in which Pr** ion is
doped in the Sr,Ba;_,CeOs.

At room temperature, no EPR spectra were measured.
At 42K, the EPR spectra could be measured. The obser-
vation of the EPR spectra means that the praseodymium
ion is not in the trivalent state, but in the tetravalent state
(15). With increasing strontium concentration, the spectra
became broader.

For the EPR spectrum of Pr** doped in BaCeO;, a very
large hyperfine interaction with the "“'Pr nucleus (nuclear
spin I = 5/2) was observed. In addition to the allowed
hyperfine transitions, forbidden hyperfine transitions were
observed. The number of observed transitions is, therefore,
11. The experimental results and analysis for the EPR
spectrum of this Pr*~ ion in BaCeO; have been reported
previously (4).
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Figure 10 shows the EPR spectrum for Pr** ion doped
in Sro1BagyCeO;. Forbidden hyperfine transitions have
still been found. For the case of Pr** ion in Sr,Ba; ,CeO;,
with y = (.3, forbidden transitions are no longer found.
This is probably due to the broadness of the EPR spectra.

The isotope '“'Pr (natural abundance: 100%) has a nu-
clear spin of I = 5/2 and a nuclear magnetic moment of
+4.3 nuclear magnetons. The spin Hamiltonian for the
EPR spectrum of Pr** in Sr Ba,_,CeQ; is

H=gBH-8 + AI-§’ - gi8H 1, [1]

where g is the g value for the Pr** ion with an effective
spin §* = 1/2, A is the hyperfine coupling constant, gy is
the effective nuclear g value (in units of ug), 8 is the Bohr
magneton, and H is the applied magnetic field. Usually the
electronic Zeeman term is much larger than the hyperfine
term, which would result in a six-line spectrum for an
1sotropic resonance with 7 = 5/2. In this case, the hyperfine
interaction with the "“'Pr nucleus is so large that the above
Hamiltonian must be solved exactly. The solution is well
known (Breit—Rabi equation) and has been given by Ram-
sey (16) and others (17).

The resulting of fitting the observed EPR spectra of
Pr**/Sry,Bay yCeO; to the parameters of the spin Hamilto-
nian are shown in Table 2, with the best-fit parameters
lgl = 0.740, A = 0.0610 cm™! with gy set equal to 0.0. The
sign of the g value should be negative, from the comparison
with other f' systems in octahedral symmetry, such as
NpF¢/UF; (18) and Pa*'/Cs,ZrCls (17), where the sign of
the g value has been measurcd. The parameters of |g| and
A for the Pr** ions in Sr,Ba;_,CeO5 (y = 0, 0.1, 0.3, and
0.5) are given in Table 3. The hyperfine coupling constants
A are constant irrespective of the y value. On the other
hand, the |g| value increases with the y value. This trend
for the g value against the y value is in accordance with
the increase of the effective magnetic moment of Pr** ion
in Sr,Ba,_,PrO; with the y value.

The effective magnetic moment is calculated from the
g value by the relation u. = gV.S(S + 1) (S is the spin
quantum number). For example, the g value for the Pr**

TABLE 3
Hyperfine Coupling Constant and g Value
for Pr** in Sr,Ba,_,CeO;

Host solid solutions A (em™) fel
BaCeO; 0.0609 0.741
Sty BageCeO;s 0.0610 0.740
SrpsBag ,CeO; 0.0608 0.746
SrgsBag sCeO; 0.0609 0.752




MAGNETIC PROPERTIES OF BaPrO,, BaCe,Pr,_,Os, and Sr,Ba;_,PrO;

in BaCeO; obtained from the analysis of its EPR spectrum
is 0.741. Then the effective magnetic moment of Pr** is
calculated to be 0.642 ug, which is close to the moment of
BaPrO; (0.68 ug) derived from the magnetic susceptibility
measurement. Since the effect of crystal field on the Pr**
ion in the SryBa,_,CeO; solid solutions changes very little
with St substitution for Ba (y value), the increase in the
g value with y is slight. On the other hand, the increase in
the effective magnetic moment of Sr,Ba,_,PrO; with y is
great due to the large difference in the effective magnetic
moment between BaPrO; (0.68 ug) and SrPrO; (1.58 pg).
Therefore, some discrepancy has been found between the
moment calculated from the relation p.s = gVS(S+1)
and the moment obtained from the magnetic susceptibility
measurement for Sr,Ba;_,PrO; solid solutions with large
y values.
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