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Although the crystal structure of BaCeO3 is an ortho-
The electron paramagnetic resonance (EPR) spectra of pow- rhombically distorted perovskite, the distortion from the

ders with Pr41 doped in BaCeO3 , BaZrO3 , BaSnO3 , and their ideal cubic perovskite structure (b Q 908) is very small;
solid solutions were measured at 4.2 K. A very large hyperfine i.e., the oxygen coordination around the central Pr41 in the
interaction with the 141Pr nucleus was observed. The results host material has nearly octahedral symmetry, and the
were analyzed based on the weak field approximation, i.e., the EPR results could be analyzed based on the weak field
Breit–Rabi formula, and the g values and hyperfine coupling approximation (i.e., Breit–Rabi formula) with an octahe-constants A were obtained. The measured g values are much

dral crystal field around Pr41. The results show that, al-smaller than u21.429u, which shows that the crystal field effect
though this is a 4f electron system, the crystal field influ-on the behavior of a 4f electron is large. The value of ugu decreases
ences the magnetic properties of a 4f electron (3).from 0.741 (Pr41/BaCeO3) to 0.583 (Pr41/BaSnO3), and is caused
However, the effect of the crystal field strength on theby the increase of the crystal field due to the shrinking of the

lattice. On the other hand, the hyperfine coupling constants behavior of a 4f electron in solids is still unclear.
are almost constant: A 5 0.060(1) cm21.  1996 Academic Press, Inc. In this study, we have prepared samples in which Pr41

ions are doped in cubic BaSnO3 , BaZrO3 , BaCeO3 , and
their solid solutions and measured their electron paramag-

INTRODUCTION netic resonance spectra. The effect of the crystal field on
the behavior of a 4f electron is discussed.

The electronic configuration of the tetravalent praseo-
dymium ion is [Xe]4f 1. For electronic structure analysis,

EXPERIMENTALthis f 1 configuration is straightforward, as only the crystal
field and spin-orbit coupling interactions are important. 1. Sample Preparation
Especially when this ion is located in an octahedral crystal

BaCO3 , Pr6O11 , and CeO2 (and/or ZrO2 , SnO2) werefield environment, such a compound is suitable to study
used as the starting materials. Before use, the Pr6O11 wasthe behavior of a 4f electron in solids because it is easy to
reduced to the stoichiometric Pr2O3 by heating it in a flowcompare the experimental results with theoretical calcula-
of hydrogen gas at 10008C for 8 hr. The CeO2 , ZrO2 , andtions.
SnO2 were heated in air at 8508C to remove any moistureAlthough the trivalent oxidation state of praseodymium
and oxidized to the stoichiometric compositions. Theyis most stable, the tetravalent state is accessible (1). Perov-
were weighed in the correct metal ratios BaPr0.02M0.98O3skite-type oxides, ABO3 , where A is a divalent ion (e.g.,
(M 5 Ce, Zr, Sn), intimately mixed, and heated in a flowingSr, Ba) accommodate tetravalent metal ions at the B site
oxygen atmosphere at 13008C in an SiC resistance fur-of the crystal (2). Figure 1 shows the crystal structure of
nace for a day. The samples BaPr0.05Zr0.95O3 andcubic perovskite ABO3 .
BaPr0.05Sn0.95O3 were also prepared. After cooling to roomIn an earlier study (3), we had successfully measured for
temperature, the samples were crushed into powder, re-the first time the EPR spectrum of the Pr41 ion in an octahe-
ground, repressed into pellets, and heated under the samedral crystal field by doping it in the perovskite BaCeO3 conditions to make the reaction complete.(where the Pr41 ion is substituted for the Ce41 ion) and low-

ering the experimental temperature to liquid helium tem-
2. Analysis

peratures. In theEPRspectrum, avery largehyperfine inter-
action with the 141Pr nucleus (nuclear spin I 5 5/2) was An X-ray diffraction analysis was performed with CuKa

radiation on a Philips PW 1390 diffractometer equippedmeasured. In addition to the allowed hyperfine interactions,
forbidden hyperfine transitions were observed. with a curved graphite monochromator. The samples pre-
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absorption lines due to forbidden transitions (one of which
overlaps with an allowed transition). In the host materials,
BaCe12yZryO3 (y . 0.1), BaZrO3 , BaZr12ySnyO3 , and
BaSnO3 , no EPR absorption lines due to forbidden transi-
tions are observed. This is due to the fact that since the
EPR spectra for Pr41 became broader with increasing Zr
content in the BaCe12yZryO3 and in the other host materi-
als, the absorption lines due to the forbidden transitions
are hidden in the background levels. Figure 3 shows the
EPR spectra for BaPr0.02Zr0.98O3 and BaPr0.02Sn0.98O3 mea-
sured at 4.2 K.

The tetravalent praseodymium Pr41 is a Kramers’ ion
with one unpaired 4f electron and in a magnetic field one
isotropic EPR spectrum may be observable. The isotope
141Pr (natural abundance 100%) has a nuclear spin of I 5
5/2 and a nuclear magnetic moment of 14.3 eN . The spin
Hamiltonian for the EPR spectrum of Pr41/BaMO3 (M 5
Ce, Zr, Sn) is

FIG. 1. Crystal structure of cubic perovskite ABO3 .

pared in this study were formed in single phase with the
perovskite-type structure and their lattice parameters are
given in the second column of Table 3.

3. Electron Paramagnetic Resonance Measurement

The EPR spectra at X band (9.093 GHz) were measured
using a JEOL RE-2X spectrometer operating with an Air
Products Helitran cooling system. The magnetic field was
swept from 100 to 13,500 G. Before the samples were
measured, a blank was recorded to eliminate the possibility
of interference by the background resonance of the cavity
and/or the sample tube. The magnetic field was monitored
with a proton NMR gaussmeter, and the microwave fre-
quency was measured with a frequency counter.

RESULTS AND DISCUSSION

The EPR spectra for Pr41 could be measured at 4.2 K
in all the host materials. With increasing temperature, all
the assigned absorption EPR lines became considerably
weaker in intensity. This observation strongly indicates
that the oxidation state of the praseodymium ion is not
trivalent, but tetravalent, because the non-Kramers Pr31

ion usually shows no EPR spectrum (4).
Figure 2 shows the EPR spectra for Pr41 doped in Ba

CeO3 and BaCe0.90Zr0.10O3 measured at 4.2 K. The ob-
served spectra are complicated and composed of many
absorption lines. We have analyzed the spectrum for the
case of Pr41/BaCeO3 (3). Six absorption lines due to al- FIG. 2. EPR spectra for Pr41 doped in BaCeO3 and in BaCe0.90

Zr0.10O3 measured in 4.2 K.lowed transitions are observed, along with five weaker
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FIG. 4. Zeeman energy levels for Pr41 in BaZrO3 . Arrows show the
observable EPR transitions at 4.2 K.

F, where F 5 I 1 S. For S 5 1/2 and I 5 5/2 in the absenceFIG. 3. EPR spectra for BaPr0.02Zr0.98O3 and BaPr0.02Sn0.98O3 at
of a magnetic field, there are two states F 5 2 and F 5 34.2 K.

which are separated by 3A. When the magnetic field is
included, each of these two states splits into (2F 1 1) u mFl
Zeeman levels are shown in Fig. 4. Six allowed transitionsH 5 gbH ? S9 1 AI ? S9 2 g9NbH ? I, [1]
(DF 5 61; DmF 5 61) are observable. For Pr41/BaCeO3

and Pr41/BaCe0.90Zr0.10O3 five forbidden transitions (DF 5where g is the g value for the Pr41 with an effective spin
61; DmF 5 0) are also observed.S9 5 1/2, A is the hyperfine coupling constant, g9N is the

The EPR spectra for Pr41 doped in the BaSnO3 andeffective nuclear g value (in units of eB), b is the Bohr
magneton, and H is the applied magnetic field. Usually
the assumption can be made that the electronic Zeeman TABLE 1
term (the first term on the right-hand side of Eq. [1]) is Experimental and Calculated EPR
much larger than the hyperfine term (the second term Absorption Line Positions for
on the right-hand side), which would result in a six-line BaPr0.02Zr0.98O3

a

spectrum for an isotropic resonance with I 5 5/2.
Experimental Calculatedb DifferenceIn the BaCeO3 crystal, eleven EPR absorption lines have

been measured. The spacings between them are large
— 14,635

enough and those between six principal absorption lines 11,746 11,745 1
become wider with resonance magnetic field, which indi- 9,254 9,261 27

7,254 7,251 3cates that electron spin quantum number (ms) and nuclear
5,724 5,717 7spin quantum number (mI) are not good (pure) quantum
4,592 4,588 4numbers. We have to solve the Hamiltonian [1] exactly.

The solution is well known (Breit–Rabi equation) and has a All values are given in g.
been given by Ramsey (5) and others (6). b Spin Hamiltonian parameters ugu 5 0.643,

A 5 0.0597 cm21, gN set equal to 0.0.First, I and S are coupled together to form the resultant
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TABLE 2
Experimental and Calculated EPR

Absorption Line Positions for
BaPr0.02Sn0.98O3

a

Experimental Calculatedb Difference

— 16,078
12,947 12,948 21
10,244 10,255 211
8,063 8,069 26
6,388 6,390 22
5,146 5,147 21

a All values are given in g.
b Spin Hamiltonian parameters ugu 5 0.583,

A 5 0.0589 cm21, gN set equal to 0.0.

BaZrO3 are broader than that doped in BaCeO3 and the
forbidden transitions are no longer observed in the former
host materials. However, the number of the measured EPR
absorption lines due to the hyperfine interaction with nu- FIG. 6. Relative energy splittings of an f 1 electron as the relative
clear spin for 141Pr (I 5 5/2) is not six but five. To avoid magnitudes of the crystal field and spin–orbit coupling interactions change
incorrect assignments of the observed five absorption lines, (octahedral symmetry).
we have prepared the samples for EPR measurements in
which Pr41 ions are doped in BaZryCe12yO3 . The EPR
spectra for Pr41 doped in BaCeO3 have been previously allowed transitions have been observed and not the transi-
assigned correctly and analyzed. With increasing Zr substi- tion at the higher resonance field.
tution for Ce (which corresponds to the shrinkage of the The results of fitting the observed EPR spectra for Pr41/
lattice), all the absorption lines move to higher field, which BaZrO3 to the parameters of the spin Hamiltonian are
indicates that, in the EPR spectrum for Pr41/BaZrO3 , five shown in Table 1, with the best fit parameters ugu 5 0.643

and A 5 0.0597 cm21. The calculation results show that
the resonance field for the sixth allowed transition is 14,635
G which is beyond our maximum magnetic field. Figure 4
shows the energy levels calculated for Pr41 in BaZrO3 .
Arrows show the observable EPR transitions. With in-
creasing Zr concentration in the host BaZryCe12yO3 , the
EPR absorption line positions move to higher magnetic
field. The same behavior has been found in the EPR spectra
for Pr41 doped in BaSnyZr12yO3 ; i.e., with increasing Sn
substitution for Zr (which means the shrinkage of lattice)
the positions of the absorption lines move to higher mag-
netic field. The results of fitting the observed EPR spectra
to the parameters of the spin Hamiltonian [1] are shown
in Table 2, with the best fit parameters ugu 5 0.583 and
A 5 0.0589 cm21. The resonance field for the sixth allowed
transition is calculated to be 16,078 G.

Although the sign of the g value is not obtained by this
experiment, comparison with other f 1 systems in octahe-
dral symmetry, such as NpF6/UF6 (7) and Pa41/Cs2ZrCl6

(6), where the sign of the g value has been measured,
indicates that the g value for Pr41/BaMO3 (M 5 Ce, Zr,
Sn) should be negative.

Figure 5 shows the g value and hyperfine coupling con-FIG. 5. g value and A vs lattice parameter for Pr41 in BaMO3

(M 5 Ce, Zr, Sn). stant A against the lattice parameters for BaCeO3 , Ba(Ce,
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TABLE 3 state G7 and the excited state G7 , and the corresponding
Spin Hamiltonian Parameters and Crystal Field Splitting for wavefunctions are written as

Pr41/BaMO3 (M 5 Ce, Zr, Sn)

uG7l 5 cos uu2F5/2 , G7l 2 sin uu2F7/2 , G97l, [3]Lattice
Host materials parameter (Å) ugu A (cm21) D (cm21)

where u is the parameter describing the admixture of the
BaCeO3 4.3966a 0.741 0.0609 1,693

G7 levels in the ground state, determined by the relationBaCe0.90Zr0.10O3 4.3784a 0.737 0.0608 1,701
BaCe0.70Zr0.30O3 4.3436 0.720 0.0607 1,734
BaCe0.30Zr0.70O3 4.2612 0.694 0.0604 1,784

tan 2u 5
2Ï3z

D 2 As z
. [4]BaCe0.10Zr0.90O3 4.2201 0.662 0.0600 1,846

BaZrO3 (Pr:5%) 4.2034 0.648 0.0597 1,873
BaZrO3 (Pr:2%) 4.1987 0.643 0.0597 1,883

The g value for the ground state G7 doublet isBaSn0.25Zr0.75O3 4.1818 0.627 0.0592 1,914
BaSn0.50Zr0.50O3 4.1628 0.608 0.0593 1,951
BaSn0.75Zr0.25O3 4.1452 0.594 0.0590 1,978 g 5 2kG7uL 1 2SuG7l

[5]BaSnO3 (Pr:5%) 4.1311 0.587 0.0589 1,992
5 2 cos2 u 2

4
Ï3

sin 2u.BaSnO3 (Pr:2%) 4.1239 0.583 0.0589 1,996

a The actual lattice parameters for these orthorhombic Pr41/BaCeO3

and Pr41/BaCe0.90Zr0.10O3 are a 5 8.7931, b 5 6.2045, c 5 6.2248 Å and Using the G7–G8 splitting from Kern et al. (9) and the g
a 5 8.7559, b 5 6.1923, c 5 6.1923 Å, respectively. Since a/2 Q b/Ï2 Q values given in this work and setting the spin–orbit cou-
c/Ï2, the lattice parameters listed above are a/2. pling constant for Pr41 at its free ion value of 865 cm21

(10), we can determine the D and Q values and calculate
the energy levels. The data for D (which are sensitive toZr)O3 , BaZrO3 , Ba(Zr, Sn)O3 , and BaSnO3 in which Pr41

the crystal field strength) are collected in Table 3. Withions are doped. With increasing size of the lattice, the
shrinkage of the lattice (BaCeO3 R BaZrO3 R BaSnO3),value of ugu increases. This result is in agreement with the

discussion that the value of ugu decreases with increasing
crystal field strength as will be described below. On the
other hand, the value of A is almost constant, although a
slight increase is found.

In the BaMO3 (M 5 Ce, Zr, Sn) host materials, the Pr41

ion is substituted for the M41 ion; i.e., it is in an octahedral
site. The sevenfold orbitally degenerate energy state of the
f orbitals is split into a singlet state G2 and two triplet states
G4 and G5 in a strong crystal field (8). The energy difference
between G2 and G5 is labeled as D, and the energy difference
between G4 and G5 is labeled as Q. This energy level splitting
is shown on the left-hand side of Fig. 6.

When spin–orbit coupling is taken into account, (with
z the spin–orbit coupling constant), the G2 orbital state is
transformed into a doublet G7 , and the G5 and G4 states
are split into G97 (doublet) and G8 (quartet), and G6

(doublet) and G98 (quartet), respectively. The ordering of
the levels is shown in Fig. 6. The G7 level is lowest in
energy. The energy matrices for the G7 , G8 , and G6 states are

G7 : U 0 Ï3z

Ï3z D 2 As z
U

G8 : UD 1 Af z Df Ï5z

Df Ï5z D 1 Q 2 Ds z
U [2]

G6 : uD 1 Q 1 Ds z u.
FIG. 7. g value vs the ratio D/(7/2z) for Pr41 in BaMO3 (M 5 Ce,

Zr, Sn).Diagonalization of the G7 energy matrix gives the ground
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