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The crystal structure of Bij,4,Pr,;335r0,0; has been refined
based on neutron powder diffraction data (monoclinic system,
P12,/n1 space group, a=5.9728(2) A, b=6.1143(2) A, c=
8.5308(3) A, =89.92(1)° at T=300 K). A nonhomogeneous
occupation of atomic positions has been obtained. Down to
T=1.4K, no magnetic ordering has been observed on Bi,s,
Pr, ;33510 46; neutron powder diffraction diagrams. This result
is consistent with the AC-susceptibility vs T curve, which shows
paramagnetic behavior down to 4.2 K. © 1997 Academic Press

INTRODUCTION

There is relatively much data in the literature concerning
PrBaOj;, whereas PrSrO; seems to be almost completely
omitted. The main reason is probably the multiphase nature
of PrSrO; samples. The crystal structure and magnetic
properties of PrBaO; were characterized by Jacobson et al.
(1), Cao et al. (2), Rosov et al. (3), Felner et al. (4), and
Hinatsu (5). At present it seems to be well established that
PrBaOj; crystallizes in orthorhombic Pbnm space group
withax b = \/2%, ¢ =~ 2a,, where a, =~ 4 A denotes per-
ovskite unit cell parameter. According to Felner et al. (4)
PrBaOj; orders antiferromagnetically at 11.7 K with a slight
ferromagnetic component due to a canting of Pr moments.

In our previous paper (6) we reported on the synthesis
and crystallochemical characterization of the binary
PrSrO;-type phase as well as on its Bi/Pr-substituted solid
solution Pry 11 -Bio.8x5r0.0+0.3x02.932+0.004x (0 < x <
0.5). We have shown that unlike PrBaO;, the Sr-compound
appears to be off-stoichiometric and should be described as
Pr(Srg.9Prg.1)O3_5. The crystal structure is a monoclini-
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cally distorted perovskite-type atomic arrangement identi-
cal to that occurring in a large group of REBiSr,O¢-type
ternaries (7, 8). The same is true for the solid solution men-
tioned above. We have also found, that contrary to our
expectations, this solid solution extends within the ternary
oxide system Bi-Pr—Sr—O toward the binary compound
Bi,Sr;O instead of to its second natural terminus
BiPrSr,0O¢, which does not exist. Characteristic features of
this solid solution are the following: (i) the effective valency
(V) of the average Bi/Pr ion increases vs bismuth contribu-
tion instead of remaining constant (+4) as in the Bi/Tb-
substituted solid solution based on a TbSrO; matrix (9);
(i1) the structure deficiency increases vs x and results in
vacancies formed in both the oxygen (~2%) and praseo-
dymium (~ 1.5%) sublattices. Based on the precise density
and valency measurements, the most probable distribution
of the structure components and the vacancies in the crystal
structure of this solid solution were postulated (6).

The aim of the present work was to refine the crystal
structure of the solid solution under consideration. This was
of interest because the postulated structural model appeared
to be different from that characteristic of the vacancy-free
homologous solid solution of Tb, _,Bi, SrO;-type (9), re-
cently determined with neutrons on an x = 0.2 sample (10).
Moreover, the use of neutron radiation, which distinctly
differentiates Bi and Pr scattering amplitudes, makes pos-
sible the precise determination of occupation numbers for
the Bi/Pr and Sr/Pr atomic positions.

SAMPLE CHARACTERIZATION

From the entire domain of homogeneity reflected by the
formula Pry 1 -xBio.8xS10.040.3x02.03240.004x (0 <x <
0.5), one composition (namely Prg 733Big 2675105 963) Was
chosen for crystal structure analysis. The reason for this
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choice is that the stoichiometry of the sample matches
exactly the crossing of the Pr and Tb solid solutions (6, 9).

Samples were prepared using Johnson—-Mathey 3 N purity
Bi,O3, Pr¢Oy4, and SrCOj;. Appropriate mixtures of these
reagents were calcinated in air at 800°C for 24 h, reground,
pelletized and sintered in air at 900°C for 48 h and calcinated
in air once again at 900°C for 72 h. In all these operations,
alumina boats were used as sample holders.

The basic crystallographic parameters of the Prg 33
Big 167510, 63 sample determined in (6) are

a=5971(6)A, b= 6.118(6) A, c = 8.542(8) A, = 90.10(9)",
d, = 6.21(6) g/cm?, Vo = 3.92, Z ¢ = 3.967,
whereas the most probable distribution of the elements and

vacancies through all 24 atomic positions available in the
unit cell can be described as

[Pr;.g75Bij.0570.066] [Sr3.066PT0.033] [O11.7540.245],
[1]

where three expressions in brackets refer to three different
occupied crystallographic sites and []-sign denotes lattice
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vacancies. The formula [1] has been a subject of verification
with the neutron data.

EXPERIMENTAL

Neutron powder diffraction diagrams have been meas-
ured on the 3T2 and G4.1 2-axis spectrometers of the LLB,
Saclay (ORPHEE Reactor). The 3T2 is a high resolution
powder diffractometer, with a Ge (335) monochromator
(4 =1.2272 A) and 20 *He detectors. The G4.1 is equipped
with a vertical, focusing graphite (002) monochromator
(A =2.4249 A) and a linear position sensitive BF5 detector
resolved to 800 cells. The neutron diffraction diagrams were
obtained at T = 300 K in the 13-120° 26-range on 3T2 and
at T =14 Kand T = 39 K on G4.1 (13-93° 26-range). The
crystal structure was refined by the Rietveld technique using
the FULLPROF program (11).

AC-magnetic susceptibility curves of Big ,67Pro.733
SrO, 963 and Pry 5551y 4505 samples (to compare with bis-
muth-free terminus) were collected with a Lake Shore AC-
Susceptometer 7000. The data were taken for amplitudes of
the AC-field equal to 10 Gs at a frequency of 111.1 Hz on
heating of the samples after having cooled them under zero
field.
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FIG. 1. High-resolution powder diffraction diagram (circles) and Rietveld refinement fit (solid line) of Big ,¢7Pro.7335105 93 for 4 = 12272 A
neutrons at T = 300 K (3T2 diffractometer) (top), differential diagram (middle), and theoretical peak positions (bottom). Insets show the magnified
low-angle region obtained in the course of the structure refinement in orthorhombic (Pbnm) and monoclinic (P12,/n1) space groups. A crucial group of

peaks influencing the choice of symmetry is marked by a circle.
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TABLE 1
Lattice Parameters (a, b, ¢, ), Calculated and Measured
Sample Densities (d., d,,), Wyckof Positions, Atomic Positional
Parameters (x, y, z), Isotropic Temperature Factors (B), Occu-

pancies (n), and Agreement Factors (R,, R,,, Ry, x°) for
Big167Pr97335r0,.06; at 300 K

Atom Pos. x y z B n
Sr(l) 4(e) 0.9898(4) 0.4548(2) 0.7498(7) 0.82(3) 1

Pr(1) 2(a) O 0 0 0.35(3)  0.974(20)
Bi(l) 2(a) O 0 0 0.35(3)  0.026(20)
Pr(2) 2(b) O 0 0.5 0.35(3)  0.492(20)
Bi(2) 2(b) 0 0 0.5 0.353)  0.508(20)
O(1) 4(e) 039854) 0.5404(4) 0.7549(9) 0.94(4) 0.988
0O(2) 4(e) 0.2925(9) 0.8039(10) 0.4484(8) 1.56(12) 0.988
0@3) 4(e) 0.1946(8) 0.2935(9) 0.4452(7) 0.79(4) 0.988
R,=3.58%; Ry,=4.13%; Ry=351%; z>>=194

Note. Space  group:  P12y/nl; a=59728(2) A, b=611432) A,
¢ =8.5308(3) A, B = 89.92(1)°. d, = 6.27 gjem?; d,, = 6.21 g/cm®

CRYSTAL STRUCTURE AT ROOM TEMPERATURE

The crystal structure of Big ,67P1¢. 733510, 963 Was re-
fined from neutron powder diffraction data taken at T =
300 K (3T2 diffractometer) and at T = 39 K (G4.1 diffrac-
tometer). In order to simplify the refinement process, a va-
cancy-free structure model was applied. Therefore, the main
problem to solve was the choice of proper symmetry (or-
thorhombic or monoclinic). By analogy to BaPrOs;,
Big 567Pr¢.733510, 963 seems to be described by space

FIG. 2. Perspective view of the Big 567Pro.7335rO, 963 unit cell. Note
that in the real structure, mixed occupations of all Pr and Bi positions are
observed.
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TABLE 2
Interatomic Distances (A) in Biy,4Pr 133510, 063

Pr(1)/Bi(1)-0(1) 227 x2
Pr(1)/Bi(1)-O(2) 228 x2
Pr(1)/Bi(1)-O(3) 227 x2
Pr(2)/Bi(2)-0(1) 2.19 x2
Pr(2)/Bi(2)-0(2) 2.16 x2
Pr(2)/Bi(2)-0(3) 2.19 x2
Sr—0(1) 2.50
2.62
3.57
3.64

2.54
2.87
3.03
3.80

2.52
2.86
3.04
3.82

1)
1)

Sr-0(2)

Sr-0(3)

group Pbnm, but our previous X-ray powder diffraction
studies (6) indicated a monoclinic distortion and the most
probable structure model found earlier for BiNdSr,O¢
(P124/n1 space group) (7). Therefore, we decided to
refine the structure in both groups. The differences in the
reliability factors in both cases were very small, with a slight
advantage for the monoclinic model. We obtained the most
convincing argument from a comparison of the low-angle
range of the diffraction diagrams calculated during Rietveld
refinement in orthorhombic and monoclinic symmetries.
The measured diagram contained some reflections which
are absent in the orthorhombic symmetry, but which could
be successfully generated in the monoclinic one (cf. insets in
Fig. 1). Therefore our choice was P12,/n1. The results of the
refinement are presented in Table 1.

The structure of Big ,¢7Prg 733510, 663 (Fig. 2) is in
agreement with those obtained for other orthorhombic
perovskites. Nonhomogeneous occupations have been ob-
tained for Bi and Pr atoms in 2(a) (0, 0, 0) and 2(b) (0, 0, 1/2)
Wyckoff positions, with the 2(a) site almost fully occupied
by Pr. As in BaPrOj; (1), the oxygen environment of Sr is
considerably distorted, but the (Pr/Bi)O¢ octahedra remain
almost regular (cf. Table 2). In comparison with the proto-
type BiNdSr,O¢ structure (7) in which Nd-O and Bi-O
distances of the MO octahedra are equal to 2.32-2.35 and
2.09-2.12 A, respectively, the Pr(1)/Bi(1)-O distances
(2.27-2.28 A) are shorter, whereas the Pr(2)/Bi(2)—O ones
(2.16-2.19 1&) are slightly longer. This is in agreement with
occupancies found for appropriate mixed atomic positions:
the Bi contribution to the Pr(1) position decreases Pr—O
bond lengths, whereas the Pr contribution to the Bi(2)
increases Bi—-O bond lengths.
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FIG. 3. Projection of the Bij ,47Pr( 7335105 o643 structure on ab (top)
and ac (bottom) unit cell planes. The figure shows the symmetry elements of
the P12,/nl space group. Note that in the top drawing, MOg octahedra are
rotated by a very small angle around the z-axis.

Figure 3 illustrates the difference between Big 567, Prg 733
SrO, 963 and BaPrOj described in P12,/nl and Pbnm sym-
metries, respectively. The monoclinic symmetry allows two
types of PrO¢ octahedra (forming an array running along
the z-axis) to rotate around z independently. This results in
a very slight smearing of the octahedra visible in the top
drawing of Fig. 3. In the Pbnm space group, mirror planes
perpendicular to z exist instead of 2;-axes at z = 1/4 and 3/4,
as shown in bottom drawing of Fig. 3. Having less freedom,
the octahedra mutually overlap on the ab projection.

Considering the vacancy-containing structure model pro-
posed in (6) (cf. formula [1]), a comparative refinement was
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also undertaken. Prior to the refinement, the formula had
been modified in order to take into account the final results
obtained for the vacancy-free model. The modification
consisted of splitting the [Pr, g75Bij 057 10.066] assem-
blage into the two atomic sites found (2(a) and 2(b)) with the
M-type vacancies ([Jo.o6¢) located in the 2(a) position occu-
pied by Pr atoms, namely,

[Pry.933000.066]1[Bi1.057PT0.043] [Sr3.066PT0.033]
[O11.75400.245]- [2]

Note that the formula [2] reflects an atomic distribution
which is almost identical to the basic result obtained dir-
ectly from neutron Rietveld refinement, namely,

[Pry.948Bio.052]1[Bi1.016PT0.084] [ST4][O11.856H0.144]-
[3]

As a consequence, the Rietveld refinement performed for the
structure model [2] has given a fit of comparable quality to
that of the vacancy-free one (R, =3.62%; R,,, = 4.16%;
Ry = 3.57%; 7* = 1.97). Taking into account the experi-
mental and calculated densities (d,, = 6.21 g/cm?; d, = 6.22
and 6.27 g/cm? for the vacancy-containing and vacancy-free
models, respectively), the vacancy-containing model must,
in principle, be treated as the more appropriate one.

SEARCH FOR MAGNETIC ORDERING AT LOW
TEMPERATURES

In order to determine if any magnetic ordering similar to
that found in PrBaOj; (4) takes place at low temperature in
Big 567P10.733510, 963, AC-magnetic susceptibility down
to 42 K and neutron powder diffraction at 1.4 K (G4.1
diffractometer) were measured.

The AC—magnetic susceptibility curves of Big 557P1g.733
Sr0O, 963 and of the terminal Prgy 55514503 sample are
shown in Fig. 4. Both samples exhibit paramagnetic beha-
vior over the entire range of the temperature measured
(4.2-300 K) which can be described by the modified
Curie—Weiss law: y = o + (C/AT — ©)). The susceptibility
curve of the Pry 555154505 terminal sample bears an evi-
dent sign of a magnetic anomaly taking place at about 8 K.
It seems to possess a similar kind of ordering to PrBaO;
which orders antiferromagnetically at about 12 K (4). How-
ever, presence of diamagnetic bismuth weakens the effect
and the ordering becomes undetectable in the susceptibility
curve of the Big ,67Prg 733510, 963 sample.

A least square fit of the AC-susceptibility curves to the
modified Curie-Weiss law has enabled us to evaluate fol-
lowing basic parameters for these two compositions,
namely, Pry5sSry45s05: 7o = 1.2 x 10~ emu/at. Pr, ® = 6.7 K,
C =0.186 emu-K/at. Pr, pe = 1.22 ug, Prys6S1073305063:
%o = 1.642x 107 emu/at. Pr, ® = —150K, C =0.151
emu-K/at. Pr, peee = 1.10 pp.
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FIG. 4. AC-magnetic susceptibility curves for Pr 5551 4503 (open circles) and Big, ,67Pro.733510; 963 (filled circles).

As seen, the effective magnetic moments are in an evident
contradiction to those resulting from the Hund’s rule for
Pr*?(3.58 ug) and Pr**(2.54 p3). Considering the results of
iodometric titration performed in (6) for several composi-
tions of the solid solution studied (including Big »¢-7
Pry 733810, ¢63), a strong crystal field effect should be taken
into account to explain the origin of such a strong reduction
of the .

An additional check for magnetic ordering at low temper-
atures was made by comparing the G4.1 neutron powder
diffraction diagrams taken at T =14K and T =39 K.
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FIG. 5. Rietveld refinement plot for Bij ,67Prg.7335105 063 at 1.4 K
(G4.1 diffractometer): circles, experimental data (y,s); solid line, calculated
diagram (y..;.); sticks, peak positions. Two differential diagrams are shown:
Yobs — Veate (above) and yopy(T = 1.4 K) — yous(T = 39 K)) (below).

Within experimental errors, the refined parameters ob-
tained are identical at both temperatures. Figure 5 shows
the results of the Rietveld refinement at T = 1.4 K, together
with the difference between the T =14K and T =39K
diagrams. As can be seen, the differences in the y,, (1.4 K)—
Vobs(39 K) curve are much smaller than those given by the
Vobs—Veare diagram. In fact, any attempt to introduce a mag-
netic ordering did not improve the quality of the fit. This
means that the maximum value of a magnetic moment
exhibited below 39 K, cannot exceed 0.15 ug/Pr.
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