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The crystal structure of the lluorite-related praseodymium com-
pounds with the composition PryM0O,, M = Nb, Ta, and Sb, have
been determined using Rietveld refinement lrom X-ray and neutron
powder dilfraction data at 293 and 4 K. The structure described
is orthorhombic with space group Cmem (No. 63). Tt is a superstruc-
turc of the cubic fluorite structure with unit cell parameters
Ao = 28, by = Comn = . V2, as in La;NbO,. This structure
consists of chains of corner linked MO, octahedra parallel with
the c-axis. The magnetic susceptibility was measured between 4
and 300 K, The compounds obey the Curie~Weiss law including
a Van Vleck temperature independent term, Pr;SbOQ, shows a small

deviation from this law below 25 K. © 1994 Academic Press, tne.

INTRODUCTION

Recently, the crystal structures of the compounds
Nd,RuO;, (1) and Ln;Ir0O; (2) have been described, having
the same structure as La;NbO, (3}. Compounds (Ln,MO,)
with the same structure are found for the large lanthanides
and pentavalent metals with a ionic radius of around 0.7
A The praseodymium compounds of these series have not
been investigated systematically so far. These compounds
are interesting because of the ground state of Pr(1II), *H,,
giving in many crystals a non-Kramers doublet, This dou-
blet has been extensively studied with electron spin reso-
nance (ESR) and with the magnetic susceptibility. The
magnetic susceplibility of PryZrS, reaches at low tempera-
tures a constant value, indicating that Pr** shows the non-
Kramers doublet with a nonmagnetic ground state (4),
However, the two compounds which have been used most
are Pr(C,H;S0,), - 9H,0 and Pr,B;(NO;),, - 24H,0, where
- B = Mg, Zn or a divalent transition metal ion. In the
compounds mentioned the coordination sphere of Pr2* is
of higher symmetry than C,, which is required for the
presence of the non-Kramers doublet.

Apart from the degeneracy described above, Pr’*
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sometimes shows a cooperative Jahn-Teller effect. As a
result, the prascodymium coordination in the phase below
15t K of PrAlO, (5) is distorted. In this work, this possible
distortion is studied by comparison of the prascodymium
oxygen distances in the compounds PryMO; and the
lanthanide oxygen distances in the related structure
Nd;RuQ,.

The 3H, ground state of Pr’* and the possible
Jahn-Teller effect make a study into the structural and
the magnetic propertics of PryMO; interesting. In order
to study a possible structural or magnetic phase transition,
the magnctic susceptibility of Pr;NbO; and Pr;Ta0; was
measured between 80 and 300 K. The structure of these
two compounds has been determined from X-ray powder
diffraction data at room temperature. For a more thorough
investigation, Pr;Sb0; was chosen. The preparation of
this compound is simple and Sb** is often found in regular
octahedral oxygen coordination. The crystal structure of
this compound has been determined at 4 K from neutron
diffraction data and at 293 K from both X-ray and neutron
diffraction data. The magnetic susceptibility was mea-
sured between 4 aind 300 K.

As was stated in the first paragraph of this Introduction,
the detailed crystal structure of the isomorphous com-
pounds Pr,MQ; has not been reported so far, except the
structure of Pr,IrO; (2) determined on X-ray powder data
only. Furthermore, the X-ray powder diffraction intensit-
ies have been published for PryMO, with M = Nb, Ta,
and Sb, without giving the correct unit cell determination
(6, 7). Yokogawa ef al. (8, 9) have given the correct space
group and unit cell axis of PryTa0,.

EXPERIMENTAL

The samples PryMO; with M = Nb, Ta, and Sb were
prepared from chemically pure grade PryO,, and Sb,0;,,
Ta,0s, and Nb,O; respectively. Pr,0,, was dried at 1000°C
and left in a furnace 10 cool down to 200°C in order to
assure stoichiometry.
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The niobium and the tantalum compounds were pre-
pared by firing the appropriate stoichiometric mixtures at
1250°C for 3 wecks with repeated grinding. PrySbO; was
prepared by heating the reactants at 650°C for 1 week,
800°C for 1 week, 1050°C for 4 days, and finally 1250°C
for 2 days.

All reaction products were examined at room tempera-
ture with a Philips PW 1050 X-ray diffractometer using
monochromated CuKe radiation. The compounds were
also examined with a Siemens Elmiscope 102, fitted with
a 40° double tilt and lift cartridge, operating at 100 kV.
In addition, the neutron powder diffraction pattern was
collected for PryShO, at room temperature as well as at
4 XK. The neutron diffraction data were collected at the
Petten High Flux Reactor, The experimental details are as
reported earlier (1). No precautions were taken to prevent
preferred orientation. The diffraction patterns were ana-
lyzed with the Rietveld method (10). The X-ray and neu-
tron diffraction pattern at room temperature of Pr,;Sb0,
were analyzed simultanecusly. For this purpose the
(GSAS (version 6.2) computer program developed by Lar-
son and Von Dreele (11) was used. In the Rietveld refine-
ment, the first part of the diffraction patterns was excluded
(up to 17° 26). This was done to obtain a better fit
of the background function, no Bragg reflections were
found in this region. The instrumental parameters refined
are listed in Table 1. In the combined refinement of
Pri8b0,, the neutron wavelength was also refined during
the initial cycles. After convergence was reached, it was
kept constant, This wavelength did not differ statistically
from the intended wavelength. No absorption correction
was performed. The coherent scattering lengths used were
Pr; 4.45 fm, Sb: 5.64 fm, and O: 5.805 fm (11}. The refine-
ments were started with the structural parameters of
Nd,RuQ; (Groen et af. (1)).

The magnetic susceptibility has been measured be-
tween 80 and 300 K for all compounds studied. The mea-
surements have been performed on a Faraday balance
calibrated with dried Gd,0,. The magnetic susceptibility
was calculated from the five fields applied {ranging from
0.3 to 1.5 T) after correction for diamagnetism by using
Selwood’s table (12) and for emply vessel effects. No
field dependence was observed. In addition, the magnetic
susceptibility for Pr;Sb(, has been measured down to 4
K on a SQUID with a field strength of 0.01 T. The resuolts
were fitted against the Van Vieck relation for a paramag-
netic compound with a temperature independent term for
the orbital magnetism:

_
X7 -0

+ «, [1]

where

= the magnetic susceptibility (emu/mole Pr;MO;)
= the overall Curie constant (emu - K/mole Pr;MO,)

oy >
[

T = the temperature (K)

0 the demagnization term (K)

o the temperature independent susceptibility (T1P)
(emu/mole Pr,MO;),

il

The two curves for Pr;SbO- obtained from the two appara-
tus do not differ statistically. From the overall Curie con-
stant the average magnetic moment () per Pr’~ in Pr; MO,
can be calculated according to:

_ 3k O, L B
® = Nﬁg 3 Hp 3 B, [2]

k = Boltzmann constant

where

N = Avogadro’s number
B = conversion factor to units of Bohr magneton
py = Bohr magneton.

RESULTS

The crystal structure of the isomorphous praseodym-
ium compounds of formula Pr;AMO; with M = Sb, Ta, Nb
could be determined. Pr;NbO; had a dark green appear-
ance, Pr;Ta(),; was green, and Pr;SbO; showed a light
gray color.

Table 1 gives the fit parameters of the compounds stud-
ied. The resulting R, of the Rietveld refinement from X-
ray diffraction patterns have values well below 17%. Only
Pr;NbO, has a worse fit, which may be caused by the

TABLE 1
Parameters Present in the Refinements and the Fit Results
PrySbO*

PryNbO;  PryTa0;  PriSh0,

X-tay X-ray Neutron X-ray Neutron Totals

at29% K w293K a4 K at299K  at263 K ar 293 K
Wavelength (A} 1.54056 1.54056  2.57167 1.54056 257184

1.54439 1.54439 1.54439
24 range (20 10-80 10-80 5155 10-80 5-155
Step size {226} 0.1 0.1 0.1 0.1 0.1
Background o 4b 4 4k 4t
Profile 44 q¢ 3 44 4°
Structure’ 15 15 13 15
Ry, (%) 2.3 16.9 4 131 4.93 7.87
Rg (%) 16.4 111 327 5,69 3.89 5.38
Dw-d 0.56 0.55 1.06 0.41 0.48 0.43
DW-d limits® 1.87 1.87 1.86 1.93

2.13 2.13 2.13 2.07
Xied 5.97 4.93 3.53 5.66
Variables 27 25 22 35

Note. For every diffraction pattern: zero point correction, a scale factor.
“ Combined refinement on both X-ray and newtron diffraction data.

¥ Shified Chebyshev function of the first kind.

 Real space distribution function.

4 Pseudo-Voigt profile function.

€ Gauss {with asymmetry) profile function.

£ Nurnber of structural parameters (see Table 2).

¥ Lower ard upper lmit for the %0% confidence interval.
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FIG. 1.

{a—c) Observed (%) and calculated {(full line) diffraction patterns of PrySb0;, the difference ([ p~lq) Curves appear at the bottom of

the figures. {a) neutron diffraction pattern at 4 K, {b) neutron diffraction pattern at room temperature, and (¢) X-ray diffraction pattern at

room temperature.

presence of an impurity, probably PriNbO,. The simutta-
neous refinement of the neutron and the X-ray diffraction
of Pr,;Sb0;, lead to substantial lower residuals compared
to the individual refinements. The total overall R,;, at
room temperature is 7.87%, and the R,,;, at 4 K 4.23%.
Figure 1 shows the agreement between the calculated
and observed intensities of Pr,SbO,. The results clearly
indicate the compounds studied are isomorphous with
Nd;RuQ,. The DW-d values were smaller than the lower
extreme of the 90% confidence interval; the estimated
standard deviations are thus underestimated due to serial
correlation (Hill and Flack (13)).

The space group used was Cmcm (No. 63) as was-con-
firmed by the absence of specific reflections in both the
X-ray and the electron diffraction patterns. Refinement
in a lower space group did not lead to a better fit. Table
2 gives the results of the Rietveld refinements of the com-
pounds studied. Selected atomic distances and angles are
given in Table 3. In this table the corresponding values
of Nd;RuQ, are given also for comparison.

In Fig. 2, the magnetic susceptibility as a function of
the temperature is given for the compounds studied. This
figure clearly shows the presence of a TIP. Table 4 gives
the values of the fit parameters of Eq. [1] and the magnetic
moment of Pr>* of the compounds studied. The average
magnetic moment of Pr’* is 2.90u5, while the YVan Vieck
temperature independent term is 1.9-107° emu/mole
Pr;MO;, . PrySb(; shows below 25 K small deviations from
Eq. (1)

DISCUSSION

The orthorhombic structure of Pr;MO, is a superstruc-
ture of the cubic fluorite structure with space group Cmcm
(No. 63) and unit cell parameters a,,;, ~ 2a., byy =

Comn =~ 0. V2. The structure can be described as follows,

TABLE 2
Refined Lattice and Atomic Parameters of the
Structures Studied

Pr;5b0, Pr;Sb0O,
PryNbO, PryTa0;, at 4K a1 293 K
Lattice a (A 10,959(1) 10.57X1) 10.931(1) 10.9442(6)
parameters b (A) 7.5240(7} 7.5230(7) 7.5262(9) 7.5589(4)
¢ (A 766767 TETZUT 7.658(1) 7.6639(4)
Volume A 632.3(1) 633.9(1) 630.1(2) 634.01(8)
X-ray density g om™? 4.34(1) 6.34(1) 2.84(1)
Atomic Pr(1) Uy (AD) 0.028(3) 0.015(3) 0.44(9) 0.0111(9)
parameters®  Pri2) x 0.2230(4) 0.2702(4) 0.2315(6) 9.2302(1)
¥ 0.2978(5} 0.2954(4) 0.2886(8) 0.2819(2)
U (A% 0.036(1) 0.026(1) 0.44(9) 0.0126(6}
M UgtAY 0.044(4) 0.043(3) 0.44(%) 0.0081{9)
o x 0.098(2) 0.122(3) 0.1251¢4} 0.1263(3}
¥ 0,310(3) 0.306(4) 0.3150(4) 0.3144(3)
z 0.987{3) 0.95%6) 0.96TH S 0.9655(3)
02) x 0.175(4) 0.126(4) 0.1314(5) 0.1320(4)
¥ 0.031(5) 0.030(7) 0.025%(7) 0.0229(5)
K ¥ 0.4356} 0.476(9) 0.42438} 0.424%6)
0% Uy tAh) 00328 0.10(1) 0.44(9) 0.0086(7)

A Pril) at 4a 10.0.0% O at 16 A Lo,z Pr(dd at B (ot OC2) at B (x,v 4% M at 4B (040N,
O(3) at 4¢ (004,
¥ One Uy, for O(1), O2), and O(3) and one overall Uiy, for Pr;Sb0Qy; at 4 k.
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FIG. 1 —Contintted

One third of the L.n-cations are in eightfold oxygen coordi-
nation and lie in rows in the [001] direction which alternate
with parallel rows of corner sharing MO, octahedra, The
remaining two thirds are in seven coordination and lie
between the slabs of the PrO,; and the MO, polyhedra.
The MO, octahedral are corner linked through the O(3)
atoms. Successive O(3) atoms lie along a [001] row in zig-
zag sequence (0,y.4), (0,-y.3) . . ., with y = 0.4, causing
a corresponding sequence of tilts to the octahedra. A
drawing of this structure is given in Fig. 3.

The celi parameters of Pr,Ta0O, were in excellent
agreement with the cell axes given by Yokogawa er al.

(8). Refinement in the space group Prma (No. 62) as
proposed by Yamasaki and Sugitani (14) and Peshev and
Khrusanova (15) failed.

The ratio between Ln(1)-O(1} and Ln(1)-0(2), as a
measure for the deformation of the Ln{1)-O(1) polyhe-
dron, hes for the great majority of the compositions be-
tween 0,85 and 0.90, independent of the chemical compo-
sitton. This Ln(1) polyhedron is almost a cube. The 7
coordination of Ln{2) is much more complicated with 35
different distances. The lengths decrease with increasing
atom number of the lanthanide, in accordance with the
lanthanide contraction (see, e.g., Vente and 1Jdo (2)).
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TABLE 3
Selected Atomic Distances (A) and Angles (°)
PrNBEO;  Pr;Ta0, Pry$b0; Pr;Sb0O;  NdiRuO;

Distances at 2931 K. at 293 K at4 K at 293 K at 293 K

Lng1-041} 4x 2.7%3) 2.6%3 27453 2.76602) 2.729(3)

La()-0¢2) 4x 2.58(3) 2.38(3) 2,402(4) 2.407(3) 2.365(3)

La(2)-0K1) 2x 2.61(3) 2.5%4) 2,468(5) 2.467(3) 2.461(4)

La()-0(1) 2x 2.65(3) 2,37(4) 2.414(6) 2.42003) 2.426(3)

Lo(?-002) L% 2.09(43 2.55(5) 2.2509) 2.269(4} 2.306(5)

Ln(2)-0¢2) 1% 2.04(4) 2.10(5) 2.33(1) 2.318(5) 2.270(5)

Ln(2}-0(3) 1% 2.7202) 3.26(3) 2.729(6) 27132} 2.554(4) .
M-0(1) 4% 1.8003) 1.98(4) 1.968(4) 1.989(3) 1.950(3) L'—a

M-003) 2% 1.98¢1) 1.93(1) - 1.99%(1) 2.002(1) 1.9722) .

Angles FIG. 3. The structure of Pr;MO,. (Pr: filled circles: O: open circles:

M-0(3)-M 15143) 16%(4) 146.9(3) 146,82} 143.7(3) MO, octahedra: shaded.)

O(1)-#-0(3) 86(1) 86(2) 85.51) 857D 86.3(1)

O1)-M-x1) T22) B5(2) 88.0(2) 822 9.349)

Nore. Nd;RuO; has been given for comparison (from Ref (1)).

Concluding, praseodymiun causes no additional defor-
mation, and thus no indication for a cooperative
Jahn-Teller effect in these compounds has been found.

The approach for caiculating the magnetic moment as
given in Eqg. [2] gives only an average description of

TABLE 4
The Results of the Magnetic Susceptibility Measurements

PLNbO  PriTaOf  PrSbOf  PrSbO; the magnetic behavior of praseodymium on the two crys-
tallographic positions. The magnetic moment of Pr’*,

Clemu - K/mole) 3.14(2) 3.18(4) 3179 3.122)  averaged over these two crystallographic positions (sce
0 (K) —18.0(6) 1) —24(4) =2523)  Table 2) and over the three compounds, is 2.90:uy.
e (emu - 10%/mol) 2.14(6) 1.8(1) 1.8(2) 121

This value is significantly smaller than the free ion value

Prit ¢ 2.89(1) 2911} 2.91() 2.88(1) R

. #e) of PrP*: g;,VJ(J + 1) = 3.58up. This discrepancy be-
Measured on the Faraday balance, fitted between 80 and 300 K. tween the measured and the free ion value, might be
b Mcasured on the SQUID, fitted between 25 and 300 K. described to the presence of Pr**, which has a free ion

35 —J
3a J

~n
]
|

xXT {emu K/mol)
ra
(=)
{

15 T

& M=Sh {50uID}

0
0.5 | TIK)

0 5 100 150 200 250 300
T

FIG. 2. The magnetic susceptibility as a function of the temperature for Pr,M0O,. The inset shows the [ow temperature behavior of Pr;SbO,.
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TABLE 5
Comparison of the Magnetic Moments Known of Pri+*
Range
Compound i (pg/mole Pri*) (X) Reference
Pr,MO; 2.9 80--300 this work
PryZrS; 2.6 20-2507 4
Pr;Mg;(NO,),; - 24H,0 2.9 1-4 16
3.0 50-300° 18
2.4 4 19
Pr{C,H80,); - IH,0 3.3 100-300 20
3.4 150-300 21
Pr,U,_,0, y = 0.0l 1.0 30-300 »
v = 0.10 2.8
PrBa,Ci,0, 28 100-300 17

@ x becomes constant at lower temperatires.
b at lower temperatures deviations occur.

value of 2.54uy. However, the structure determination
for Pr;Sb0; does not indicate a nonstoichiometry. Fur-
thermore, a compound containing both Pr** and Pr** will
have a dark color, and not as light as the compounds
studied. So, the possibility of the presence of Pr'* can
be ruled out. The value of the magnetic moment of Pr*+ in
PryMO, compares well to the magnetic moment in several
other compounds including oxides, nitrates, sulfides, and
sulfates as can be seen from Table 5. Earney et al. (16)
have observed a Van Vleck term, with 24- 10~} emu/
mole Pr** in Pr,B;(NO,),, - 24H,0. This is an order of
magnitude larger than Soderholm et al. (17) found in Pr
Ba,Cu,y0; (2 - 1073 emu/mole Pr?*). This study on PryMO,
yields a smaller value: 0.6- 1077 emu/mole Pr’*. This
might be due to the iow site symmetry of Pr** in Pr,MO,.
Below 25 K, Pr;Sb0O; deviates from the Curie—-Weiss law
in the form of a iower x then expected on basis of the
Curie-Weiss law. However, the characteristic behavior
of a non-Kramers ion with a nonmagnetic ground state is
not found. As a result, the *H, ground state is likely to
be split up due to the crystal field, without a degenerated
level. 1n contrast, the non-Kramers behavior is found in
Pr,B.(NO,},, - 24H,0 and also in Pr,ZrS;.

The TIP and the isotropic magnetic moments as pre-
sented in Table 5 are calculated from the anisotropic val-
ues as presented in the references by taking the weighted
average between the in plane and the normal component
of the TIP and magnetic moment.

CONCLUSIONS

A structure determination of three compounds
(Pr;MO,, with M = Nb, Ta, and Sb) at room temperature

has been given together with the structure determination
of Pr;Sb0, at 4 K. All these compounds adopt a super-
structure of the cubic fluorite structure.

Furthermore, the magnetic susceptibility of the above
mentioned compounds was studied. Pr;SbO; shows a
small deviation from the Van Vleck behavior below 25
K. Finally, no indication for the presence of the non-
Kramers doublet was observed for Pr* in these crystals.

The compounds did not show any indication of a coop-
erative Jahn-Teller effect; no distortions of the praseo-
dymium polyhedra at room temperature or at 4 K were ob-
served.
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