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A study was made of the influence of the chalcogen X on the magnetic and electrical properties of 
Pu,02X (X = 0, S, Se) compounds and on bonding in these hexagonal compounds, isostructural with 
the corresponding rare-earth compounds. The comparison of the cell volumes of Nd202X and Pu202X 
compounds showed that the Pu3+ crystal radius decreased from p-Pu20s to Pu201Se as “5fdelocaliza- 
tion” and 5f-p overlap increased. These plutonium compounds were all found to be antiferromag- 
netic. This was caused by superexchange coupling interactions via p orbitals of the oxygen and 
chalcogen ions. The N&e1 temperature increased from p-Puz03 (26 K) to Pu202S (28 K) then to Pu202Se 
(34 K) showing that 5f-p covalency was enhanced as the chalcogen electronegativity decreased and 
the p radial extent increased. The hexagonal p-Pu203 was found to be an insulator while both other 
compounds were semiconductors with gaps around 0.5 eV. These gaps were interpreted as the energy 
separation between the 6d-7s conduction band and the np band of the chalcogen X with some overlap 
of the occupied 5f states and the np band. A simple electron band scheme of these compounds is 
proposed on such assumptions. 

Nous avons ktudik l’influence de l’bltment chalcogene X sur les propriCt& magnttiques et Clectriques 
des oxychalcogtnures Pu20zX (X = 0, S, Se) ainsi que sur la liaison chimique dans ces compos& 
hexagonaux, isostructuraux des composts similaires de terres rares. En comparant les volumes de 
maille de Pu202X et de Nd202X, on montre que le rayon cristallin de Pu dtcroit de Puz09 B PulOzSe 
avec l’augmentation des recouvrements 5f-p et de la “dklocalisation” des Electrons 5f Ces composes 
sont tous antiferromagnktiques, la temperature de Nobel augmentant de Puz09 (26 K) B Pu20zSe (34 K). 
Cela montre que, lorsque I’ClectrontgativitC de X diminue, les interactions de superkhange & travers 
O*- et X2- se renforcent ainsi que la covalence 5f-p. Pu203 hexagonal est isolant alors que les deux 
autres composCs sont semiconducteurs avec un gap voisin de 0,5 eV. Nous avons considbrk ce gap 
comme la diff&ence d’knergie entre la bande de conduction 7s-6d et la bande tzp du chalcogkne X. Les 
&tats 5f occupCs sont situ&s juste au-dessous de la bande np en la recouvrant partiellement. A partir de 
ces hypotheses nous avons propok un modkle de bandes simple pour ces composes. 
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I. Introduction 

The 5f electrons in semimetallic com- 
pounds are considered to be less “local- 
ized” than the 4f electrons, either exhibit- 
ing a complex narrow band-like behavior or 
taking part in the bonding, thereby giving 
rise to some covalent character. In a recent 
paper (I) Damien and de Novion stressed 
that “Sf delocalization” depends strongly 
on two factors: 

(1) the actinide-actinide spacing, as evi- 
denced by the Hill plot (2); 

(2) the nature of the anionic environ- 
ment. 

In this work our aim was to contribute to a 
better understanding of the anion environ- 
ment factor by studying the influence of 
chalcogen X on bonding in the plutonium 
oxide chalcogenides Pu202X. Our choice 
for these compounds followed three crite- 
ria: 

(1) Pu-Pu distances are sufficiently large 
(~3.6 A) to rule out any direct f-f cou- 
pling. 

(2) In the PuZ02X compounds, as in the 
isostructural rare-earth hexagonal com- 
pounds (RE)202X, the metal should be tri- 
valent, 

(3) The (RE)202X compounds have al- 
ready been studied thoroughly on struc- 
tural, optical and magnetic standpoints (3, 
4), so they should be a good reference for 
well localized f electrons in this particular 
crystal symmetry and anion environment. 

II. Experimental 

PuzO8 and PuZOzSe were prepared by 
heating mixtures of stoichiometric amounts 
of PuOz, Pu hydride and appropriate chal- 
cogen according to the reaction 

Pu02+X+PuHY(2<y<3)+ 
fi202X + (yM32 X = S, Se. 

Both reactions were carried out at 800°C 
in silica tubes sealed under high vacuum. 
The amount of hydrogen evolved in the re- 
action, from one gram maximum of hy- 
dride, was small enough to prevent any 
hazard of rupture of the sealed tubes. 

p-Pu203 was obtained by reacting stoi- 
chiometric amounts of Pu hydride with 
PuO2 according to the reaction 

3PtlO2 + PuH,(2 -=I y < 3) + 
2/3-Pu203 + (y/2)H,. 

This reaction was done at about 1250°C in a 
tungsten crucible heated by an induction 
furnace. The hexagonal /? phase was then 
quenched by switching off the hf current. 
More details on this work are available in 
(5). These three compounds are black col- 
ored. They were X rayed using a 114.6 mm 
diameter Norelco camera and the Cuba ra- 
diation. Film dilatation corrections were 
performed. 

The magnetic susceptibilities of pow- 
dered samples were measured with the Far- 
aday method from 4 to 300 K at 6 kG, the 
samples being encapsulated in ultrapure al- 
uminium containers. Preliminary measure- 
ments at varying applied fields were per- 
formed at room temperature to check that 
the sample was free from magnetic impuri- 
ties (5). 

The electrical resistivities were also mea- 
sured in the same temperature range using 
the 4-point method on pelletized samples 
sealed in copper containers. The pellets 
were sintered at about 12OO”C, except p- 
Pi.1203, to avoid any phase transformation in 
the sesquioxide (5). 

III. Results 

X-Ray Data 

The X-ray powder patterns are indexed 
in the hexagonal system (see Table I) ex- 
cept two weak extra lines which were at- 
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TABLE I 

X-RAY POWDERPATTERNSOF Pu202S ANDPLI~O#~ 

h202S 

a = 3.929(l) zh, c = 6.804(2) A; z = 0.290, 
z’ = 0.640” 

20 I 

Puz02Se 
a = 3.962(l) A, c = 6.986(l) A; z = 0.290, 

z’ = 0.640” 

20 I 

hkl 
Calcu- Calcu- 

Observed latedb Observed’ latedd hkl 
Calcu- 

Observed latedb Observed< 

001 

I 
100 
102 
101 
102 
003 
110 

i 
111 
103 

1 

200 
112 
004 
201 

I 
202 
104 

I 
113 
203 
005 

I 
210 
114 

I 
211 
105 

I 
212 
204 

I 
300 
006 

1 

301 
213 
115 

I 
302 
106 
205 
214 

i 
220 
116 

1 

310 
222 
304 
206 
311 
215 
107 

13.04 

26.27 

29.42 
37.50 
39.92 
46.20 

48.42 

53.97 

55.72 

61.06 

62.67 
68.89 
69.14 

73.84 

75.33 

79.84 

85.61 

87.32 

91.51 

93.41 
97.54 

103.47 

109.69 

111.14 

13.21 
26.38 
26.39 
29.54 
37.57 
39.93 
46.39 
48.39 
48.40 
54.06 
54.06 
54.08 
55.86 
61.04 
61.05 
62.71 
69.16 
69.17 
73.80 
73.82 
75.33 
75.35 
79.85 
79.86 
85.77 
85.80 
87.24 
87.25 
87.26 
91.65 
91.68 
93.13 
97.55 

103.51 
103.54 
109.64 
109.64 
109.65 
109.67 
111.20 
1 ! lL22 
111.25 

VW 

S 

vs 
S 
W 
S 

S 

S 

S 

ms 

m 
VW 
ms 

m 

s 

m 

VW 

m 

W 

VW 
VW 

VW 

m 

m 

3 
14 
17 I 

100 
35 
8 

30 
0.8 

18 I 
2 

16 
2 I 

17 
9 

10 I 
12 
6 I 
2 
2 
4 1 

15 
5 1 
8 
5 I 
5 

<O.l I 
0.2 
8 
5 i 
4 
6 I 
3 
7 
4 

<o. 1 I 
I 
3 
3 
5 I 
9 
6 
1 

002 
100 
101 
102 
003 
110 
103 
004 
112 
201 
104 
202 
113 
203 
114 

i 
210 
105 
211 
204 
212 

1 
300 
115 
213 
106 
205 
214 
303 
220 
206 

1 

310 
215 
222 
311 
223 
313 
305 
117 
216 

I 
207 
224 
401 
108 

25.52 
26.04 
28.98 
36.71 
38.63 
45.77 
47.14 
52.28 
53.14 
55.13 
59.25 
60.03 
61.38 
67.71 
72.07 

72.98 

74.29 
78.02 
78.67 

84.77 

85.74 
88.67 
91.33 
95.47 
97.30 

102.19 
106.31 

108.46 

109.69 
115.47 
122.19 
121.13 
119.78 
125.66 

126.82 

129.79 
131.29 

25.48 
25.95 
28.98 
36.70 
38.65 
45.79 
47.15 
52.37 
53.14 
55.11 
59.36 
60.07 
61.43 
67.84 
72.08 
72.93 
73.11 
74.39 
78.07 
78.69 
84.75 
84.92 
85.74 
88.70 
90.71 
95.52 
97.33 

102.20 
106.28 
108.20 
108.38 
107.99 
109.68 
115.50 
122.11 
121.15 
119.73 
125.68 
126.65 
126.95 
129.77 
131.24 

VW 

VW 

vs 

S 

VW 

S 

S 

VW 

m 
m 
m 
m 
m 
W 

W 

W 

m 
VW 
W 

m 

m 
VW 
VW 
VW 
VW 
VW 
VW 

W 

W 

VW 

VW 

VW 

W 

W 

VW 

VW 

VW 

Calcu- 
latedd 

8 
3 

100 
47 
10 
33 
14 
2 
7 

17 
8 

11 
16 
5 
6 
0.4 
6 I 

14 
4 

10 
6 
3 I 
6 
5 
4 
5 
5 
4 
4 
0.2 
7 
2 I 
8 
5 
5 
1 
8 

10 
co.01 

4 I 
5 
6 
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TABLE I-Continued 

hO,S Pu202Se 
a = 3.929(l) A, c = 6.804(2) A; z = 0.290, a = 3.962(l) 8, c = 6.986(l) A; z = 0.290, 

z’ = 0.640” z’ = 0.64p 

20 I 28 I 

Calcu- Calcu- calcu- Calcu- 
hkl Observed latedb Observedc latedd hkl Observed latedb Observed latedd 

312 
223 
313 
305 
117 

1 

400 
224 
216 
008 
402 
314 
108 

I 403 150.89 150.88 
225 150.91 

167.38 
167.14 167.47 

167.57 

321 
315 
217 

116.12 116.01 
117.80 117.06 

124.51 
124.70 124.53 

124.55 
130.03 

130.69 130.05 
130.07 
130.10 
138.21 

138.62 138.23 
138.29 

w 6 314 134.60 134.59 W 7 
W 5 225 145.35 145.11 VW 4 

7 320 157.00 156.68 0.7 
S 5 315 157.11 m 18 1 

8 321 160.35 160.50 S 27 
0.6 

I 

208 164.12 164.20 m 17 

m 3 
13 
0.1 
4 

ms 10 
7 
6 m 9 I 

45 
S 27 

9 I 

L1 Atomic position parameters of Ce202S taken from (20). 
b Calculations done with the computer program POWD (8). 
c Legend: VW = very weak, m = medium, ms = medium strong, s = strong, vs = very strong. 
d Calculations were done with the computer program TENSIT (23). Intensities were corrected with the 

appropriate Lorenz polarization factor, but neither absorption coefficient nor temperature factor were taken into 
account. Space group P&l was assumed as in Ce202S (see text) (10). 

TABLE II 

LATTICE PARAMETERS (a, c), IS-COEFFICIENT, AND SHORTEST Pu-Pu DISTANCE d OF Pu,02X COMPOUNDS 

a (4 c (‘4 

This work Literature This work Literature 

c/a 

This work Literature 8 (%I d (A) 

Ppu203 3.836 (2) 3.8388 (2) 5.976 (9) 5.9594 (6) 1.56 1.56 0.2 -3.75 
(9) (9) 

pu202s 3.929 (1) 3.927 (3) 6.804 (2) 6.769 (10) 1.73 1.72 0.3 -3.65 
(10) (10) 

3.962 (1) 6.986 (1) 
Pu202Se” 3.957 6.977 1.76 1.76 0.7 -3.70 

3.961 (1) (II) 6.982 (1) (11) 

a 2 preparations. 
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tributed to PuOZ. Examination of the line 
intensities suggests that the Pu202X com- 
pounds are isostructural with the rare-earth 
compounds (RE)202X of CezOzS-type 
structure (6, 10, 24) or A-type (RE)z03 (7). 
The lattice parameters were calculated with 
the computer program POWD (8). As can 
be seen in Table II, they are in rather good 
agreement with the previous determina- 
tions (9-11). 

Magnetic Susceptibility Results 

The reciprocal molar susceptibilities of 
the three compounds are plotted against 
temperature in Fig. 1, the diamagnetic con- 
tributions of Pu3+, 02-, and X2- (12) as well 
as the blank value being substracted from 
the data. In each compound a slight field 
dependence of the magnetic susceptibility 
was observed at room temperature and was 
attributed to small contents of a ferromag- 
netic impurity. The reported susceptibility 
data are subsequently corrected with the 
aid of the Honda-Owen treatment (13). 

The maximum in susceptibility is attrib- 
uted to antiferromagnetic ordering occuring 
at 26 K for P-Pu~O~, 28 K for PuzOZS, and 
34 K for Pu20$e. For p-P11203 McCart et 
al. (14) found a susceptibility maximum at 
20 K while Flotow and Tetenbaum ob- 
served a &type specific heat anomaly at 
17.6 K (16). The former authors (14) asso- 
ciated this NCel temperature with the maxi- 
mum value of dx/dT. 

The higher temperature data, between 
100 and 300 K, are analyzed with the 
Curie-Weiss law. The effective moments 
per Pu atom (p), the Curie paramagnetic 
temperatures (O,), and the NCel points (TN) 
are reported in Table III. These p values 
are higher than the standard free ion value 
of Pu3+ (-1.23~~ (16)). These differences 
are not well understood. The high values of 
0, compared to TN suggest that strong 
interactions might exist between para- 
magnetic moments. The analysis of the 
paramagnetic region requires a more 

Pu202S 

0 

4 
T(K) 

10, 
L( 102mole /emu) 

9. xM 
/ 

/ 

0. 

PupOpse 

7. 
/ 

0 
6. 0 

0 

41 T(K) 

0 50 ml 2w 300 

FIG. I. Thermal dependence of the reciprocal molar 
susceptibility of p-Pu203, F&02S, and Pu202Se. 

sophisticated treatment needing spectro- 
scopic data on the ground level splitting, 
and susceptibility data at much higher tem- 
peratures . 
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Electrical Resistivity Results 

p-Pu20j was found to be an insulator with 
P - IO8 R cm at room temperature, while 
both other compounds are semiconductors 
with high resistivity p - lo4 fl cm at room 
temperature. This emphasizes the evolu- 
tion of an ionic compound (p-PuZOj) to co- 
valent compounds (Pu20$ and Pu202Se). 

Below 150 K the resistance of the sam- 
ples became very high so that we were un- 
able to make reliable measurements at low 
temperature. Neither time dependent nor 
temperature hystereses effects were ob- 
served. 

From the plots of p versus l/T, given in 
Fig. 2, activation energies W for electrical 
conduction were deduced according to the 
well-known relation In p/p0 = WIkT. Then 
we calculated a gap Eg = W/2, assuming 
that these compounds are intrinsic semi- 
conductors (see below). 

IV. Discussion 

Crystal Chemistry 

The cell volumes V of these compounds 
are compared to those of the isostructural 
Nd202X compounds (X = 0, S, Se). This 
comparison is justified by the fact that the 
crystal radii of Nd3+ and Pu3+ in trihalides 
are very close (28). In the same way, the 
cell volumes of A-Nd203 (76.32 A3) (17) 
and p-Pu203 (76.15 A3) are nearly equal. 
Thus we consider that the cell volume of 
the Nd202X compounds (3) corresponds to 
the cell volume of an hypothetical com- 

TABLE III 

MAGNETIC DATA AND GAPS OF Pu20zX COMPOUNDS 

X 0 

TN WI 26 
P w 1.58 
0, W -300 
4 @VI ? 

s Se 

28 34 
1.58 1.58 

-300 -320 
0.55 0.54 

109 300 200 150 100 

p(flcm) :" c c -T(K)] 

109 300 200 150 100 

lNQ.cm) 00 Y T(K) 
0 

106 

104 ~ 

0 0 

" 

10; 
.1.. 0 

~ 

lo6 
' 

IO5 
Pu*02Se 

103 lO+T(K-', I I 

3 4 5 6 7 0 9 10 

FIG. 2. Plot of the electrical resistivity in log units 
versus reciprocal temperature for Pu20zS and 
Pu202Se. 

pound of Pu3+ with localized 5f electrons. 
We then calculate a coefficient 6 measuring 
the relative difference between the cell vol- 
umes of the corresponding phases of Nd 
and Pu. Let us define 6 as 

w+202X) 

* = * - V(Nd202X) 
withV=za’r 2 . 

The increase of 6 along the series (see Table 
II) shows the progressive delocalization of 
Pu 5felectrons from /S-P&O3 to Pu202Se. 

The more Sfelectrons delocalize with re- 
spect to the rare-earth-like situation, the 
less they shield the nuclear potential. 
Hence the 6s and 6p outer shells become 
more tightly bound and the Pu3+ crystal ra- 
dius shrinks. Thus 5f “delqcalization” in- 
creases from p-Pu20J to Pu202Se, while the 
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Pu oxidation state and crystal structure re- Low temperature specific heat measure- 
main the same. ments and neutron diffraction experiments 

Magnetic Properties 
on 242Pu-based compounds would certainly 
be necessary to give the NCel points with 

The shortest Pu-Pu distance d has been better accuracy and determine the magnetic 
estimated in each compound (see Table II) structures, as was done for p-Pu203 (14). 
using the atomic coordinates of the Nd at- It must be noted that the A-type ses- 
oms (z = 0.245) in A-Nd203 (17) for p- quioxides Ce203, Pr203, and Nd203 do not 
PuZ03, and of the Ce atoms (z = 0.290) in order above 2 K (19); nor do Ce202S, 
Ce202S (10) for Pu202S and PuzOzSe; d CezOzSe, Pr202S, and Nd202S (3, 4). This 
stands for the metal-metal spacing inside is probably due to the smaller radial extent 
the Pu-0 layers (see Fig. 3). It is nearly the of the more internal 4forbitals which can- 
same in the three compounds (- 3.7 A), and not overlap the neighboring p orbitals. 
is shorter than the lattice parameter a, yet it 
is still longer than the critical distance 
(-3.4 A) found in the Hill plot of Pu-based 

Electrical Properties 

compounds (2). This agrees with the local- 
The hexagonal Nd202X compounds are 

ized magnetism found in these compounds. 
known to be stoichometric compounds 

As the Pu-Pu distances are large enough 
and to have a layered crystal structure 

to rule out a direct f-f exchange coupling, 
(20). From a crystallographic standpoint, 

the 5fmagnetic moments must be coupled 
Nd202S is made from A-Nd203 by substi- 

via the nonmagnetic p orbitals of the oxy- 
tuting sulfur sheets for oxygen sheets in be- 

gen and chalcogen ions, since here the con- 
tween the (Nd-0) layers. Hence we have 

duction electrons cannot mediate these in- 
assumed that Pu202S and Pu202Se might be 

teractions. Since TN increases from p-Pu203 
stoichiometric as is j3-Pu203 (14, 15). Thus 

(26 K) to PuZOzS (29 K) then to Pu202Se (34 
we shall consider here that the measured 

K), we conclude that the superexchange in- 
electrical conductivity of Pu202S and 

teractions are enhanced with decreasing 
Pu202Se has an intrinsic origin. We shall 

electronegativity of the chalcogen X and in- 
discuss the electrical properties on the ba- 

creasing p radial extent. Hence the 5fcon- 
sis of a simple band model. This model 

tribution to bonding increases from /3-Pu203 
must account for the fact that j3-Pu20j was 

to PuzOZSe. This conclusion from the mag- 
found to be an insulator while Pu202S and 

netic data is in agreement with the above- 
Pu202Se are semiconducting materials. 

mentioned “delocalization” inferred from 
Let us consider the following three bands 

crystal chemistry. This effect is small, yet it 
(see Fig. 4): 

shows the sensitivity of the 5f shell to the (1) the empty 6d-7s conduction states of 
anionic ligand field in spite of the shielding Pll3+ 
of 6s and 6p outer shells. (2) the full 2p band arising from the 2p 

states of the oxygen atoms building up the 

u-o-o- ox 

(Pu-0) layers; 

c ------ 

1 

(3) the full np bands arising from the 
..-c+++-... 0 0 chalcogen np orbitals. 

u-o-o- . p” The occupied 5fstates of Pu3+ are super- 

a imposed on the p valence bands. 
Two cases may occur: 

FIG. 3. Layer structure of hexagonal Pu20zX com- 
pounds (X = 0, S, Se) projected on a {1, 0, 0) plane. (1) If the 5f states lie below the np band 
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V. Conclusion 

We have shown that, in the isostructural 

Eg Eg 
compounds p-Pu203, Pu20$, and Pu202Se, 
the chemical bonding possesses a 5f-p co- 
valent character which is enhanced from /I- 

(-n(E) I-n(E) t-.-----4(E) 
Pu203 to Pu202Se. This is due to the in- 
crease of the p radial extent of the 

P- pu*o, P+O* s Pu*OzSe chalcogen ions, and the decrease of electro- 
FIG. 4. A schematic band model of hexagonal negativity, from oxygen to selenium. This 

PU2OJ. leads to 

(3~ for Pu202S and 4p for PuzOzSe), then (1) a shrinkage of the Pu3+ crystal radius, 

the measured gap Es corresponds to an np (2) an increase of the NCel temperature. 

--* 6d-7s transition. We have also pointed out, in Pu20S 
(2) If the 5fstates lie above the np band and Pu20zSe, that the occupied 5f states 

then this gap corresponds to a Sf+ 6d-7s must overlap the bottom of the chalcogen 
transition. np band to account for the electrical prop- 

From p-Pu20J to Pu2O$e, crystal struc- erties of this series of compounds. Optical 

ture remaining unchanged, the crystal field absorption (or reflection) spectra and UPS- 

splitting of the 6d states must decrease, valence band spectra would certainly help 

since the chalcogen electronegativity de- to improve the understanding of the elec- 

creases and the cell volume increases. Thus tronic properties to these compounds. 

the bottom of the 6d empty states rises from 
p-PuZO~ to Pu20+S and the conduction band 
narrows from Pu202S to Pu;zOZSe. Acknowledgment 
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