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Abstract  

The crystallographic and spectroscopic properties as well as the magnetic susceptibilities 
of Sr3U08, CaaUO6, Sr3Np06 and Ca3NpO~ were determined. Data for the uranates are 
in agreement with structures proposed earlier. From X-ray powder patterns and IR 
arguments the neptunates seem to exhibit a somewhat less distorted lattice. Electronic 
spectra indicate only slightly distorted NpO~ octahedra. Magnetic susceptibilities are 
comparable with data from other 5f ° and 5f ~ systems respectively. The absence of 
magnetic transitions in the neptunates is explained by the unavailability of An-O-An 
chains in the lattice, thus suppressing superexchange via oxygen ions. 

1. Introduct ion  

Ternary  oxides  containing 5f ions with an odd  number  of  f e lec t rons  
and a related magne t ic  g round  state often order  magnet ical ly  at  low tem- 
pe ra tu res  [ 1 - 1 3  ]. While the main order ing mechan i sm most ly  can be explained 
in a qualitative way  by supe rexchange  via oxygen  ions, there  exists very  
little informat ion abou t  the details of  such  magnet ic  transit ions.  Thus, dur ing 
recen t  years  we began  to investigate t e rnary  oxides  of  Np(VI) with the [Rn]5f  1 
e lectronic  conf igurat ion to  s tudy relat ionships be tween  crystal  s t ructures  and 
magne t ic  p roper t i es  of  these compounds .  

In the course  of  these studies our  interest  was  focused  on the "or-  
thoac t in ida tes"  with the general  formula  Mne2mO6. These c o m p o u n d s  conta in  
hexavalent  actinide central  ions in a more  or less dis tor ted coord ina t ion  
oc t ahed ron  of  oxygen  ions. The crystal  s t ructure  is a perovski te  supers t ruc ture ;  
this can be emphas ized  by writing the formula  in a more  "perovski te- l ike"  
(ABO3) way  as Mn(MIIo.~MWo.5)O 3. The ideal, cubic  s t ructure  is shown in Fig. 
1. F r o m  there  it is obvious  that  the M H ion exhibits two different coord ina t ion  
number s  (KZ) in the crystal, indicating a l ready that  the number  of  stable 
cubic c o m p o u n d s  of  this type mus t  be very  limited. Indeed,  only a few 
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Fig. 1. Ideal, cubic perovskite superstructure. 

representatives of the cubic type exist [14, 15], because the octahedral 
interstices formed by M 2+ and 0 2- in the closest packing usually are too 
small for M 2÷ itself. Replacing one-third of M 2÷ with a smaller M .2÷ makes 
the cubic structure much more likely [16-19] .  

From their structure one would not expect  these kinds of compounds 
to exhibit magnetic ordering at low temperatures  because on one hand the 
distances between the paramagnetic centres are relatively long and on the 
other M--O--M chains are interrupted by diamagnetic ions which should 
suppress superexchange interactions. Considerable disagreement about the 
structure exists in the literature and we hoped to obtain a closer insight 
into the An ~ + site symmetry by using different physical methods of investigation 
for these compounds.  

2. Exper imenta l  details  

The samples were prepared by thermal t reatment  of a mixture of alkaline 
earth carbonate with UsOa or NpO2. The starting materials BaCOa and CaCOa 
(p.a., Merck, Darmstadt, FRG), SrCOa (Optipur, Merck), UaO8 (prepared by 
the heating in air of UO2, nuclearrein, Merck, Darmstadt, FRG) and NpO2 
(spectroscopically analysed, ORNL) were dried at 300 °C for 16 h directly 
before use. They were then ground together  in an agate mortar  for at least 
15 min and the finely powdered, homogeneous-looking mixture was put  into 
the furnace in a corundum boat. The reaction took place in a quartz tube 
at 1000-1200  °C under  a stream of oxygen. After approximately 12 h the 
product  was reground and again left under the same conditions for another  
12 h. The resulting compound was quenched to room temperature  and stored 
under dry oxygen. Sr3UO6, SraNpO6, CaaUO~ and CaaNpO6 were prepared 
by this method. 

The samples were characterized by X-ray diffraction (Debye-Scherrer)  
using nickel-filtered Cu Ka radiation. IR spectra  of the compounds pressed 
as KBr and polyethylene pellets were recorded with a Perkin-Elmer  M283 
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s p e c t r o m e t e r  ( 4 0 0 0 - 2 0 0  c m -  1) a n d  a B e c k m a n  FS 720  i n t e r f e r o m e t e r  ( 4 0 - 4 0 0  

c m - 1 )  r e spec t ive ly .  E l e c t r o n i c  s p e c t r a  of  the  s u b s t a n c e s  p r e s s e d  as  KBr 

pe l l e t s  we re  t a k e n  b e t w e e n  4 0 0  a n d  1 4 0 0  n m  wi th  a Cary  17 s p e c t r o p h o t o m e t e r  
a t  77 K. M e a s u r e m e n t s  of t he  m a g n e t i c  s u s c e p t i b i l i t y  f r o m  r o o m  t e m p e r a t u r e  
d o w n  to  1.3 K w e r e  p e r f o r m e d  wi th  a F a r a d a y  b a l a n c e ,  the  de ta i l s  of  w h i c h  
are  d e s c r i b e d  e l s e w h e r e  [1, 10].  

3. R e s u l t s  

3.1. X-ray diffraction 
The  p o w d e r  p a t t e r n s  of  Ca3UO6 a n d  Sr3UO6 w e r e  i n d e x e d  in  a m o n o c l i n i c  

s y m m e t r y  in  a g r e e m e n t  w i th  X-ray  a n d  n e u t r o n  da t a  f r o m  L o o p s t r a  a n d  

Rie tve ld  [20] .  In  t he  p a t t e r n s  of  Ca3NpO6 a n d  Sr3NpO6 n o  i n d i c a t i o n  o f  a 

l ine  sp l i t t i ng  l e a d i n g  to  a m o n o c l i n i c  s t r u c t u r e  c o u l d  be  f o u n d ;  h e n c e ,  t h e y  

w e r e  i n d e x e d  in  a n  o r t h o r h o m b i c  symznet ry .  The  la t t ice  c o n s t a n t s  o b t a i n e d  
are  l i s t ed  in  Tab le  1 in  c o m p a r i s o n  wi th  l i t e r a tu re  va lues .  

3.2. IR spectroscopy 
The  IR a n d  far-IR s p e c t r a  of  Sr3UO6 a n d  Ca3UO6 a re  s h o w n  in  Figs .  2 

a n d  3 r e spec t ive ly .  S p e c t r a  of  t he  c o r r e s p o n d i n g  n e p t u n i u m  c o m p o u n d s  c a n  

be  s e e n  in  Fig.  4 in  c o m p a r i s o n  wi th  t he i r  u r a n i u m  h o m o l o g u e s .  The  t r a n s i t i o n  
e n e r g i e s  are  l i s ted  in  Tab l e  2, t o g e t h e r  wi th  a p r o p o s e d  a s s i g n m e n t .  

3.3. Electronic spectroscopy 
F r o m  c o m p a r i s o n  wi th  o t h e r  t e r n a r y  n e p t u n i u m  o x i d e s  wi th  s i m i l a r  

c o o r d i n a t i o n s ,  p a r t i c u l a r l y  w i th  Ba3NpO6 [2], t he  e l e c t r o n i c  t r a n s i t i o n s  of  

TABLE 1 

Lattice constants of orthouranates and orthoneptunates 

Compound Lattice constants 

This work Literature [20] 

Ca3UO~ a =569.9 pm 
b = 593.8 pm 
c = 830.6 pm 
/3=90.7 ° 

Sr3UO6 a = 597.3 pm 
b=621.8 pm 
c= 852.1 pm 
/3=90.7 ° 

Ca3NpO6 a = 569.0 pm 
b = 593.8 pm 
c=819.3 pm 

Sr3NpO6 a = 593.2 pm 
b= 619.5 pm 
c = 853.2 pm 

a =  572.75 pm 
b = 595.64 pm 
c= 829.82 pm 
fl = 9O.568 ° 

a = 595.88 pm 
b=617.95 pm 
c = 855.35 pm 
/3=90.192 ° 
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Fig. 2. IR spectra of Ca~UO6 (spectrum a) and Sr3UO 6 (spectrum b). 
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Fig. 3. Far-IR spectra of Ca3U06 and Sr3UOe. 
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Mn~NpO8 can be expected in the near-IR region [1, 2, 10-13]. Indeed, two 
transition bands and a shoulder on the charge transfer rise can be observed 
in the spectra (Fig. 5). The proposed assignment of the corresponding energies 
is given in Table 3 together with literature data for the barium compound. 
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Fig. 4. IR spectra of SrzNpO 6 (spectrum a), SF3UO 6 (spectrum b), Ca3NpO 6 (spectrum c) and 
Ca3UO 6 (spectrum d). 

TABLE 2 

IR bands of the orthoactinidates 

Vibration Sr3UO 6 SrNpO6 Ca3UO 6 Ca~NO6 
(cm - 1) (cm-  1) (cm - 1) (cm - 1) 

~1 750 _a 750-770 -a 

492 515 523 534 
535 550 573 570 
600 615 610 610 

~4 275 297 335 345 
310 320 372 375 
348 350 390 395 

u7 260 272 290 310 
238 260 250 298 
200 _b 220 270 

170 -~ 194 _b 
148 _b 164 _b 
120 _6 144 _b 

aRaman active not observed. 
bNo far-IR spectra  ( v < 2 0 0  cm -~) of the neptunates were recorded. 

3.4. Suscept ib i l i t y  m e a s u r e m e n t s  
Sr3UO6 a n d  Ca3UO6,  a s  e x p e c t e d ,  e x h i b i t  t e m p e r a t u r e - i n d e p e n d e n t ,  

w e a k l y  p a r a m a g n e t i c  s u s c e p t i b i l i t i e s  o f  ( 1 5 8  + 0 . 5 )  × 1 0  - 6  c m  3 m o l -  1 a n d  
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Fig. 5. Electronic spectra of Sr3NpO6 and Ca3NpO6. 

TABLE 3 

Assignment of the electronic spectra of Ba3NpO6, Sr3NpOs and Ca3NpOs 

Transition Energy (cm -1) 

Ba3NpO6 [2] Sr3Np06 Ca3Np08 

Calculated Observed 

FToFs 8000 7690 7605 7692 
FT~FT' 9390 9390 9442 9483 
FvoFs' 13729 1176O 
F~F6 16263 > 16500 17241 17391 

(156  + 0 .5)  × 1 0 - 6  c m  3 t o o l -  1 r e s p e c t i v e l y  ove r  the  en t i re  t e m p e r a t u r e  r a n g e  
i nves t i ga t ed  ( 7 7 - 3 0 0  K). 

The n e p t u n i u m  c o m p o u n d s  exh ib i t  the  p a r a m a g n e t i c  b e h a v i o u r  of  a 5f ~ 
s y s t e m  in a d i s t o r t e d  o c t a h e d r a l  c rys ta l  field (Figs .  6 a n d  7), as  a l r e a d y  
known  f rom v a r i o u s  o t h e r  t e r n a r y  n e p t u n i u m  o x i d e s  [ 1 - 1 3 ] .  The C u r i e - W e i s s  
law is no t  fo l lowed  owing  to a t e m p e r a t u r e - i n d e p e n d e n t  con t r ibu t ion  to  the  
su scep t i b i l i t y  wh ich  can  be  e v a l u a t e d  by  e x t r a p o l a t i o n  of  the  da t a  t o w a r d s  
infinite t e m p e r a t u r e :  

Sr3NpO6 )(m TIp = (283  __ 2) × 10-- 6 cm s m o l -  1 

Ca3NpOe xmWm = (347  +_ 2) X 1 0  - 6 c m  3 mo1-1 

Af te r  c o r r e c t i o n  of  the  m e a s u r e d  da t a  with r e s p e c t  to  X T~P the  suscep t ib i l i t i e s  
of  bo th  s u b s t a n c e s  fo l low a C u r i e - W e i s s  law wi th  the  fo l lowing  p a r a m e t e r s :  
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Fig. 6. Reciprocal molar susceptibility of Sr3NpO~ (curve a) and Ca3NpO~ (curve b) as a 
function of temperature. 

I [,'B] [2eff 
15 

b 

50 100 150 200 250 300 

Fig. 7. Magnetic moments of Sr3NpO 6 (curve a) and Ca3NpO6 (curve b) as a function of 
temperature. 

Sr3NpO6 C = ( 2 . 4 5 _ 0 . 0 3 ) × 1 0  - 2 m o l c m  -3  K - l ;  0 = 0 _ _ _ 3 K  

Ca3NpOa C = ( 4 . 7 4 - + 0 . 0 3 ) x 1 0  -2  m o l c m  -3  K - 1 ; 0 = - 4 + 3 K  

F o r  n o n e  o f  t h e  c o m p o u n d s  is a n  i n d i c a t i o n  o f  m a g n e t i c  o r d e r i n g  a b o v e  4.2  
K o b s e r v a b l e .  
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4. D i s c u s s i o n  

4.1. The crystal  s tructures 
The first structural investigations on this class of compounds took place 

in 1954-1955. Therein Ba3U06 was indexed cubically, and the corresponding 
strontium and calcium compounds were described as distorted, but were not 
further explained [15, 21]. Russian researchers found the structures to be 
cubic (Ba3UO6) [22], pseudocubic (Sr3UO6) [23] and orthorhombic (Ca3UO6) 
[24]. The corresponding neptunates were synthesized by Keller in 1962. 
There a cubic structure was ascribed to Ba3NpO6, and in the strontium and 
calcium cases distortions were found, but not further explained [25, 26]. 

Precise measurements using X-ray and neutron diffraction methods yielded 
a tetragonal structure for Ba3U06 [27] and monoclinic structures for Sr3UO6 
and Ca3UO6 [20]. The unit cell is shown idealized (orthorhombic) and distorted 
(monoclinic) in Fig. 8. A monoclinic symmetry has also been found by later 
researchers [28]. In some recent publications the neptunates were found to 
be not isomorphic with the corresponding uranates, but detailed information 
was not given [16, 29, 30]. 

In the present work agreement was found with the values of Loopstra 
and Rietveld [20] confirming the structures shown in Fig. 8 for the uranates, 
as well as the lattice constants (Table 1). In the case of the neptunates no 
line splitting indicating a monoclinic distortion could be found; hence, the 
patterns were indexed in an orthorhombic symmetry (Table 1). 

These findings are confirmed by the interpretation of the IR data. Although 
the spectra here are much more complicated than, for example, those of 
the simple MIIAn]VO 3 perovskites, it can be shown that they are in agreement 
with the crystal structures described above. 

A normal coordinate analysis for such systems was performed by Liegeois- 
Duyckaerts and Tarte [31], yielding ten modes of vibration for the cubic 
symmetry (Fig. 1): 

• U 
©o 

1~ .¢oord~ Ci 
6 -¢oo,d. ~ Ci 

(a) 

o 0  
12-coard.(~ Ca $ 

6.:oo,d.~) Ca ~ A  
C (b) 

Fig. 8. (a) Idealized and (b) real s t ructure  of Ca3UO8 [271. The perovskite unit  is emphasized. 
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Alg(vl), Eg(,2), 2T2g(v~, vg) Raman active 

4Tlu(V3, u4, uT, v8) IR active 
Tlg(u6), T2u(ul0) inactive 

This nomenclature (vl-u~0) is connected with the distinction between "internal"  
and "external"  vibrations according to Last [32], i.e. u1-~5 are internal 
vibrations of the MO6 octahedron, and uT-Vlo are external lattice vibrations. 
Because of the expected strong coupling between the internal and external 
modes, this distinction is not  really justified in the present  case; nevertheless, 
it is helpful for interpretation and therefore will be used throughout  the text. 

In the IR spectra  (Fig. 2) the two internal modes of the AnO6 octahedron, 
u3 and u4, are clearly recognizable. They are threefold split, i.e. their degeneracy 
is removed; hence, the maximum possible symmetry is orthorhombic.  Fur- 
thermore,  the Raman-active mode u~ is observed as a shoulder in Ca3UO6 
and as a low intensity peak in Sr3UO6. This corresponds to a removal of 
the Raman-IR alternative rule and hence to a loss of the symmetry centre. 
Therefore, the symmetry must be lower than orthorhombic.  A further band 
appearing in the spectra can be assigned to a combination of u3 and uv. 

In the far-IR spectra the two lattice modes uv and vs are observed. They 
also are split threefold, according to the crystal symmetry (Fig. 3). A proposed 
assignment of all vibration bands is given in Table 2. 

Generally all bands of Sr3U06 are shifted to lower energies with respect  
to those of Ca3UO6; this is expected because of the smaller mass of calcium 
compared with strontium. 

The IR spectra of the neptunates are very similar to those of the 
corresponding uranates. The important difference is the absence of the Raman- 
active ~ in Sr3NpO6, which indicates a higher symmetry than in Sr3UO6. 
Again this result is in agreement with the X-ray diffraction results: no monoclinic 
line splitting was observed in the neptunates. 

The assignment of the absorption bands was followed through in analogy 
to the uranates and is also listed in Table 2. Generally, the bands of the 
neptunates are shifted slightly to higher energies with respect  to the uranates 
owing to the lower mass of neptunium compared with uranium. 

4.2. The electronic spectra 
The Np ~+ ion has the [Rn]5f 1 electronic configuration with a 2F5/2 ground 

state and a 2F7/z first excited state. In an octahedral crystal field these terms 
undergo a splitting according to the level scheme in Fig. 9. Although the 
overall crystal structure is orthorhombic in the compounds under  investigation, 
the distortion of the NpO6 octahedron itself is relatively small (Fig. 6); 
hence, one would not  expect  very large deviations from the level scheme 
of Fig. 9. 

The assignment of the spectrum was performed according to the as- 
signment of Ba3NpO6. As mentioned before, this compound is of very similar 
structure (concerning the NpOG octahedron) and therefore can be expected 
to exhibit a similar absorption spectrum. Its bands had been fitted with a 
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Fig. 9. Spin-orbit and crystal field splitting in an octahedral field. 

model using the cubic crystal field parameters  A and O, the spin-orbit coupling 
constant  ~ and two orbital reduction factors k and k' to take into account  
effects of covalency [1, 2]. If the coordination polyhedra are similar in 
BasNp06, Sr~NpO6 and Ca3Np06, the above parameters  should also be similar 
and therefore the transitions should occur  at similar energies. 

Indeed, this is the case, as can be seen from Table 3, where the transition 
energies of Sr3NpO6 and Ca3NpO6 are compared with observed and calculated 
values of Ba3Np06 from ref. 2. The FT-* Fs' transition was not observed in 
the strontium and calcium compounds;  in the barium compound this band 
also had a very low intensity. 

Again, these results are in agreement  with the above-suggested crystal 
structures, i.e. slightly distorted NpO6 octahedra in a crystal of relatively 
low symmetry. 

4.3. The magnet ic  susceptibility 
Since the magnetic susceptibility reflects the occupation of the electronic 

levels, which is very similar in Ba3NpO6, Sr3NpO6 and Ca~NpO6 as has been 
pointed out above, one does not expect  large differences in magnetic behaviour 
among these compounds.  

This is indeed the case as can be seen in Figs. 6 and 7 and from 
comparison with the Ba3NpO6 data from refs. 1 and 2. The dependence of 
the susceptibilities on temperature  exhibits a Curie-Weiss behaviour with 
the addition of a temperature- independent  paramagnetism. At high temper- 
atures this behaviour is very similar to practically all ternary Np w oxides 
containing NpO6 octahedra investigated so far [1-13] ,  the room temperature  
values of which lie in the range (460 + 90) × 108 cm 3 mol -  i. The extrapolated 
temperature- independent  susceptibility of Ca3NpO6 lies in the middle region 
of the temperature-independent  paramagnetic susceptibilities of the hitherto 
investigated ternary oxides with an Np w central ion, ranging from 283 x 10-8 
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to 389 × 10 -~ cm 3 mol-~ [10]. In contrast,  the strontium compound exhibits 
the lowest value found so far. 

In contrast  to several Np w ternary oxides no magnetic transition is 
observable. This fact is consistent with the values for the Weiss constants 
of practically zero indicating only very small, if any, interactions present  
between the paramagnetic centres. 

Usually in this class of compounds the ordering phenomena  are explained 
by a superexchange mechanism via the oxygen ions. To make this possible, 
An-O-An chains must be present  in the crystal, which here is not the case. 
Therefore it is not surprising that no magnetic ordering occurs, because the 
An-An distances are far too large for dipole ordering above 4 K. 

Prom this statement one would conclude that magnetic ordering should 
become possible if the diamagnetic ions that "insulate" the NpO6 octahedra 
are exchanged with paramagnetic ions. This, indeed, occurs, as can be seen 
from the compounds BaeMnNpO6 and Ba2FeNpO6. Here the NpO6 octahedra 
are "br idged" by paramagnetic Mn 2+ or Fe e+ ions; the result is magnetic 
ordering at 65 K and 200 K respectively [33]. 

5. C o n c l u s i o n s  

The crystal structures of Sr3UO~ and Ca3UO6 determined earlier have 
been confirmed by X-ray diffraction and IR spectroscopic methods. The 
corresponding neptunium compounds exhibit a different structure of higher 
symmetry. Although the lattice symmetry in all compounds is rather low 
(or thorhombic or monoclinic), the symmetry of the actinide coordination 
polyhedron does not  seem to be strongly affected, since an octahedral crystal 
field model is able to explain the observed electronic transitions. It is unlikely 
that the AnO6 octahedron is ideal, but the distortions are much weaker than 
in, for example, Na4NpO~ or Na2NpO4, where a tetragonal crystal field model 
is necessary to explain the spectra [2, 13[. 

The magnetic measurements  are also in agreement  with a slightly distorted 
NpO6 octahedron, although the magnetic susceptibility does not  seem to be 
extremely sensitive to slight changes in symmetry and bond lengths in these 
compounds  as long as the main coordination feature, the AnO6 octahedron, 
is conserved [ 12 ]. 

The compounds do not order magnetically at low temperatures,  which 
is to be expected from their crystal structures. An-An distances are too 
large to allow dipole interaction; superexchange is not  possible because the 
neptunium--oxygen octahedra are separated by diamagnetic ions in all three 
lattice directions, i .e. only An-O- M -O- An  chains exist where An-O-An chains 
would be necessary. 

In Sr3UO6 and Ca3UO~, as in all ternary oxides containing ions with the 
[Rn]Sf ° electronic configuration investigated so far, the 5f ° ion exhibits a 
weak, paramagnetic susceptibility. Since the ions do not  contain f electrons 
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a s ign i f i can t  d e g r e e  of  c o v a l e n c y  s e e m s  to  b e  p r e s e n t  i n  t he  A n - O  b o n d  of  
t he se  ox ides .  Th i s  c o v a l e n c y  is n o t  s u r p r i s i n g ,  w h e n  a c t i ny l  g r o u p s  a re  a 

f e a tu r e  of  the  c rys ta l  la t t ice ,  b u t  e v e n  in  c o m p o u n d s  wi th  s ix  a l m o s t  e q u i d i s t a n t  

o x y g e n  i o n s  in  the  c o o r d i n a t i o n  o c t a h e d r o n  the  s u s c e p t i b i l i t i e s  lie in  the  
s a m e  r a n g e .  Thus ,  the  i n f l u e n c e  of  b o n d i n g  e l e c t r o n s  o n  t he  m a g n e t i c  b e h a v i o u r  

is n o t  c o m p l e t e l y  n e g l i g i b l e  in  s u c h  s y s t e m s .  

The  s u s c e p t i b i l i t i e s  o f  Np v]~ c o m p o u n d s  a re  h i g h e r  t h a n  t h o s e  in  iso-  
e l e c t r o n i c  U v~ c o m p o u n d s ,  w h i c h  is c o n s i s t e n t  wi th  the  g e n e r a l  o b s e r v a t i o n  

t h a t  the  t e n d e n c y  t o w a r d s  c o v a l e n c y  i n c r e a s e s  wi th  i n c r e a s i n g  o x i d a t i o n  s t a te  
in  the  a c t i n i d e  ser ies .  
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