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INTRODUCTION 

We started to study the solid state chemistry of the actinide pnic

tides and chalcogenides in order to compare the properties of 4f and 5f 

electrons in semi-metall ic compounds. In the actinide metals up to pluto

nium, the 5f orbitals take a prominent part in the bonding, leading to 

physical properties and particularly to crystal structures different from 

those of the rare-earth metals . 

On the other hand, ionic compounds, such a s halides, have the 

same crystal structures in both actinide and lanthanide ser ies when the 

elements have close ionic radii, and exhibit the 4f and 5f contractions 

respectively. In chalcogenides and pnictides the actinide elements do not 

make a uniform series since they can form compounds which are diffe

rent in composition and crystal structure as wel l . 

Two distinct groups are found : the uranium type compounds, and 

the rare-earth type compounds including those of plutonium, americium 

and curium. 

Neptunium is generally an intermediate element giving both types 

of compounds so that we shall review first the crystal chemistry of 

neptunium chalcogenides and pnictides. 

The repartition of the actinide s into two groups, depends upon the 

valency state of the actinide element : 4+ cations lead to uranium type 

chalcogenides and pnictides, while 3+ cations lead to rare-earth type 

compounds. 

From a crystallographic point of view, there is no difference 

between the properties of 4f and 5f electrons when the actinide and lan

thanide elements are trivalent. Nevertheless, from a discussion of the 

variations in the lattice parameters or cell volumes of the actinide 

chalcogenides or pnictides, we shall try to show that the 5f electrons 

up to curium are more delocalized than the 4f ones, and we shall try 

also to give precise details about the 5f délocalisation proces se s . 
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I - TRANSURANIUM ELEMENTS CHALCOGENIDES AND PNICTIDES 

Neptunium chalcogenides and pnictides are presented in table I. 
Depending upon the associated non-metal element, neptunium forms pnic
tides and chalcogenides either of uranium or of rare-earth type. Plu
tonium, americium, and curium always exhibit the rare-earth type. Other 
compounds, the monochalcogenides and monopnictides have same composi
tion and crystal structure for uranium than for the rare earth ones. 

1.1. Chalcogenides 
Neptunium trisullde and triselenide, like US3 and USe3, crystallize 

in the monoclinic ZrSe3 type of structure. This structure is characterized 
by the presence of short selenium-selenium distances, about 2.34 A, 
corresponding to a covalent bonding between these selenium atoms, since 
the covalent radius of selenium is 1,16 A . 

Thus neptunium triselenide can be formulated with polyselenide ions 
and likely contains the neptunium cations as tetravalent species (Np4 (Se-Se) = 

S e = ) , since this type of structure is seen also in thorium tritelluride, 
hafnium trisulfide or zirconium trisulfide in which the cations are typically 
tetravalent. 

It should be mentionned that the magnetic measurements made at 
Grenoble by Blaise et al. / l / , do not confirm the presence of tetrava
lent neptunium in this compound, since the observed effective moment is 
too low, even lower than the moment of the 3+ free ion, calculated in the 
intermediate coupling (table II). 

Np3Se5 and Np 3 S 5 have the orthorhombic U 3 S 5 or V$Se$ type of 
structure. From interatomic distance considerations, it is believed that 
there are two kinds of cations in these compounds ; two 3+ and one 4+ 
cations / 2 / . This time, the magnetic susceptibility measurement of NpjSes is 
in good agreement with the assumption since the observed effective moment 
3,15 y B is very close to the theoritical one calculated from the two oxydations states 

In both cases, NpSe3 and Np3Se 5, Mossbatter spectroscopy should 
be helpful to determine the charges of the neptunium ions. 
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Plutonium, americium and curium do not form these compounds, 

and the highest sulfide and selenide are the disulfide and diselenide 

which are different from the uranium dichalcogenides / 3 / . 

They are formed with trivalent cations and also contain poly-

sulfide or poly selenide ions . They can be written as follow, for pluto

nium disulfide for instance, ( P u 3 ) 2 (S-S^S^). They cristal l ise in the 

tetragonal anti-FegAs type of structure like the rare-earth dichalcogenides. 

The sesquisulfides and sesquiselenides exhibit a l so the rare-earth 

typ« although Zachariasen has reported once neptunium sesquisulfide as 

isostructural with U 2 S 3 / 4 / . 

All the neptunium tellurides, including the tritelluride, are 

isostructural with the corresponding rare-earth compounds, like the 

plutonium, americium and curium tellurides, and thus are different 

from the uranium tellurides. 

Their interatomic distances are consistent with the presence of 

trivalent cations. 

So in the chalcogenides, the trend i s to stabilize the 3+ valency 

state of neptunium when going from sulfur to tellurium. 

1.2. Pnictides 

Among the actinide pnictides only the arsenides and antimonides 

begin to be known. 

Neptunium diarsenide exhibits the ant i -Fe 2 As type of structure 

like U A s 2 , and P a A s 2 . 

The cell volumes are presented on figure 1 : they remain close 

one to the other and the cations are assumed to be tetravalent, like in the 

AnjAs4 compounds which are also observed from thorium to neptunium. 

The magnetic susceptibility of PaA» 2 i s shown.on fig ( i ) . This 

compound is temperature independent para magnet, consistent with Pa 4 , 

if the 5f electron is partially delocalized /S/, while pen ta va lent protac

tinium as in PaC was found to be diamagnet / 6 / . Such arsenides are not 

obtained with the other transuranium elements. Plutonium forms likely 

a diarsenide but its structure, not yet determined, i s not of anti-

F e 2 A s type. It i s not clear weither it belongs or not to the. monoclinic 
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type of rare-earth diarsenides known from lanthanum to neodynium / 7 / . 

Americium and curium seem to form only the monoarsenides. 

The diantimonides of orthorhombic LaSb2 type have been charac

terized from neptunium to americium / 8 / . They are different from ura

nium diantimonide which exhibits the anti-Fe2As type structure, and their 

interatcmic distances, calculated according to the SmSb2 atomic positions, 

are consistent with trivalent cations. 

In the orthorhombic LaSb2 type structure there are pairs of 

antimony atoms very close one to the other ; their distance in NpSb? 

i s 2 .74 A which i s even shorter than in elementary antimony (2.91 A ) . 

This structure is known in the rare-earth element series up to 

samarium for which the shortest Sb-Sb distance is 2.79 A / 9 / . 

The smaller distance Sb-Sb in NpSbg shows that the existence of 

this structure i s not limi.ed in the rare-earth diantimonides by a minimum 

Sb-Sb distance occuring at samarium. The participation of the f orbitale 

in the bonding, even in the early rare-earths , and of course, in the 

transuranium elements, seems to be necessary to the formation of this 

structure under normal pressure conditions. 

The Pu| Sbj and ARI4 Sbj compounds are of rare-earth type s ince 

uranium and thorium form respectively U3Sb,, (U 4 Sb. i s hexagonal) and 

Tl^Sb^. The case of neptunium i s not clear / l O / . 

Thus, like for the tellurides, the trend is to stabilize the 34- valency 

state of neptunium, and thus to form rare-earth like compounds, when 

going from arsenic to antimony. 

When the elements are trivalent, the differences in the properties 

of 4f and 5f electrons of rare-earth and transuranium elements respec

tively, are not sufficient to give r i se to changes in the crystal structures 

of their compounds. 

Nevertheless such differences appear if we compare the variations 

of the lattice parameters in both s e r i e s . 

Actinide and lanthanide monopnictides, are presented in figure 2 , 

The rare-earths exhibit the lanthanidic contraction while there i* no regular 

contraction in the actinide s e r i e s . 
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K - 5f ELECTRON DELOCALIZATION 

n . l . Recall of results on pure actinide metals 

The shape of such curves can be interpreted in terms of a 

progressive localization of the 5f electrons when going from uranium 

to curium. The lattice constants are quite sensitive to the derealization 

of the 5f shell : such a délocalisation decreases the 5f screen field effect 

towards the valency electrons, and thus decreases the crystal radius of 

the cation. 

Such an interpretation derives from the results obtained in pure 

actinide metals , for which physical properties as well a s band structure 

calculations have shown that the 5f electrons were strongly hybridized in 

the early actinide metals / 1 1 , 1 2 / j h e 5f derealization i s maximum in the 

uranium-neptunium region, somewhat lower for plutonium, and weak for 

americium. The 5f electrons are considered to be well localized only 

in curium metal. 

This délocalisation ar i ses from overlaps between the 5f orbital of 

one actinide atom with the 5f or 6d orbitale of neighbouring atoms / l 3 / , 

and of course, decreases with increasing metal-metal distances. 

De Novion has shown the effect of the metal-metal distances on the 

magnetic properties of actinide carbides / 1 4 / . Magnetic ordering appears 

in the carbides only for neptunium, for which the metal-metal distances are 

sufficient to allow for the existence of localized moments on the neptunium 

atoms. Uranium monocarbide, with shorter actinide separations, is tempe

rature independent paramagnet. 

In a more general study, Hill / 1 5 / has shown the close dependence 

of magnetic properties or supraconducting transition temperature of many 

actinide compounds upon their actinide-actinide separation. 

This derealization mechanism neglects the role of the non metal 

element since it acts on the délocalisation only through a s ize effect. 

We shall try to show that the anion properties have a lso to be taken 

into account in discussing the 5f electron derealization in actinide 

pnictides and chalcogenides. 



6. 

II .2 . Effect of non-metal element» 

a) Uraniu.1 compounds (monochalcogenides and monopnictide») 

We compare first uranium with thorium compounds / 1 6 / . On the 

figure 3 the lattice parameter difference» between thorium and uranium 

monochalcogenides and monopnictides have been plotted as a function of 

the metal-metal distances. 

We shall assume that the 5f electron participation in the bonding 

of thorium compounds can be neglected, so that the lattice parameters of 

these compound» can be taken a s reference» for the uranium ones . Thus 

each plotted difference reflects the magnitude of the uranium 5f deloca

lization in the corresponding uranium compound. When the 5f electrons 

are delocalized,the crystal radius of the uranium ion decreases and leads 

to high lattice parameter differences. 

For the monopnictide» the 5f delocalization decreases from nitrides 

to antimonides according to the corresponding increase of the uranium-

uranium distances. Similarly in the monochalcogenides, it decrease» from 

sulfides to tellurides. 

In each of the phosphides-sulfides, arsenides -se l en* des , and 

antimonides-tel!urides couples the metal-metal distances are close one 

to the other. We observe that the cell constants differences are always 

higher in the pnictide than in the associated chalcogenide. This means 

that the 5f delocalization is higher in a pnictide than in a chalcogenide when 

they have close metal-metal distances, and shows that the properties of 

the non-metal element are also an important factor. 

b) Ternary actinide compounds of MXY type (X i s a pnictogen element and 

Y a chalcogen one) / 1 7 / 

We can also have an idea of the part of the anion in the 5f delocalization, 

by studying the variations in the cell volumes of the MXY type ternary 

actinide compounds. From their powder pattern, all these compounds 

crystallize in the tetragonal system with the anti-Fe2As type of structure 

like the uranium dipnictides. 

Ternary actinide compounds containing arsenic and chalcogen element 

are presented in figure 4 . Their cell volumes are presented together with 

the monoarsenides and diarsenldes ones. 
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We compare the diarsemdes with the M As Se compounds. Arsenic 

exhibits a crystal radius slightly higher than that of selenium so that, 

in isostructural compounds, from a steric point of view we could expect 

the diarsenide to have a higher cell volume than the M A s Se compound. 

This i s correctly observed for -thorium, but not at all for uranium and 

neptunium, for which the diarsenide volumes are quite lower than those 

of the ternary compounds. 

The substitution of an arsenic atom for a selenium atom decreases 

the cell volume and thus decreases the 5f electron localisation. 

On the figure 5, presenting the cell volume of compounds contai

ning phosphorus and a chalcogen element, we see that a similar situation 

occurs for the uranium diphosphide and its phospho-sulfide (neptunium 

diphosphide i s unknown). 

On figure 6, the transuranium element diantimonides, ternary 

M S b T e and ditellurides are compared. Here again for neptunium, the 

substitution of an antimony atom of bigger s i ze , to a tellurium atom in the 

ditelluride,leads to a decrease in the cell volume of the compound. 

On the other hand, for plutonium and americium, the 5f delocalization 

effects seem to have less importance since the cell volume values are 

consistant with the respective s ize of tellurium and tntimony. 

All the actinide cell volumes are lower in the diantimonides than 

in the corresponding ternary compounds. This shows for uranium that the 

5f electron delocalization is greater in USb£ than in USbTe. It is difficult 

to discuss this question with the other transuranium element diantimoni

des , since they do not exhibit the same crystal structure as ternary com

pounds . 

The lattice constant comparison of thorium with uranium mono-

chalcogenide and monopnictide, and the cell volumes comparison of 

ternary with binary uranium compounds, have shown that the anion proper

ties have an effect on the magnitude of the uranium 5f electron delocalization. 

This effect is l e ss clear for the transuranium element compounds. 

If we consider as an example the transuranium element monochalcogenide* 

which are presented on figure **, the curves showing the variations of their 

lattice parameters exhibit roughly a similar shape, but a slight decrease 
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occurs from neptunium to americium in the tellurides while there i s a 

corresponding increase in the sulfides. This cannot be interpreted simply 

by variations of the 5f délocalisation with actinide-actinide distances, the 

anion properties have to be involved. 

In order to compare the magnitude of the 5f délocalisation of 

one compound with an other, we have tried to establish a numerical 

délocalisation scale which provides a délocalisation coefficient for each 

compound under study. 

c) Délocalisation scale 

This scale was constructed by a comparison of rare-earth with 

actinide isostructural compounds. 

As illustrated by the monochalcogenides, it was noticed that the 

cell volumes of the semi-metall ic neptunium and plutonium compounds, 

in which the cations are assumed to be essentially trivalent, are always 

smaller than the corresponding cell volume of prometheum and samarium. 

Even the cell volumes of americium compounds remain close to those of 

trivalent europium compounds. This is due to the partial délocalisation 

of the 5f electrons in these elements. 

On the contrary the actinide trifluorides, which appear on figure 8, 

where the tonicity i s high enough to assume that the 5f electrons are 

entirely localised, exhibit cell volumes much larger than the corresponding 

lanthanide trifluorides. 

Fig; 8 a lso shows the molar volume of an hypothetical hexagonal 

cell of the rare-earth trifluorides from samarium to erbium. It was 

obtained by a translation of the curve corresponding to the orthorhombic 

cell, and was drawn for the purpose of comparing actinide with lanthanide 

isostructural trifluorides. 

We shall assume that the differences between the molar cell volu

mes of all isostructural rare-earth and actinide compounds when the 5f 

electrons are as well localized as the 4f electrons should be the same 

as those of the corresponding trifluorides / 1 8 / . 

In other word» we assume that for couples of isoelectronic lantha

nide (L n ) and actinide (An) compounds, such as A m 3 + or E u 3 + for instance 
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we have the following relation : 

VAnF 3 - VLnj VAnX(calc) - VLnX 
v * V 

LnF 3

 YLnX 
From this relation, we can obtain the value of V* x # . % which 

is the hypothetical cell volume of the compound AnX where the 5f electrons 
are localized. 

Of course, this is only an approximation,mainly because the possible 
changes of cell volumes, due to changes in coordination numbers are 
neglected. W?th this value, we can define a délocalisation coefficient 
for each compound : 

V - V 
M. AnXcalc. AnXobs. , M 

A a X 1 0 0 
VAnXcalc. 

We have performed this calculation for many chalcogenides and 
pnictides but we shay restrict our discussion mainly to the results on the 
monochalcogenides and monopnictides which all exhibit the same rocksalt 
crystal structure. 

As an example, (figure 9)t we consider the mononitrides which 
are known in the actinide series up to berkelium. 

The calculated and observed actinide nitride molar cell volumes 
are plotted as a function of atomic numbers, together with the observed 
lanthanide ones. 

When going from neptunium to berkelium the calculated and observed 
curves tend to join, showing that the 5f electrons are becoming more 
localized and that for a given anion, the 5f orbital is becoming more 
internal. 

We should also note that the 5f electrons remain clearly more 
deiocalized in americium nitride than in the curium nitride. 

The A derealization coefficient of the known actinide pnictides are 
listed on figure 10. 

For neptunium and plutonium, A decreases when going from nitri
des to antimonides correspondingly to the localization of the 5f electrons 
with increasing actinide-» ctinide separation. 
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For americium compounds, the a coefficients remain roughly 

constant while for curium compounds they slightly increase from nitrides 

to antimonides. Thus for americium and curium the 5f délocalisation 

appear to be near independent from the actinide-actinide separation. 

The same results appear in the monochalcogenides as in the mono-

pnictides. The A coefficients of these compounds are plotted versus the 

actinide-actinide separations on figure 11 . 

If we consider the phosphides-sulfides, arsenides- s elenides and 

antimonides-tellurides couples in which the actinide-actinide distances are 

c lose , we observe that the A coefficients for each transuranium element, 

are higher in phosphides than in sulfides, in arsenides than in s elenides 

and in antimonides than in tellurides. 

This was already observed in similar uranium compounds shewing 

that in al l the actinide chalcogenides and pnictides, the pnictogen element 

gives r i se to a higher délocalisation of the 5f electrons than does the 

chalcogen element of close ionic radius. 

In the 5f derealization process , some properties of the non metal 

elements particularly the electronegativity and the possible overlapping of 

the p orbitals should be taken into account. 

The spatial extent (Rnp) of the p orbitals and the ratios of Rnp to 

corresponding ionic radii are listed on table III. 

If we consider again the S - P couples for instance, we see that 

this ratio is higher for phosphorus than for sulfur, and at the same time 

phosphorus has the lower electronegativity so that we can expect that the 

overlaps between the 3p phosphorus orbital and the 5f actinide orbital will be 

more important than that of the 3p sulfur orbital, 

•The same situation occurs with the selenium-arsenic and tellurium-

antimony couples. 

Similarly, for a given actinide, the overlaps between the p non 

metal orbitals and the 5f orbitals should increase from sulfur to tellu

rium and from nitrogen to antimony respectively, thus they should increase 

with increasing metal-metal distances in each non metal group. 

Since the overlaps between 5( - 6d or 5f - 5f orbitals of neighbouring 

actinide atoms decrease with increasing actinide-actinide separation, the 

two derealization processes act on a reverse way. 
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In neptunium and plutonium compounds 5f - 6d or 5f - 5f délocalisa, 
tion mode appear to be predominant,according to the observed localisa
tion of the 5f electrons with increasing actinide-actinide distances. In this 
case the f - p délocalisation process becomes sensitive only in compounds 
in which the actinide-actinide distances are close one to the other. 

In americium metal and thus in americium compounds, the 5f - 6d 
or 5f - 5/ overlaps are weak and they are still decreasing when going 
from nitrogen to antimony while at the same time the 5f - np overlaps 
increase. The superposition of these two effects leads to délocalisation 
coefficients which remain near constant. 

In curium compounds, like in the pure metal, we can neglect the 
5f - 6d or 5f - 5f overlaps, and the weak increase of the derealization 
coefficients observed when going from nitrides to antimonides can be 
interpreted by an increase of the 5f - np orbitals overlap. 

The magnetic measurement made by Kanelakopullos et al /19/' on 
curium nitride and arsenide, lead to effective magnetic moments of 
7.02 and 6.58 Bohr magneton respectively, thus lower than the values 
of 8.07 p$ reported for curium metal. The decrease of the magnetic 
moment from CmN to CmAs was assumed to be due to an increase of the 
covalent character of the bonding. It would be interesting to extend such 
measurements to the other curium chalcogenides and pnictides. 

Finally, simply Jom cell volume considerations, the properties 
of the non metal elements were shown to have an effect on the magnitude 
of the 5f derealization. It is obvious that these qualitative results should 
be stated precisely by more sophisticated experiments and calculations. 
On the other hand, we have restricted our discussion of the derealization 
coefficient on the monocompounds because they present the same crystal 
structure. Our next purpose is to determine what part plays the crystal 
structure in the derealization process by studying the metal-metal envi
ronments as well as the metal-non metal symmetries. 
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S P Se As Sb Te 

NpS 3 

Np3 S 5 

CC.SNpjSj 
N P 3

P 4 
NpS NpP 

Np Se 3 

Np As 2 

Np 3Se 5 

5Np 2 Se 3 

Np3 As4 

NpSe NpAs 

NpTe3 

NpSb2 NpTe2 

i\.2J Np 2Te 3 

Np Sb Np Te 

URANIUM TYPE COMPOUND 
RARE-EARTH TYPE COMPOUND 

TABLEAU I 

X 



p. obs. p. free ion (IX) 
(MB) (MB) 

NpSe 3 (Np* +)(Se-Se)=Se= ^ j Np4+= 3.82 
J Np3+= 2.83 

Np3Se5 (Np 3 + ^(Np)* + (Se s ) 5 3.15 Theor. 3.16 

TABLEAU H 

J 



r 

N S P Se As Te Sb 

Rnp 
Radial extent (K87 0.806 0.916 0.900 0.982 1.063 1.140 

Rnp 
0.314 0.437 0.477 0.461 0.493 0.498 0.525 Ionic radius 0.314 0.437 0.477 0.461 0.493 0.498 0.525 

Pauling 
Electronegativity 3 2.5 2.1 2.4 2.0 2.1 1.9 

RADIAL EXTENT OF THE np ORBITALS: Rnp 
TABLEAU m 

t 

X 
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