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Abstract 

Electronic structure properties of neptunium intermetallics obtained by the 60 keV Mrssbauer resonance in 
237Np in the pressure range up to 9 GPa and at temperatures from 1.5 K to about 150 K together with X-ray 
determinations of the bulk modulus are discussed. Samples of the NaCI compounds NpX, the Laves phases 
NpX2 and the AuCu3 materials NpX3 as well as the tetragonal series NpX2Si2 have been studied. The volume 
coefficients of magnetic moment and magnetic transition temperature allow the classification in terms of 5f 
bandwidth arising either from 5f-5f overlap or hybridization with ligand s, p, or d electrons. The pressure-temperature 
magnetic phase diagram of some of these compounds has also been investigated. In NpGa3 and Npln3 we find 
a preference for ferromagnetic order under reduced volume. Finally we address the question of crystal field 
interactions and show that even in a somewhat delocalized case (NpAI2) they are decisive in determining the 
high pressure Mrssbauer spectra. 

1. Introduction 

The basis of what will be discussed in this paper 
dates back to several contributions~ presented at the 
ancestor of modern actinide conferences here in Santa 
Fe 23 years ago [1]. Firstly, the strong correlation 
between magnetic properties and separation of neigh- 
bouring actinide ions was pointed out by Hill [2]. 
Secondly, relativistic band structure calculations (mainly 
for the elemental metals) showed that the 5f electrons 
indeed form band-like states and that 5f-5f overlap is 
here the important mechanism for delocalization of 5f 
electrons [3]. Thirdly, another theoretical paper dealt 
with crystalline field effects in cubic actinide compounds 
[4]. Fourthly, Mrssbauer spectroscopy in Np, first suc- 
cessfully demonstrated by Stone and Pillinger [5] in 
1964, had come of age and presented itself as an 
important tool to gain insight into electronic structure 
properties, especially magnetic behaviour, of Np com- 
pounds [6]. M6ssbauer spectroscopy on Np has been 

and is the spearhead for studies in solid state physics 
and chemistry of metallic and non-conducting com- 
pounds mainly because neither impurities nor sample 
encapsulation interferes directly with the measurements 
and that only rather small amounts of polycrystalline 
powder material are needed. Reviews of the results 
obtained have appeared over the years, more recently 
in refs. 7 and 8. 

The obvious goal to combine Np Mrssbauer spec- 
troscopy with the application of pressures high enough 
to induce volume reductions of the order of some per 
cent needed another decade of technical development 
[9]. Until now, progress in this field has been slow and 
our group at the Technical University, Munich, is 
unfortunately still the only group performing this type 
of measurement. Special emphasis has recently been 
placed on materials with the AuCu3 structure. One of 
the major disadvantages in interpreting high pressure 
data quantitatively is that band structure calculations 
with atomic volume as a variable are close to non- 
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existent. It is our sincere hope that this unfortunate 
situation will improve in the future. Although Np M6ss- 
bauer spectroscopy has made important contributions 
in elucidating the bond structure in non-metallic com- 
pounds of neptunium (see, for example ref. 10 and 
references given therein), high pressure data for such 
materials do not exist. 

2. Some experimental considerations 

We have to assume that the reader is familiar with 
the basics of M6ssbauer spectroscopy. An introduction 
with special emphasis on the case of actinide research 
can be found in ref. 7. The special technical features 
using 237Np at ambient or elevated pressures are given 
in ref. 11, and details of the high pressure spectrometer 
can be found in ref. 12. 

All measurements were performed with 241Am metal 
as source (about 50 mCi) kept at 4.2 K (or lower). 
The compounds under investigation were used as ab- 
sorbers and mounted inside a high pressure cell of the 
Bridgeman type using B4C anvils. The rather large 
absorber area required (about 5 mm diameter) together 
with the necessary encapsulation for radiation safety 
(about 8 mm diameter) restricted the pressure range 
to no more than 9 GPa. Pressure loading is carried 
out at room temperature; the cell inside a high pressure 
clamp is then brought into a cryostat allowing mea- 
surements between 1.5 K and about 150 K. Pressure 
and pressure gradient are determined in situ with a 
manometer making use of the pressure dependence of 
the superconducting transition temperature of lead [13]. 
At (P )=  9 GPa the gradient was found to be less than 
5%. 

M6ssbauer spectroscopy is a nuclear counting ex- 
periment and as such is susceptible to counting statistics. 
A spectrum cannot be obtained instantaneously. In a 
high pressure measurement this requires counting times 
of several days. 

Bulk moduli were obtained (preferentially at cry- 
ogenic temperatures) with a Guinier-type X-ray spec- 
trometer and high pressure cells and clamps of basically 
similar design as those used in the M6ssbauer mea- 
surements. The system is described in ref. 14. 

3. Hyperfine interactions in neptunium 

Information on electron structure by M6ssbauer spec- 
troscopy is based on the measurement of hyperfine 
interactions, that is the coupling of the electromagnetic 
moments of the nucleus with the fields produced by 
the surrounding electrons. In the case of Np it suffices 
to consider only the influence of its own electron shell 

which, however, is modified by the bonding to ligands. 
It is common practice to separate the hyperfine in- 
teraction experiment into three terms. 

(i) The isomer shift arises from the Coulomb inter- 
action of electronic charge density P0 entering the 
nucleus (contact density) and the protonic charge dis- 
tribution. Only s (and relativistic Plr2) electrons con- 
tribute directly to po. However, the potential created 
by other electrons in the shell alters the orbits of 
s electrons and consequently their charge distribution 
which leads to an indirect influence on P0- The presence 
of contact density produces a shift of the centre of 
gravity of the M6ssbauer pattern away from zero velocity 
(between source and absorber). This is called the isomer 
shift S, measured in velocity units. One must refer S 
to an artificially chosen standard assigned S = 0. In case 
of 237Np this is NpAI2. Details on the theory of isomer 
shift can be found in ref. 15 and the situation in Np 
is dealt with extensively in ref. 7. It is difficult to 
evaluate S quantitatively, but general trends have been 
well established. Each charge state (Np 3÷ to Np 7÷) is 
characterized by a certain range of isomer shifts. Co- 
valent effects in non-conducting compounds cause a 
shift towards the next lower charge state. Conduction 
electrons in metallic materials induce shifts towards 
the next higher charge state. In the latter case volume 
reductions increase po mainly via the compression of 
conduction electrons. 

(ii) The quadrupole splitting is caused by the electric 
interaction between the non-spherical parts of the nu- 
clear and the electronic charge distributions. The former 
is described by the nuclear quadrupole moment, the 
latter by the electric field gradient. For details we refer 
to ref. 7 or 8. Since quadrupolar effects are not discussed 
explicitly in this review we shall not pursue this term 
any further. 

(iii) The nuclear Zeeman splitting results from the 
action of the magnetic field (the hyperfine field Bhf) 
produced by electrons in open shells on the magnetic 
dipole moment of the nucleus. This is the hyperfine 
term we are most concerned with. It leads to a multiline 
absorption spectrum of the kind shown in Fig. 1. More 
details are again to be found in ref. 7 and 8. 

The magnitude of the hyperfine field can easily be 
extracted from the measured Zeeman pattern. As a 
first guess one may simply take the separation of the 
outermost spectral lines. The dominant source of Bhf 
in Np is the orbital motion of its 5 f electrons. This 
even holds for the cases of fairly wide 5 f bands in 
intermetallic compounds owing to relativistic effects 
[17]. For this reason Bhf is proportional to /~Np, the 
magnetic moment resting on the neptunium ion. Ex- 
perimentally the relation 
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Fig. 1. MOssbauer spectra of antiferromagnetic Np3As4 at different 
temperatures. The magnetic transition occurs at 80 K. The 
spectrum at 4.2 K is the fully developed Zeeman pattern. After 
ref. 16. 

Bhf = 2150kG//zB- 1 
/~Np 

has been established over a wide range of fields and 
moments [18, 19]. Hence M6ssbauer spectroscopy can 
be used for determining the magnetic moment on Np 
as well as its change with pressure. 

The Zeeman splitting and with it the magnitude of 
Bhf in a magnetically ordered material is dependent 
on reduced temperature T/Tm where Tm is the tem- 
perature of onset of long-range order (Curie or N6el 
point). According to Fig. 1 the splitting diminishes with 
approach to Tm and vanishes above it, that is in the 
paramagnetic regime. The latter statement is not correct 
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Fig. 2. Plot of effective hyperfine field vs. temperature as de- 
termined from M6ssbauer spectra of the "type shown iri Fig. 1. 
Extrapolation to T--*0 gives the saturation hyperfine field which 
is a measure of the moment on Np. Extrapolation to Bhf~0  
gives the magnetic transition temperature Tin. 

under all circumstances. Paramagnetic hyperfine spectra 
can be observed in certain cases [10]. However, in the 
compounds under discussion here, Bar(T) follows in the 
first approximation the temperature dependence of 
spontaneous (sublattice) magnetization M(T). A typical 
example is presented in Fig. 2. The extrapolation of 
Bnf(T) ~ 0 allows then the determination of the Curie 
or N6el temperature Tc or TN respectivelyvia M6ssbauer 
spectroscopy. The relation between Bag and/Zr~p quoted 
above refers to the saturation hyperfine field, that is, 
to Bhf(T~ 0). 

In summary, we are able to measure ABh~/AP and 
ATm/AP as magnetic parameters. Combining these data 
with the bulk moduli leads to the volume coefficients 
- d  In Bhf/d In V~ - d  In /zNp/d In V and - d  In Tin~ 
d In V. From the observed change in isomer shift we 
further obtain - d  In S/d In V~ - d  In po/d In V. These 
are the quantities we employ to gain insight into the 
volume dependence of the electronic structure prop- 
erties of Np. 

4. Delocalization of 5f electrons 

The 5f electron structure in Np intermetallics can 
be described by 5f bands of varying width. Hence the 
magnetic properties of those compounds can vary from 
localized 4f-like (narrow band) to 3d-like itinerant 
electron (wide band) behaviour. Of course, a simple 
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comparison with the 4f or 3d transition series has to 
be taken with some care since spin-orbit coupling and 
other relativistic effects on electron properties are always 
more enhanced in the actinide series. As we shall show, 
high pressure M6ssbauer data give important infor- 
mation with respect to 5f delocalization. 

Figure 3 demonstrates the great variation in changes 
in hyperfine field (magnetic moment) with pressure- 
induced change in Np-Np separation dNp in different 
intermetallic compounds. Except for the variation in 
hyperfine field in NpOs2 the dependences are to a good 
approximation linear and allow easily the determination 
of the volume coefficients - d  In Bhf/d In V etc. For 
NpOs2 the average slope was taken. The volume coef- 
ficients are summarized in Table 1. High pressure 
M6ssbauer data also exist for NpGa3 and Npln3 and 
will be discussed below. However, the bulk moduli are 
not available at this stage and hence they cannot be 
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Fig. 3. D e p e n d e n c e  o f  hyperf ine  field of  several  N p  in termeta l l ics  
on  the  r educ t ion  in t he  N p - N p  sepa ra t ion  dNo as induced  by 
the  appl ica t ion  o f  ex te rna l  p ressure .  

T A B L E  1. V o l u m e  coeff icients  of  the  magne t i c  o rder ing  tem-  
p e r a t u r e  Tin, the  o rde r ed  magne t i c  m o m e n t  /zNp, the  e lect ronic  
con tac t  dens i ty  p(0) and  the  N p - N p  sepa ra t i on  dr~p 

C o m p o u n d  - d  In Tm - d  In/~Np - d  In p(0) dNp 

d i n  V d l n V  d l n V  (-~) 

DyAI2 +5 .3  +0 .1  + 5 . 6 ×  10 -5 
U N  - 19 - 19 

NpCozSi2 +3 .3  +0 .1  + 2 . 4 × 1 0  -5 
N p A s  - 1.3 - -0 .8  + 4 . 2 ×  10 -5 
NpAI2 - 16.0 - 0.4 + 5.0 × 10 -5 
N p O s  z - 8 0 . 0  - -46 .0  + 12.5 × 10 -5 

N p S n  3 + 8 . 0  ~< + 1.0 + 2 . 0 X  10 -5 

3.90 
4.07 
3.37 
3.28 

4.62 

included in the table. Also presented are results for 
DyAI2 which serves as a standard for a highly localized 
f electron configuration and UN which is considered 
a strongly itinerant electron antiferromagnet. The DyA12 
data come from M6ssbauer studies [20] while the coef- 
ficients for UN have been obtained by neutron and 
magnetization measurements [21, 22]. For a localized 
f electron magnet one expects the magnetic moment 
to be rather independent of volume (and close to the 
free ion value) while the magnetic transition temper- 
ature should sharply rise with reduced volume as pre- 
dicted within the framework of the Ruderman- 
Kittel-Kasuya-Yoshida (RKKY) model (for a recent 
discussion and pertinent references see, for example, 
[23]). DyA12 exhibits these features. Itinerant electron 
magnets, in contrast, will have large reduction with 
decreasing volume of both the magnetic moment (hy- 
perfine field) and the transition temperature. This is 
well borne out by the example of UN. For this material 
the pressure effect on magnetic properties has recently 
been discussed in terms of energy band calculations 
within the local spin density approximation [24]. It was 
found that the moment decrease is more pronounced 
for an antiferromagnetic than a ferromagnetic ground 
state, but the calculated value falls short by nearly a 
factor of 5 with respect to the measured value. 

Let us discuss first the Laves phase materials. Within 
this series dNp crosses the Hill limit (see also Fig. 4). 
The volume coefficients of magnetic moment and tran- 
sition temperature exhibit for both NpA12 and NpOs= 
the behaviour expected for delocalized 5f electrons, 
the delocalization being much weaker in NpAI= than 
in NpOs2 which lies close to the Hill limit. NpOs2 is 
the most strongly itinerant Np intermetallic found thus 
far. We have already remarked on the non-linear de- 
pendence of Bht(P ). The same behaviour is observed 
for S(P) meaning that the correlation between Bhe and 
S remains linear and that the non-linear volume de- 
pendences of these two parameters directly reflect a 
non-linear change in electron structure. Band structure 
calculations not being available we cannot pinpoint the 
origin of this effect. Figure 4 demonstrates that the 
variation in hyperfine parameters with change of ligand 
is dominated by volume effects. These NpX2 compounds 
are thus models for Hill-type behaviour, meaning that 
5f-Sf overlap is the decisive mechanism for 5f delo- 
calization. This straightforward behaviour, however, is 
lost when 3d ligands are involved [8, 25] (i.e. NpMn2, 
NpFe2, NpNiz, NpCo2). Although high pressure data 
do not exist, hyperfine fields and isomer shift do not 
correlate any longer with dNp. Hybridization with 3d 
electrons clearly comes into play [26]. Their magnetic 
behaviour, especially that of NpCo2 [27], is also poorly 
understood at this stage. 
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Fig. 4. Hyperfine fields and isomer shifts for cubic Laves phases 
NpX2 (excluding 3d elements as ligands) against the separation 
dNp of neptunium ions. - - - ,  pressure-induced variations in Bhf 
and S for NpAI2. 

Although dNp in the NaCl-type NpX compounds is 
well above the Hill limit, simple localized 4f-like prop- 
erties are not observed. High pressure data on NpAs 
indicate weakly delocalized behaviour (Table 1), and 
a plot of Bhf or S vs. lattice constant for different 
ligands still reveals a definite volume dependence which, 
however, is not the same for X-chalcogenide and 
X=pnictide. The latter fact demonstrates that the 
chemical nature of the ligand is now of importance as 
well [8, 25]. Only NpBi (the most voluminous in the 
series) exhibits definite signs of 4f-like localization [28], 
but no proof by pressure data exists. Since dNp in NpX 
intermetallics is too large for substantial 5f-5f overlap, 
the formation of (albeit narrow) 5f bands must be 
caused by hybridization with ligand p electrons. The 
electronic structure of this series has been thoroughly 
dealt with theoretically (for example, ref. 29) but volume- 
dependent calculations only exist for UN, as mentioned. 

The NpX3 series with the AuCu3 structure displays 
little systematic behaviour. Several compounds (e.g. 
NpRh3) exhibit no magnetism, despite dNp being far 
above the Hill limit. Also, the variation in isomer shift 

spans a range larger than that expected for a single 
Np charge state. No simple relations of hyperfine pa- 
rameters with volume exist [8, 25]. The compound with 
the most surprising features within this series is NpSn3. 
It undergoes magnetic order at 9.5 K basically into a 
type I antiferromagnetic structure but with a rather 
small moment (about 0.3/zB). This, together with specific 
heat data, led to the assignment of NpSn3 as a model 
itinerant electron antiferromagnet [30], a view supported 
at least in part by band structure calculations [31]. 
Consequently, one expected to find a high pressure 
behaviour similar to that of NpOs2 but, as Fig. 3 and 
Table 1 demonstrate, the opposite was seen [32], namely 
the signature of a localized f electron structure. The 
unusual results were explained qualitatively by invoking 
the Kondo effect with a characteristic temperature 
T*= 30 K [32] in analogy to the features of the well- 
established concentrated Kondo system CeA12 [33]. 

Npln3 differs only by one p electron when compared 
with NpSn3 (and hence exhibits nearly the same isomer 
shift), yet its ambient magnetic features are quite dif- 
ferent. It orders at higher temperatures (17 K) and its 
magnetic structure must be complex (see discussion in 
the next section). The maximum moment of 1.5/zB is 
rather normal for Np intermetallics. On the contrary, 
the changes in Bhf (or ~Np) and TN with pressure are 
quite alike in NpSn3 and Npln3 [34]. 

The third member of the A u C u  3 system studied under 
high pressure is NpGa3 [34]. We shall discuss this 
material mainly in the context of its magnetic phase 
diagram in the following section. The plots shown in 
Fig. 7 demonstrate that in this compound as well the 
influence of pressure on Bnf is minute but a substantial 
increase in the ordering temperature is induced. Most 
probably, the fairly similar pressure dependences for 
the three NpX3 compounds just described reflect mainly 
their behaviour as Kondo lattice systems. The classi- 
fication as Kondo systems is supported by resistivity 
measurements [35, 36]. 

The last candidate to be discussed is NpCo2Si2 [37] 
which also is the only non-cubic intermetallic measured 
under pressure. It crystallizes in the tetragonal (14/ 
mmm) structure and is a type I antiferromagnet with 
TN=46 K and /ZNp = 1.3~B at ambient pressure. Ac- 
cording to Table 1 the volume coefficients of/ZNp and 
TN prove NpCo2Si2 to be the most localized compound 
studied thus far. 

The volume dependence of isomer shift S (or contact 
density po) varies comparatively little between the var- 
ious compounds. It largely reflects the compressibility 
of conduction electrons. As expected, it is largest for 
itinerant electron structures, in particular NpOs2. The 
pressure dependence of isomer shift leads us, however, 
to another special magnetic feature for the cases of 
4f-like localized antiferromagnets. Within the RKKY 
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model one may derive for the N6el temperature a 
relation of the kind [23]. 

TN = C ( < S z > c e )  2 

where C contains quantities (such as the Fermi energy) 
which are little (if at all) dependent on volume. (Sz)~ 
represents the effective conduction electron polariza- 
tion. It is reasonable to assume that its change with 
volume is reflected in the compression of conduction 
electrons revealed by S(P). Hence we expect that under 
pressure the relation ATN~/2(xAS will hold. Figure 5 
shows the results for NpC02Si2 and NpSn3 which in- 
dependently establish the localized 5f electron structure 
in these compounds. 

5. Magnetic phase diagrams 

Especially in antiferromagnets of the light actinides 
the observed spin structure often results from a delicate 
balance between different interactions such as exchange, 

anisotropy and quadrupolar couplings. One observes 
dramatic changes in spin structure not only with tem- 
perature or applied field but also with reduced volume. 
Volume is a parameter which in principle can be handled 
more easily theoretically than temperature and hence 
the magnetic P-T phase diagram should be highly useful 
in analysing the interactions driving magnetic order. 
M6ssbauer spectroscopy cannot give direct information 
on the spin structure, unlike neutron diffraction. How- 
ever, the presence of complex antiferromagnetic ar- 
rangements such as modulated structures is well re- 
flected in the M6ssbauer spectrum via a distribution 
in hyperfine fields. 

The first case to be discussed is NpAs. Neutron data 
[38] reveal that at ambient pressure a sinusoidally 
modulated incommensurate antiferromagnetic spin 
structure is formed below TN = 173 K. At 153 K the 
modulation squares up and locks into a 4 up-4 down 
sequence. The magnetic ground state is a type I non- 
collinear (3 k) up-down structure which exists below 
138 K. The various magnetic transitions are reflected 
in the M6ssbauer spectra [39]. In particular, the change 
at 138 K is signalled by a sudden increase in Bhf of 
about 10%. Neutrons see a similar increase in moment. 
Figure 6 presents the pressure dependence of Bhf at 
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Fig. 6. (a) Variation in hyperfine field with pressure at 4.2 K 
in NpAs. At about 20 kbar (2 GPa) a second hyperfine pattern 
(B2) appears. (b) The intensity of the first pattern (BI) diminishes 
with pressure in favour of B2. 
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4.2 K. Above about 2 GPa a second hyperfine spectrum 
with about 10% smaller Bhf appears. It becomes in- 
creasingly intense with rising pressure. Tentatively (i.e. 
in the absence of additional magnetic data) we give 
the following explanation. At ambient pressure the unit 
cell volume in the range of existence of the non-collinear 
up--down structure (T< 138 K) is larger and Bhf bigger 
by about 10% than in the range of the collinear 4 up--4 
down structure (T-.~ 140 K) [40]. Reduction of volume 
by applied pressure favours even at low temperatures 
the formation of a collinear structure (probably the 
4 up--4 down sequence) which is signalled by the 
appearance of the lower Bhf. The transition into the 
high pressure magnetic phase is sluggish, exhibits 
hysteresis and is incomplete within the pressure range 
covered. 

In NpGa3 at ambient pressure antiferromagnetic or- 
der sets in at 65 +2 K. Around 50 K a first-order 
transition into ferromagnetism occurs. The saturation 
hyperfine field corresponds to /xNp= 1.56/zB [35, 41]. 
Measurements of Bhf(T) are depicted in Fig. 7 [42]. 
The Curie point is represented by the onset of magnetic 
splitting and the first-order N6el point by a discontinuous 
change in Bhf (see the 0 GPa data of Fig. 7). As is 
typical for a first-order transition the ferro- and an- 
tiferromagnetic phases coexist over a certain temper- 
ature range. Bouillet et al. [35] constructed from ad- 
ditional magnetization data the B - T  phase diagram at 
ambient pressure given in Fig. 8(a). From Fig. 7 we 
learn that already at pressures of less than 3.5 GPa 
the discontinuity in Bhf(T) disappears, meaning that at 
elevated pressures ferromagnetic alignment of spins is 
enforced beginning right at the transition into ordered 
magnetism. This leads us to propose the P - T  phase 
diagram presented in Fig. 8(b). In summary, a suppres- 
sion of the antiferromagnetic phase can be achieved 
either by applied fields in excess of 40 kG or by pressure. 
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Since single magnetic hyperfine patterns are observed 
throughout the pressure-temperature field covered (ex- 
cept in the region of the first-order transition at ambient 
and low pressures), we deal with simple ferro- and 
antiferromagnetic (e.g. type I) spin structures. 

The situation in Npln3 is considerably more complex. 
M0ssbauer spectroscopy and magnetization measure- 
ments cannot give any definite answers. Clearly, single- 
crystal neutron diffraction data are needed. In addition, 
it appears that details of the magnetic behaviour of 
Npln3 might be sample dependent. Gal et al. [41] find 
the onset of magnetic splitting near 17 K and conclude 
from magnetization measurements that at this tem- 
perature antiferromagnetic ordering commences. In 
contrast, Charvolin [36] interprets (more extensive) 
magnetization and resistivity data in terms of a Curie 
point at 14 K and a N6el point close to 10 K. The 
M6ssbauer spectra available from various researchers 
[34, 36, 41-43] are in reasonable agreement; differences 
exist mainly in the temperatures where the various 
spectral shapes appear. The spectra of Npln3 at all 
temperatures and pressures are characterized by a 
distribution in hyperfine fields. Consequently there must 
exist a distribution of moments on Np which points 
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toward a modulated spin structure. Figure 9 presents 
typical spectra at ambient pressure and different tem- 
peratures as well as spectra at low temperature and 
different pressures. Looking first at the temperature 
dependence one notices that the prominent feature is 
a reduction in spectral intensity at the centre with 
rising temperature, meaning that in the field distribution 
low hyperfine fields become more and more absent. 
This change in spectral shape is continuous and we 
find no evidence for a sharp phase transition around 
10 K [42]. The persistence of a field distribution in 
Npln3 proves that, in contrast to NpGa3, we do not 
deal with simple ferro- or antiferromagnetic structures 
at all. In particular, the "ferromagnetic" phase suggested 
by Charvolin [36] must be a canted antiferromagnet, 
a cone structure or a complex ferrimagnet. Surely it 
would be quite unusual for a magnet first to order into 
a simple ferromagnetic structure and then to develop 
a complex antiferromagnetic structure as ground state. 
The spectra at low temperature and different pressures 
show that the loss of small fields in the field distribution, 
that is of central spectral intensity, can be induced by 
pressure as well. If we take the absence of small fields 
as the signature of the "ferromagnetic" phase then, in 

analogy to NpGa3, a reduction in volume favours 
ferromagnetic spin couplings. 

In all other Np intermetallics studied under high 
pressure (see Table 1) a change in magnetic structure 
with reduced volume was not observed. 

6. Crystalline field interactions 

In Fig. 10 the M6ssbauer spectra of NpAlz at 4.2 K 
as function of pressure are shown. Clearly visible is 
the reduction in overall splitting (i.e. the diminution 
Of Bhf) with rising pressure. However, the spectral shape 
observed at elevated pressures cannot be explained by 
a reduction in Bhf alone. A comparison with Fig. 1 
makes it clear that, for example, the strong absorption 
line near zero velocity is unaccounted for in such an 
approach. The basic model which explains the spectral 
shapes observed calls for the existence of at least two 
states with different magnetic moments separated in 
energy by a few Kelvin only [44]. The states are occupied 
in thermal equilibrium and the electron configuration 
of the Np ion fluctuates rapidly between these states. 
In this case, the resulting M6ssbauer spectrum is not 
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simply the overlay of the patterns produced by the 
hyperfine parameters of the different states but a single 
pattern arising from dynamically averaging these various 
contributions. These types of spectra are known as 
"relaxation spectra" in the M6ssbauer literature. Details 
concerning the case of Np can be found in ref. 7. 

A crucial question is whether the different states 
involved produce the same isomer shift. If not, then 
we deal with a situation comparable with that in rare 
earth compounds with intermediate valence [45]. One 
then also expects a definite change in observed shift 
with temperature at constant pressure. This was not 
found in NpA12 and one concludes that the different 
states involved in producing the M6ssbauer spectra of 
NpAI 2 shown in Fig. 10 must belong to the same formal 
charge state of Np. Recently we have succeeded [46] 
in explaining those spectra consistently with the help 

of CEF interactions [47]. We briefly outline the basic 
ingredients; a detailed discussion is beyond the scope 
of this review. 

From the systematics of hyperfine parameters in Np 
intermetallics [8, 25] it has been argued that the formal 
charge state of Np in the NpX2 compounds is Np 3+. 
Furthermore, the [001] direction is taken as the easy 
axis of magnetization. This makes the signs of the CEF 
parameters in NpAI2 the same as those known for the 
RFe2 compounds [48]. At ambient pressure the values 
of CEF parameters in the scheme of ref. 47 are such 
that one is near the cross-over between the/'5 and the 
F6 levels. The different CEF states produce different 
values of Bhf (or /~r~p), as required, but the same Po. 
The resulting M6ssbauer spectra are calculated by 
dynamically averaging appropriately the interactions 
caused by the three lowest-lying CEF states in the 
cross-over regime mentioned. The effect of pressure is 
an increase in the ratio Z6/Z 4 of the CEF parameters 
which causes drastic changes in the sequence and 
electronic properties of the CEF states and in turn in 
the hyperfine spectra produced by them. Unfortunately, 
the success of this approach as demonstrated by the 
fits shown in Fig. 10 is no definite proof for a Np a÷ 
charge state, since an analogous cross-over region (F6 
to/ '8) can be found in the CEF scheme of Np 4+. The 
important conclusion is that CEF interactions have to 
be taken into account even if the 5f electron config- 
uration of the Np ion is not fully localized. Despite 
this fact, the CEF scheme developed for rare earth 
ions (e.g. ref. 47) works in good approximation. 

In the AuCu3 materials discussed earlier which behave 
in a well-localized manner under pressure, CEF in- 
teractions are likely to play an important role as well. 
However, alone they will not suffice. For example, the 
very low/~Np in NpSn3 cannot be produced in a CEF 
scheme. 

The tetragonal systems NpX2Si2 or NpX2Ge2 have, 
if one generalizes the high pressure result of NpCo2Si2, 
highly localized 5f electrons and one expects CEF 
interactions to be dominant. Experimental evidence in 
this direction exists from behaviour at ambient pressure. 
It is discussed in ref. 8 extensively. The volume de- 
pendence in NpCo2Si2 would be consistent with an 
isolated (i.e. singly occupied) CEF state (~ ) .  In sum- 
mary, it appears at this stage that CEF interactions 
are much more prominent in intermetallic compounds 
of neptunium when compared with their uranium coun- 
terparts, which reflects the generally higher tendency 
towards 5f localization for Np. 
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