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Abstract. Neutmn spectmscopy has been applied lo sludy the electmnic ground stale 
of NpOz both in the paramagnetic and in lhe ordered phase, below T, = 25 IC The 
magnetic inelastic sraltering cmw section shows a booad peak which is splil into two 
mmponents and is centred at about SS meV This inelastic peak is shown to originate 
!?om excitations between the I??' and ry) crplal field quanets. Iu position is in 
agreement with lhe value atimated by scaling lhe -tal field potential of U02 to the 
Np'+ case. Several mechanisms which could be responsible lor lhe observed splitting are 
discussed. In lhe energy range below IS meV the technique of polarization analysis has 
been used together with an incident polarized neulmn team lo unambiguously separate 
magnetic from vibmnic etfecu. AI low temperamre, below 25 K we x e  lhe appearance 
of an inelastic line (at an energy transfer of 6.4 meV) that indicates a lifting of the 
degeneracy of lhe ra ground state. This suppons the hypothesis that the phase Vansition 
involves the quadmpolar ordering of lhe Np't ions by a mlleclive Jahn-'Mer distonion 
of the q g e n  sublattice. The observed amplitude of the splitting is consistent with 
an q g e n  displacement of h e  order of 0.02 .&, which is below the present limils of 
Igolution of neutmn diffraction experiments. 

1. Introduction 

Knowledge of the crystal field (CF) potential acting on the magnetic ions is often 
essential to describe the magnetic behaviour and thermodynamic properties of a com- 
pound. In actinides the ff is also important concerning the fundamental properties 
of the 5f electrons, such as their degree of localization and covalency or their par- 
ticipation in different interaction mechanisms. Because of the large radial extent of 
the 5f wavefunctions, the CF potential in actinides is strong, especially in oxides, and 
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can produce overall splittings of the ground state manifold extending up to several 
hundreds of meV. For this reason, neutron spectroscopy studies of the CF in actinides 
have recently received a strong impulse with the advent of the new generation of 
spallation neutron sources which have an enhanced spectrum at epithennal energies. 

Early investigations performed on UO, hy Kern el nl [l] at the Argonne Na- 
tional Laboratory showed the possibility of measuring cs excitations above 150 meV 
The experiment on UO, was repeated at the spallation neutron source ISIS at the 
Rutherford Appleton Laboratoly with improved energy resolution and extended the 
energy range to above 600 meV [2,3]. These measurements provided a complete 
determination of the CF potential and 5f-electron eigenstates for the U4+ (SP) ion 
in UO, and lead to new values of the cubic CF parameters: V, = -123 meV and 
V6 = 26.5 meV. In the antiferromagnetic phase of UO, a splitting of the cubic CF 
levels due to the combined effects of the molecular field and triple-k distortion of the 
oxygen cage surrounding the U4+ ions was observed [3]. Ehperiments have also been 
performed to study the CF potential in both the paramagnetic and antiferromagnetic 
phases of the tetragonal compound UOS [4,5]. 

In this paper, we present the results of a neutron spectroscopy study of the CF 
excitations in NpO, involving three sets of experiments. This compound has the CaF, 
type crystal structure and is, therefore, isostructural to UO,. Its lattice parameter at 
room temperature is a. = 5.431 k The Np ions have a tetravalent 5 f  electronic 
configuration [6]> and ground state, in the RussellSaunders (Rs) coupling scheme, of 
419,,. The cubic CF potential leads to a r:) quartet as ground state. At T, = 25 K 
NpO, exhibits a phase transition, the origin of which is as yet unexplained despite 
considerable experimental and theoretical efforts devoted to its study. Although bulk 
property measurements such as specific heat [7] and susceptibility [SI indicate this 
phase transition by large anomalies, microscopic measurements such as Mijssbauer 
spectroscopy 191 and neutron diffraction [10-12] have failed to find any evidence of 
magnetic ordering or lattice distortion. Similar anomalies observed in the isosmuctural 
compound UO, are due to a fust-order phase transition from a paramagnetic to a 
type-I antiferromagnetic state [13,14] associated with a triple-k Jahn-Teller distortion 
of the oxygen sublattice [3]. The oxygen displacement is A3k = 0.008 corre- 
sponding to A = 0.014 8, if a monoclinic distortion is assumed [13,14]. Neutron 
diffraction experiments on NpO, are, however, more diliicult because the available 
single crystals are quite small, the volume of the largest being of the order of 0.5 nun3. 
As a consequence, only distortions larger than 0.02-0.03 8, could be resolved in the 
diffraction experiment so far performed. 

The upper limit on the ordered magnetic moment set by Mossbauer spectroscopy 
is po < 0.01 pB, to be compared with the effective Curie-Weks paramagnetic mo- 
ment of w 3 p=. If the magnetic moment is not ordered in the low-temperature 
phase, the magnetic susceptibility should diverge as the temperature decreases to- 
wards zero. However, the measured susceptibility reaches a constant value of 
8.4 x emu mol-' at 5 K [SI, which implies that the magnitude of the mo- 
ment is almost zero. This is surprising since Np4+ is a Kramers ion (5P electronic 
configuration) which cannot have a non-magnetic singlet as the cF ground state. 

A direct determination of the CF parameters is therefore necessary to give an 
insight into the nature of the paramagnetic ground state and of the mechanism that 
may be responsible for the phase transition [U]. A previous attempt to observe the 
CF excitations in NpO, by neutron scattering [16] was not able to answer this problem 
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definitively; it did, however, show that sharp CF peaks were not present in NpO,. In 
this respect NpO, and UO, are clearly different. 

We have repeated the experiment under improved mnditions at lsls where, be- 
cause of the greater flux available, we were able to use a sample having a mass ten 
times smaller. This considerably reduces the multiple phonon scattering as well as 
the self-heating problems inherent with the 237Np a-actMty. 

Further experiments have been performed with lower incident energy at ISIS, and 
using polarization analysis at the Institut hue-hngevin (ILL), Grenoble. The latter 
two experiments were aimed at studying the low-lying excitations. 'bo brief reports 
on some of the results obtained have been published elsewhere [17,18]. 

2. Experimental techniques 

21. The neutron scartehg cross section for unpolarized neutrons 
Dipolar transitions between CF levels give rise to peaks In the neutron spectra, whose 
energies and intensities provide information on the eigenvalues and eigenfunctions 
of the CF Hamiltonian. The cross section for neutron-induced dipolar transitions 
between CF levels in localized electron systems is given by 1191 

nvImg 

where Q, p are Cartesian coordinates, J,,p is the total angular momentum operator, 
Ir;) are the CF eigenfunctions U belonging to the energy level E, with occupation 
probability p,. Equation (1) holds for an array of non-interacting ions, unpolarized 
neutrons and small values of the momentum transfer hQ.  We use the conventional 
definition of scattering vector Q = K, - Kf and energy wansfer hw = Ei - Er, 
where Ei and Ki(r) are the incident (scattered) neutron energy and wavevector 
respectively. yN is the neutron magnetic dipole moment in nuclear Bohr magnetons, 
V, is the classical electron radius, gJ is the Land6 factor, e-zw is the Debye-Waller 
factor and f ( Q )  is the Sf-electron form factor. The momentum transfer or Q- 
dependence of the cross section is dominated by the f 2 ( Q )  factor, which is a rapidly 
decreasing function of Q. In the case of Np4+ ions, the form factor is [20] 

f ( Q )  = (jo) t 1.75(jz) (2) 
(j,) and (j,) being radial integrals calculated in the relativistic Dirac-Fock approxi- 
mation by Desclaux and Freeman [Zl]. With Q in A-', one has 

f2 (Q)  - exp(-0.055Q'). (3) 

This allows an easy distinction between magnetic and vibrational contributions, since 
the latter increases in intensity with Q. On the other hand, m transitions may only be 
measured at small values of momentum transfer, and the kinematic constraint of the 
scattering process becomes part;cu!arly severe at high-energy transfer. Neutrons with 
high incident energy must the0 be used. For this reason, spallation neutron sources 
with a large flux in the epithermal region of the neutron spectrum are better suited 
than steady-state reactors to study magnetic excitations extending above 50-100 mev: 
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22. Polarization analysh of ntutron melmiic scamring 
This technique is described in the seminal paper of Moon d a1 [22]. The spin states 
of the scattered neutrons are analysed in the polarization direction x of the incident 
beam. Scattering events for which the neutron spin retains its initial orientation are 
referred to as non-spin-flip processes while the term spin-flip scattering is used to 
indicate evens which reverse the direction of the neutron spin. Four spin-state cross 
sections may then be defined, with scattering amplitude given by 

where Is) and Is') may be either of the two neutron spin States corresponding to 
eigenvalues +1 and -1 for the z component of the Pauli spin operator 6.  The 
vector D ,  is the projection of the Fourier transform of the magnetization operator 
M on a plane perpendicular to the scattering wctor Q: 

M(r , t ) e iQ ' ?d r  

1 
Di = 7 ( Q  x D x Q ) .  Q 

Equation (4) shows that fluctuations of D ,  which are parallel to the quantization 
axis I give rise to non-spin-Rip scattering, whereas fluctuations perpendicular to z 
produce spin-flip scattering. Therefore, if the neutron polarization P is along the 
scattering wctor, the magnetic scattering is entirely spin-flip. On the other hand, the 
scattering length describing the interaction of the neutron with a nucleus of spin I is 
of the type 

b =  A +  Bb-I (7) 

where A and B are two constants whose values depend on the isotope. From 
equation (7) one may deduce that coherent and isotopic-incoherent nuclear scattering 
are non-spin-flip. Contributions of nuclear origin to the spin-flip cross section can 
only be caused by nuclearspin incoherent scattering processes. 

3. Experimental details 

3.1. Unpolarized neutmns 

The first experiment was performed using the direct-geometry chopper spectromcter 
HET of the ISIS facility [Z]. Scattered neutrons are detected by two arrays of 3He de- 
tectors, lying at 2.5 and 4 m from the sample position and covering a scattering angle 
range A 4  between 3' and 30'. A third detector array provides data at high angle 

= 136'. Normalization of the spectra recorded at different angles b performed by 
measurements on a standard vanadium sample. 

Incident energies of 25, 60, 120, 180, 600 and 1100 meV were used to study the 
scattering at different sample temperatures ranging fmm 5 U) 50 IC The experiment 
was complicated by the presence of strong absorption resonances of Np at about 
500 meV and above 1300 meV This prevented us from using an incident energy 
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higher than - 1200 meV, and caused a forbidden window in observable energy 
transfer between about 400 and 600 meV Consequently, magnetic excitations could 
only be observed up to 350 meV at most. In fact, we have been unable to identify 
any purely magnetic scattering above - 100 meV 

The sample used at ISIS spallation source consisted of 32 g of NpO, powder, with 
grains of about 50 p m  in diameter, doubly encapsulated in a special AI holder. It was 
prepared at the Centre #Etudes Nuclhires de Cadarache, France, by firing Np metal 
in oxygen atmosphere. Chemical analysis showed that impurities amounted in total 
to less than 250 ppm; x-ray diffraction patterns confirmed a single phase with lattice 
parameters corresponding to stoichiometric NpO,. A sample of the isostructural 
compound Tho, (encapsulated in an identical container) was also measured in order 
to perform a detailed subtraction of the phonon contributions to the neutron spectra. 
Tho, has no 5f electrons and so only gives rise to nuclear scattering. On the other 
hand, its lattice constant (a = 5.56 A) is very close to that of NpO,, as are the 
nuclear scattering amplitudes of Th and Np. As a consequence, the neutron inelastic 
cross section for Tho, is expected to be very similar to the vibronic component in 
the NpO, spectra. 

Measurements with smaller incident energies (E, = 25 and 60 mev) at HET 
suggest that below 25 K an inelastic peak is present around - 7 meV [MI. However, 
this is a difficult region in which to work because of the presence of strong single 
phonon lines, and we decided to use the method of neutron polarization analysis to 
identify the lowenergy magnetic excitations. 

3.2. Polarized neutrons 

The experiment was performed on the I" three-axis spectrometer of the Institut 
LaueLangevin, Grenoble, France, using a - 10 g sample encapsulated in Al as a 
thin plate of - 4 mm thickness. A horizontally magnetized Cu,MnAl Heusler curved 
monochromator was used to polarize the incident beam and to select its energy. A 
similar Heusler analyser was employed to measure the energy and spin state of the 
scatterd neutrons. A fiat-coil DC flipper installed between the monochromator and 
the sample position provided the possibility to reverse the polarization of the incident 
beam while a guide magnetic field was maintained along the flight path to preserve 
the spin state of the neutrons. A small magnetic field (- 15 Oe), whose direction 
with respect to the momentum transfer Q is automatically controlled, was imposed 
at the sample position using a system of three Helmoltz coils. With the flipper ON, 
the spin-flip cross section 1(1+-1* is measured, while the non-spin-flip cross section 
1U++I2 is obtained when the flipper is OFF. 

All measurements were performed with the incident neutron polarization parallel 
to Q. In this case, the spin-flip and non-spin-flip scattering intensities, ZsF and INSF, 
are given by 

IsF = IM + $1:; t BSF (8) 

(9) - 1'30 +. i p n  
INSF - mh me 3 m c  + BNSF 

where IM is the magnetic intensity, I:,$! and I;;: are the nuclear-spin and isotopic- 
incoherent intensities, I&h is the phonon scattering and B is the background. The 
incoherent scattering from the sample holder and cryostat is negligible; as it is also 
from the oxygen in NpO,. For neptunium, the isotope-incoherent scattering is zero 
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but the nuclear-spin incoherent cross section is not known. However, if the energy 
of the system does not depend on the orientation of the nuclear spin, this latter 
contribution will be conlined to the elastic line. 

For safety reasons we were not allowed to change the incident wavevector during 
an experimental tun, so that all measurements were performed in the constant Ki 
mode, using incident neutrons with energy Ei = 34.8 me\! The experimental data, 
after background subtraction, have therefore been corrected for a factor (K:  cot O A ) ,  
to take into account the Kf/Ki dependence of the cross section and the variations of 
the reciprocal space volume accepted by the analyser as the energy of the scattered 
neutrons changes. Corrections have also been applied for the energy dependence of 
the analyser reflectivity, the absorption and the effects of incomplete polaitzation by 
the instrument (a flipping ratio IoFF/IoN = 10.3 was measured with no sample). 

4. Data analysis and results 

4.1. Unpolarized neutrons 

The scattering functions S(+ ,w)  measured for NpO, and Tho, at an angle + = 136O 
and T = 5 K, with an incident energy of 180 meV, are shown in figure 1. It is seen 
that the two spectra are nearly equal. At this angle Q varies between about 14 and 
17 A-' across the spectrum, and f Z ( Q )  for the Np4+ ions is of the order of 
Figure '2 shows the neutron spectra obtained for NpO, and Tho, with Ei = 180 meV 
at an average angle of 5' (1 < Q < 3 A-'). No sharp excitation is observed, but 
extra intensity of presumably magnetic origin is clearly visible between - 30 and - 100 meV in the NpO, scattering function. 

I 20 

4L*:, 
-40 

4 . . +. 
+;+ 
*AL 

*+ . 4% + + 

-2**+++++,+ + * 
f I , , I , I , y e #  

40 80 120 

nw(meV) 
ngum L inelastic neutmn xatlering CTOSE -ion of NpOz ( C )  and TnO2 (0) measured 
at T = 5 K with an incident energy of 180 meV Tne xattering angle was + = 136' 
and Ihe xatlering vecior varies Gum about 17 to 14 A-' as the energy transfer mries 
Gum 0 to 130 m& Only vibmnic mnlributions to Ihe c m s ~  zeetion are observed in 
these mndilions. 



Zhe elec&onic ground state of neptunium dioxide 3465 

In order to go beyond these qualitative obsewations, it is necessary to estimate 
the phonon scattering at low angles. This arises from both single scattering pro- 
cesses, whose cross section wries approximately as Q2ebZW, and multiple scattering 
processes. In slab geometry, with thin samples perpendicular to the incident beam, 
multiple scattering is approximately isotropic, except at scattering angles close to 90°. 
It therefore forms the dominant contribution to the low-angle spectra because of the 
Qa factor in the single phonon cross section. On the other hand, the 136' spectra 
are dominated by single scattering processes, except at energy transfers above the 
single-phonon density-of-states where only multiple scattering and the small multi- 
phonon cross section can contribute. Figure 3 shows the experimentally determined 
ratio of the 5' to 136' scattering from Tho, as a function of energy transfer. This 
ratio, r(tw),  increases with tw because of the contribution from multiple inelastic 
processes, and reaches a plateau value of - 1 .O at high energies. Monte Carlo calcu- 
lations of multiple scattering in wnadium predict a similar functional form for ~ ( t w )  
~ 4 1 .  

nw(meV) 

Figure 2. Neutron spectra measured with an incidenl energy of 180 meV at a scattering 
angle .$ = 5 O  for NpOl (+) and IhOz (0) at a temperature of 5 K Extra inlensiy 
of magnetic origin is visible in the NpOz ass section. The variation of Ihe scattering 
vector with energy transfer is Irom about 3 to 1 k', as h e  energy transfer wries from 
0 to 120 meV. 

The assumption we make is that the scaling function, ~ ( h w ) ,  derived from the 
experimental Tho, data, may also be used to estimate the 5' phonon scattering 
in NpO,. This is reasonable given the similarity in the nuclear moss section of 
both materials (figure 1). ?b obtain the magnetic scattering, therefore, we have 
multiplied the NpO, 136' spectrum by ~(h) ,  shown as the full curve in figure 3, 
before subtracting it from the 5' spectrum. The results of this procedure are shown in 
figure 4, where we have terminated the plots at 25 meV. Below this value the scattering 
is contaminated by the incoherent elastic signal and the subtraction procedure is less 
reliable. 
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%re 3. Energy dependence of the ratio r(hw) of the Thoz spectra measured at 
scattering angles 0 = 5' and 4 = 1 3 6 O .  The full curve is the test fit U) the data. 

The results of the phonon subtraction outlined earlier are shown in figure 4 for 
four different temperatures, both above and below the phase transition at T, = 25 K 
A broad magnetic signal centred at about 55 mev which appears to be split tnto two 
components, is positively identified. Scans using higher incident energy did not reveal 
any other peak up to at least 350 meV. 

ENERGY TRANSFER (meV) 

Flgure 4. Inelastic magnetic neutron scattering mss section obtained for NpOz at T = 
(U)  5, (b) 20, (c) 30 and (d) 50 K The incident energy was 180 meV and b e  average 
scattering angle 0 = 5'. The phonon contribution has been removed following the 
pmcedure described in the text. The full m m  is a fit to the data of Gaussian profiles 
and a sloping background. ' Ibex mmponenb are shown by the txoken curves. 

The Same procedure described previously for the subtraction of the phonon con- 
tribution has been applied in the analysis of the scattering function measured at four 
different angles, 11.5O, 16.5", 21.5O and 26.5O, in order to follow the Qdependence 
of the integrated intensity of the magnetic signal. 

The profile of the inelastic signal changes only slightly with the temperature and 
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the angle, and can be fitted by two Gaussian functions. The first subpeak is centred 
at - 42 meV and the second more intense one at - 67 me\! The full width at half 
maximum (FWHM) of the first subpeak is about 21 meV, and that of the second one 
about 26 me\! These widths tend to increase with increasing temperature. 

4.2 Polarized neutrons 

Figure 5 show the raw data obtained for the spin-flip intensity in the constant-Q 
mode (Q = 1.9 A-l) at two temperatures, T = 5 Kand T = 50 K Comparison with 
the non-spin-flip intensity, also shown in figure 5, reveals that magnetic scattering is 
present both above and below the phase transition. However, at low temperature the 
magnetic response consists of an inelastic peak centred at about 6.4 meV whereas, 
above the phase transition, the magnetic intensity distribution appears to be centred 
at zero energy transfer. 

200 

o T = 5 K  

T=50K i I ;  2 I60 

I20 

x 8 0  

- .- c 
3 

s 
U 

6 s  - .- 
E .p% - % 40 '*&Si+ I* 

* = a  = = = = = = =  . P ! B ' #  
0 
0 2 4 6 8 10 1 2  

ENERGY TRANSFER (meV) 

Figure 5. Spin-Rip inlensily obtained a1 T = 5 and T = 50 K for a Q wlue of 1.9 A-'. 
The non-spin-flip inlensity (A), which appears to be temperature independent, is also 
ahown for comparison. 

The results obtained at different temperatures, after the corrections described in 
section 22, are shown in figure 6 to illustrate how the magnetic response changes 
through the phase transition. Below 25 K, the data may be fitted to a Gaussian 
lineshape with almost constant area but with a FWHM which increases from 1 4  meV 
at 5 K to 5.3 meV at U )  K This figure must be compared with the instrument 
energy resolution which is about 3 me\! At the same time, the peak position shifts 
from 64(1) to 5.9(1) me\! The polarization analysis results also show that continuous 
magnetic scattering is indeed present above the phase transition. It may be fitted to a 
Lorentzian profile times energy centred at zero energy transfer multiplied by the Bose 
thermal factor. The integrated intensity, which is of the same order of magnitude as 
that observed in the low-temperature phase, does not change appreciably up to 50 K 
On the other hand, a slight variation in the FWHM, from 9.8(9) to 11.7(8) meV, is 
observed as the temperature increases from 25 to 50 K 

In a second part of the experiment we searched for the appearance below the 
phase transition of magnetic Bragg scattering. A vely weak and broad magnetic reflec- 
tion was in fact observed 125, 261 around the [$$$I  lattice point for the U,-,Np,O, 
solid solution, with z = 0.5 and z = 0.75. The results reported in 12.5, 261 suggest 
that, in the Np-rich solid solution, short-range magnetic order with a configurational 
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Figure 6. Evalulion of the spindip scattering function as the temperature h increased 
through the phase (ransition point. Q = 1.3 A-'. 'The full 0 " s  are the bcst 61 lo 
the data with a Gaussian lineshape below 25 K @r, above lhe phase Iransilion, with a 
Loxntzian profile limes energy Dentred at zero energy transfer and multiplied by lhe 
Base thermal factor. 

symmetry different from the one of UO, occurs, the correlation length being esti- 
mated as 30-60 8, In the experiment currently being reported, data were therefore 
collected as in a p d e r  scan with the analyser set for elastic scattering. For intensity 
reasons, unpolarized neutrons were used with pyrolytic graphite as monochroma- 
tor and analyser. k spectra were recorded, at 5 and 50 K, with incident energy 
E, = 35.1 meV and Q varying between 0.8 and 1.8 A-', i.e. from the to the 
[ l lo] lattice positions. No magnetic B r a g  scattering was found at low-temperature. 
From the standard deviation on the background and the intensity measured for the 
[111] nuclear Bragg peak we estimate an upper limit of 0.5 p B  for any ordered 
component of the moment. 

5. Interpretation of the data 

5.1. The cubic phase 

The 5p configuration of the free Np4+ ion consists of 41 multiplets, labelled z s + l L J  
in the RussellSaunders (RS) coupling scheme. Hund's rules give the 419,2 as ground 
state. In the cubic crystalline environment of NpO,, the tenfold degeneracy of this 
lowest manifold is lifted by the CF potential into a Ir,) doublet and two quartets, 
\I$)) and IF':)). The total Hamiltonian of the 5f configuration may be written as 
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the sum of two terms 

H = Hio, -k HCF (10) 

with 

Hio, = Hc + Hso + Hint. (11) 

Here, Hc is the Coulomb repulsion between the three f electrons, parametrized 
by the Slater integrals F(a),  f14), F(,), and Hso is the spin-orbit interaction, char- 
acterized by the coupling constant Cso. Hi,, describes the configuration interaction 
(a), that is the mixing of higher-lying electronic configurations into the 5tn configura- 
tion, and other interactions arising from the couplings of the orbital and spin angular 
momenta of different electrons (orbit-orbit, spin-spin, spin-other-orbit). a acts as a 
screening mechanism weakening the 5f Coulomb potential due to the fact that 5fR 
electrons spend part of their time in more delocalized states. The overall effect of 
Hint is, however, much smaller than those due to the other terms appearing in the 
Hamiltonian (11) and its contribution can be neglected for the determination of the 
energy levels below 1 e\! The cubic CF Hamiltonian is given by [27] 

HCF = E4,,[C," + (&)"2c: ]  + Ei,,[C," - (;)%,] (12) 

where Ct are Racah tensor operators and are the axllicients of the CF potential. 
In the RS or intermediate coupling (IC) scheme?,, equation (12) may be substituted 

by [W 

HCF = V4p[@(J) t 5@(J)1 + vi,7[6:(J) - 2 1 6 2 ( J ) ]  (13) 

where @ ( J )  are Stevens operator equivalents, p and 7 are reduced matrix elements 
for the J manifold and V, = A,(r"),  where (rn) are the expectation values of the 
r" operator over the 5f wavefunction. Equation (13) can also be written in terms of 
the parameters x and W of Lea et uf [29] as 

where F ( 4 )  and F ( 6 )  are numerical factors depending on J only and W is a 
common scaling factor for I< and V,. 

The following relations hold between the parameters appearing in equations (12)- 
(14): 

The diagonalization of the Hamiltonian (IO) has been carried out by taking into 
account J-mixing by the CF using the program SHELL [20] and the parameters of the 
free ion Hamiltonian Hint reported in [31]. As a first step, Hion has been diagonalized 
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T.bk l. ?he lowest eleven eigenvalues of the free ion Hamillonian of Np't. me Slater 
integral parameters F(*) = 5713.5 meV, F(') = 5206.5 meV, F ( E )  = 3359.4 meV 
and the spin-orbit parameter <so = 259.7 meV have been used. 

10, 4 E (mev) 

11,9/2) 0 

11,3/2) 9483 
11,11/2) 675.7 

II,13/2) 12562 
11,5/2) 13593 
12,9/2) 14u1.3 
12,5/2) 1593.9 
12,3/2) 1614.9 
II,7/2) 1697.1 
11, IS/?.) 17623 
12,7/2) 1925.1 

on the RS basis and the IC states I a J M )  have been built up. The Slater integrals 
and the spin-orbit parameter used are given in table 1 together with the eigenvalues 
of the first eleven low-lying I a J M )  levels which were used as a truncated basis 
for the diagonalization of the complete Hamiltonian. This last step was performed 
for different values of the ratio VJV, as a function of V,. For all the considcred 
values of the CF parameters the ground state was the quartet. The resulting 
e n e r a  separation bchveen the ground state and excited and r, levels is shown 
in figure 7. 

Since only one magnetic transition has been observed, an unambiguous determi- 
nation of H,, from the spectroscopy results alone is, clearly, not possible. However, 
complementaly information come from the study of the isostructural compound UO,, 
for which the complete CF spectrum is known from neutron spectroscopy. The data 
obtained for UO, suggest two possible values for the ratio of sixth- to fourth-order 
CF potentials in NpO,. In fact, V, and V, may be estimated from the values de- 
termined for UO,, namely Vy = -123 meV and VF = 26.5 meV [2, 31. Using 
the relativistic determination of the radial integrals for Np4+ [21], (r4) = 6.5 au 
and (r6) = 37.8 au, and neglecting the small difference in the metal-ligand dis- 
tances in the two cases, one obtains for Np: V, = -105 mey V, = 21 meV and 
VJV, = -0.2 (x = -0.48, W = -3.8 meV). Figure 7 shows that these parameters 
lead to a @-ri) splitting in line with the position of the observed CF transition. 
We remark that in terms of the Newman superposition model [32] they give intrin- 
sic single-ligand CF parameters ii, = 34 meV and A,  = 12 mey in satisfactoiy 
agreement with the results of superposition model analysis in other systems [33]. 

A second possibility for the \$/V4 ratio, corresponding to a smaller J-mixing 
effect, has been considered in order to allow a better comparison with previous 
theoretical approaches [SI. Wi may be obtained by scaling to the NpO case the RS 
parameters which give a good fit to the UO, splittings. By taking Urd= 4.3 meV 
and xu = 0.9 [3], we obtain, for Np, W = -1.74 meV and 2: = -0.75, that is 
V, = -75 meV, V, = 4.5 meV and V,/V, = -0-06. This leads to a splitting of 
about 50 meV between the two ra quartets in the RS approximation. 

As will be discussed later, the physical characteristics of the system are mainly 
determined by the value of the V,/V, ratio. Then, it seems reasonable to assume 
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Figure 7. Energy differencer between the ground and the excited states calculated as a 
function of the fouounh-order potential V, and the ratio VS/V+. me broken C U N ~  are 
drawn at 55 meV 

as CF parameters for NpO, those obtained by keeping V,/V, tixed at each of the 
values obtained earlier, and, by varying V, in order to fit the experimental value of 
about 55 meV observed for the centroid of the inelastic peak in the neutron scattering 
spectra. Using this criterion and the J-mixing results of figure 7, the set of parameters 
V, = -104 meV and V, = 6.2 meV (z = -0.75, U' = -2.4 mev) is obtained 
for V,/V, = -0.06, while V, = -132 meV and V, = 26.4 meV (z = -0.48, 
W = -4.8 mev) is found if the ratio V,/V, = -0.2 is assumed. The first case, 
that we will call case a, is a weak-m solution with a negligible J-mixing effect, while 
J-mixing effects are considerably more important if the second set of parameters 
(case b) is adopted. In case a, the rs is predicted at 145 meV while in case b, the 
position of the r6 doublet would be at 274 meV. 

In order to discuss the interpretation of neutron scattering data, the transition 
probabilities from the ground to the excited states must be calculated. We use 
an expression for the transition probability matrix elements in the magnetic dipole 
approximation between the multiplets rn and rm (see equation (1)) generalized for 
the case of J-mixing calculations. Wr a powder sample we have 

with a = x,y,z. Figure 8 shows the results obtained as a function of V, for 
ditferent values of the V,/V, ratio. It can be seen that P ( @  -t r,) is considerably 
smaller than P( rp) + I$)), at least in the range of parameters which is physically 
interesting. ~n case a, the intensity of the rf) -+ r, excitation is almost zero. ~n 
case b it is a t  least four times weaker than the I'r) - rr) transition. In both cases 
we therefore expect to be able to observe just one CF peak corresponding to the 
l?p) --t excitation. However, two sub-peaks separated by about 25 meV are 
revealed by the experiment. This splitting b unlikely to be attributed to the presence 
of hydrogen contamination, as was found in a recent neutron scattering study on Pu 
dioxide [34]. The energy of the observed transition is in fact too low, and in a range 
where no inelastic scattering was observed from PuO,. Moreover, the observed Q 
dependence of the intensity is not a characteristic of hydrogen vibrational modes [35l. 
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We shall return to the nature of the two peaks after considering the ordered 
phase. 

5.2 The ordered phase 

Several theoretical models have attempted to explain the phase transition observed 
m Np02 below T, = 25 K. As already mentioned, Friedt er al [9] proposed a 
dynamic internal distortion of the oxygen sublattice below Tc = 25 IC The resulting 
reduction in the local Symmetry induces a splitting of the cubic (s multiplets such as 
to reduce the magnetic susceptibility x(T)  as the temperature falls below T,. lhii 
hypothesis is consistent with the Mdssbauer results but in contradiction with a search 
for anharmonic effects at low temperature by neutron diffraction [lo]. Zolnierek el 
al 1361 have advanced the hypothesis that in NpO, the cation is trivalent. Thb model 
is, however, in contradiction with both the isomer shift in MGssbauer spectra and 
the magnetic form factor measured by neutron diffraction [U)] which establishes a 
tetravalent SP electronic configuration. 

In analogy to the UO, me, Soh and ErdSs [37l assume a collective Jahn-?Mer 
monoclinic distortion of the oxygen sublattice driven by the quadrupolar interaction. 
As a consequence of this distortion, the Np4+ quadrupoles order in an antiferro- 
quadrupolar configuration and the rf) quartet is split into two Kramers doublets, 
the lowest one being nearly non-magnetic provided that the relative strength of the 
fourth and sixth-order cubic cF assumes a particular d u e  and that the anisotropy con- 
fines the magnetic moment to the [OOI] direction. The previous neutron diffraction 
experiments have looked for this static distortion without success but the appearance 
of a magnetic excitation below T, = 25 K, indicating a splitting of the rf) quartet, 
is indirect evidence that an internal distortion of the oxygen-ligand cage does indeed 
take place. We have no experimental information on the symmetry of the actual 
distortion, which could be different from the one observed in UO, and assumed in 
the theoretical analysis given in [3q. In fact, the neutron difbaction results obtained 
for the U,-,Np,O, solid solutions [U, 261 revealed a magnetic order in the Np-rich 
compounds which is different from the one exhibited by UO,. Therefore, the situa- 
tion in the pure NpO, could be different even from the one present in the (U,Np) 
solid solutions. 

In absence of experimental information on the detailed geometry of the lattice 
distortion, we have chosen to analyse the data in the case of lhe monoclinic distortion 
assumed in 1371, corresponding to the condensation of the M, optic phonon mode. 
The point symmetry at the Np site is, in that case, lowered to G,,. In a reference 
frame with the z-axis parallel to the [OOI] clystallographic direction and the z-axis 
along the [llO] direction, pointing towards the pair of oxygen ions which become 
closer under distortion, the CF Hamiltonian is given by 

HCF = Hcub + H&t (17) 

where Heub is obtained 6om equation (12) by changing the sign of the offdiagonal 
components (because of the axial rotation of the reference frame), and 

Hdst  = &?C; + B,,C," + &C; + &,C:. (18, 

The relations between the Ekq and the coefficients usualiy appearing in the RS 
or IC approximation are given in table 2 It should be noted that the omission of the 
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Tabk Z Relations beween the mefficient Ehq of the J-mhing CY Hamiltonian and 
lhe parameters Akl l  usually appearing in the Rs or IC approximations; (r*) are the 
apeaation values ai the rX operators over the Sf wavefunction. 

&o = Azo(*) Gzz - = (2 /3 ) '12  A,,(*) 
E42 = 4 X 10-'/' A4z(V4) 
& = 8 x 70-'/2 A44(r4) 
&z = 16 X 105-'/' &(P) 
&4 = (16/3) X 14-'@ As,(#) 

B43 = -2 x 35-'I2 x Ala(?') 
&a = -8 x 105-Llz A,,(#) 

= 16 x 231-'12 &o(rE) 

other sy"etry-allowed terms in equation (18) causes an error in the energy level 
positions which is negligible for the small distortions considered here 131. 

It can be shown that the term Hdist is equivalent to the quadrupolar Hamiltonian 
used in [37l to describe the perturbation induced by the distortion. 

The parameters appearing in equation (18) have been calculated in the nearest- 
neighbour pointcharge (PC) approximation for different oxygen fractional displace- 
ment 6 = Ala. 

The diagonaliition of the total Hamiltonian (lo), Uith H,, given by equa- 
tion (17), has been performed using the PC values for the distortion term and by 
varying E*, for fu~ed E6,,/E4,, ratios (i.e. by varying V, for fixed v,/v,). AS a result 
of the distortion, each quartet is split into two Kramers doublets while the energy 
of the r6 doublet remains essentially unperturbed. The calculated splitting is about 
6 meV for 6 = 0.004 (A = 0.022 A) when we assume for the cubic part the c~ 
parameters corresponding to case a In contrast, a similar splitting can be obtained 
h case b only for 6 $x 0.006 (A = 0.033 A), which is slightly higher than the upper 
limit given in 1121. These results would suggest that the values V, = -104 meV 
and V, = 6.2 meV of case a should be used for the cubic part of the ff Hamilto- 
nian. However, the parameters of case b cannot be unambiguously rejected because, 
as discussed in 131, the PC parameters used for the distortion term (18) could be 
underestimated, due to the limits intrinsic to the Pc approximation. 

Tabk 3. "ansition pmbabililies between the ground sfate and the levels 8 ,  in 
NpOz (i  = 1-5) calculated in J-mhing approximation under an internal distortion with 
amplilude 6 = 0.004. Two sets of parameten are &sed for the cubic cp Hamiltonian: 
(U )  V, = -104 meV and Ve = 6.2 me- (b)  V4 = -132 meV and V6 = 26.4 meV. 

P(ql.4 8 1 )  PWl -+ WZ) P(81 3 ' y3)  P(rll1-i Wvr) P(*l -4 * 5 )  

(0) 3.79 1.74 1.42 205 0.01 
(b) 1.37 208 254 1.18 0.80 

The probabilities of transition between the ground doublet I€', and the doublets 
qi (i = 1-5) are given in table 3 for both cases a and b and for 6 = 0.004. 
Also in case b the intensity of the transition to the r6 level is still too small to be 
observed, since absorption wonancm and the reduction of the form factor make the 
experiment difficult in the energy region above 232 meV. 

In 131 Solt and ErdaS found that for the assumed monoclinic distortion, the 
%component of the magnetic moment of the lowest doublet vanishes for a ratio 
between the V, and V, parameters very close to -0.06. In this case, the system 
has a zero ordered moment if an anisotropy mechanism forces the magnetic moment 
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along the [OOl] axis. It can be seen that the magnetic moment components essentially 
depend, as stated before, on the value of V,/V, while they are little influenced by 
variations of the V, parameter. In order to facilitate the comparison with the RS 
results in 1371 we show in figure 9 the pi ( d  = I, y, z )  obtained, as a function of the 
Lea-Leask-Wolf (Uw) 1291 I parameter, for W = -2.4 meV and W = -4.8 meV. 
Figure 9 shows that in the RS approximation p z  = 0 for I = -0.73, while J-mixing 
calculations give pz = 0 for I = -0.75 (if W = -2.4 mev) or I = -0.85 (if 
W = -4.8 mev). Therefore, in case a, pz  is almost zero and this could explain the 
lack of magnetic order below T, if an anisotropy mechanism exists that forces the 
magnetic moment to tie along the z direction. Under these conditions, p. and pg 
would also be zero and the constant value observed for the magnetic susceptibility 
x below 5 K would be explained. On the other hand, if the moment is free, x ( T )  
should diverge as T goes to zero even if p,  = 0. 

6. The magnetic susceptibility and entropy 

As regards the magnetic susceptibility, we have to distinguish between the two regions 
below and above T,. In the first region, we notice that the single-ion interactions 
considered in the framework of the present CF analysis cannot account for the wn- 
stant behaviour of the susceptibility at low temperature. In fact, the ground state 
wavefunction is strongly anisotropic and we can obtain a vanishingly small magnetic 
moment only by forcing it to lie in a given direction through a mechanism which is 
likely to be related to interionic effects. On the other hand, as discussed in 191, a 
weakly anisotropic ground doublet, with low values of the magnetic moment compo- 
nents, could be obtained with a lattice distortion which has a different symmetry from 
the one considered here. However, in that case the susceptibility starts to diverge well 
above 5 K, unless an unphysically large oxygen displacement is assumed [lo]. In the 
paramagnetic region, from 77 to 280 K, the inverse susceptibility follows a modified 
Curie-We& law (MCW). The renormalized effective moment [3S] is peR = 2.7 pB,  
which is somewhat smaller than that expected for the two proposed sets of CF pa- 
rameters. This can be seen in figure 10, which show the comparison between the 
Van Vleck susceptibility, calculated in absence of exchange effects, and the experi- 
mental cuxve. In both cases a and b, the slope of the theoretical x-' curve is smaller 
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than the measured one. 'Ib achieve a ~ l u e  of pee close to the experimental one, 
in this temperature range, the valueaf V, should be increased by at least a factor 
two. However, With V, - 250 meV the splitting between the two Ts quartets would 
increase. to - 145 meV in case a and to - 75 meY in case b, while no magnetic 
excitations are seen in the neutron spectra at those energies. Wis apparent disagree- 
ment between CF spectroscopy and magnetic susceptibility results has been observed 
in all the actinide dioxides studied so far with both techniques, namely UO,, NpO, 
and PuO,. This is probably due to the fact that, as in the paramagnetic phase, a 
singleion picture, even allowing for exchange effects in a molecular-field approach, 
is inadequate to account for the behaviour of these compounds. Above the transition 
temperature, the magnetic susceptibility could be affected by short-range order and 
magnetic fluctuations, as well as by magnetoelastic interactions, which in UO, are 
hown, from the behaviour of the elastic constant [39], to be effective up to room 
temperature. The situation is different in magnetically diluted An,Th,-,O, (An = 
U, Pu) solid solutions, where better consistency between neutron spectroscopy results 
and magnetic susceptibility is achieved [40, 411. 

'Ib support the proposed CF scheme, we look at the magnetic entropy S, above. 
100 K, that is sufficiently far from the transition point to be sure that the f-electron 
contribution to S, is mainly due to the population of the CF levels. In figure 11 the 
experimental values given in pl up to - 300 K are compared with the theoretical 
curve. Essentially the same result is obtained with both sets a and b of CF parameters, 
because they correspond to the same energy separation between the r:) and the rp) 
quarteb, while the rs doublet is too high in energy to contribute significantly to S,,, in 
this temperature range. The agreement with the experiment is quite good taking into 
account the approximations involved. It must be noticed that a 10% reduction in the 
splitting between the two quartets is sufficient to give the best fit to the experimental 
data. 
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7. Discussion and conclusions 

In this paper we have analysed the CF neutron spectroscopy results for NpO,. The 
situation in this compound is clearly quite different from that of UO,. In the latter 
system extremely sharp well defined CF states have 'been seen [3], and a relatively 
complete assignment of the parameters can be made. This is not the case in NpO,. 
Whereas the splitting of the ground state rf) below 25 K is relatively sharp (see 
figure 6) the principal CF splitting rf) - I$') results in a wide band with intensity in 
the region 30 to 100 meV (see figure 4). This is exactly the energy range anticipated 
for the transition based on a relatively constant A, and A, across the actinide dioxide 
series, but there is not immediate explanation for its broad nature. The second 
bansition I$) - r6 has ux, small a matrix element to be visible (see figure 8), 
although we have searched up to energy transfers of 350 meV using incident energies 
up to 1100 mew 

The broadening of the rf) - l';) transition may be caused hy a number of 
mechanisms. However, it is important to note that only in NpO, in the actinide 
dioxides does the strongest CF transition lie below the phonon cut-off of 80 me\! In 
addition, a strong phonon exists at - 55 meV (see figure 1) and is hown to be of 
r;, symmetry from the work of Dolling er of on UO, [42]. The ra modes can couple 
strongly to this mode as has been discussed in CeAI, [43,44]. It seems possible, 
therefore, that the splitting of the rp) + l$) mode is due to an interaction between 
electronic and vibronic parts of the spectra. In the absence of such an interaction the 
excitation energy would be - 55 mew Further progress in understanding this would 
require neutron experiments on single crystals, which are not presently available of 
sufficient size for such investigations. 

'Ihking into a m u n t  the results from UO, we have proposed two possible m 
models, which differ only in their details. The most important finding of our study is 
the unambiguous proof by using neutron polarization analysis that the ground state 
@ splits at 25 K into (almost certainly) two doublets. This is the fust microscopic 
evidence shed on this intriguing transition, first discovered by bulk measurements in 
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1953 [A. Our observations strongly suggest that a aystallographic phase transition 
occurs due to the ordering of the quadrupoles in NpO,, in a similar fashion to that 
found in UO,. 

The upper limits set by diRraction experiments for the oxygen displacement are 
quite stringent but we have shown that the observed energy splitting may be accounted 
for by distortion amplitudes clwe to these limits. The calculations were made by 
assuming an intemal monoclinic distortion as proposed for NpO, by Solt and Erdiis 
131 to explain the nearly zero value of the ordered moment Although both CF 
solutions suggested above are in line with the experimental result, in the case of the 
smaller VJV, ratio the CF is more effective in splitting the $) quartet and leads to 
an almost zero value of pz.  However, the second solution also gives rise to a strong 
reduction in the ordered moment component along the [llO] direction. This case & 
rather interesting because it seems to describe very nicely what has been observed 
by neutron diffraction and Mossbauer spectroscopy in the U,-,Np,O, solid solution 
1261 with t < 0.25. In fact, these compounds order antiferromagnetically with the 
same magnetic structure as UO,. It is likely that below TN the oxygen sublattice 
undergoes a distortion similar to the one described above. The effective exchange 
field due to the U4+ ions could then force the Np moments to tie along the Ill01 
direction. In this case, the ordered moment on the Np site would be given by the 
value of the p2 component which is very close to the measured one, p,, - 0.5 pB. 

Therefore, we are left with the hvo following possibilities: 
(i) the concentrated compound and the diluted solid solution (t < 0.5) have 

a similar behaviour and the zero value of the ordered moment in NpO, is due to 
effects not considered in the present approach; 

(ii) the concentrated compound has a peculiar situation in which the interionic 
interactions tend to orient the moment along the [Ool] direction and the CF is such 
to produce a zero value of the moment as originally proposed by Solt and Erdds [37l. 

Case (i) corresponds to the proposed solution b, while case (U) is in line with 
solution a for the CF parameters. 

We conclude that the results here presented allows us to go further in the un- 
derstanding of the mysterious NpO, problem and to restrict the field of the possible 
explanations, although we cannot choose at present between the two possibilities 
outlined earlier in the framework of the considered CF model. 

Acknowledgments 

We wish to thank J Larroque at Cadarache for preparing the sample used at RAL 
and J Rebizant at Karlsruhe for encapsulating the sample used at LL. All safety 
considerations for these experiments were handled with considerable skill by the 
ISIS and ILL Radioprotection Services, to whom we owe our thanks. This work 
%as supported in part by Istituto Nazionale di Fisica della Materia e dal Gruppo 
Nazionale di Struttura della Materia (Consiglio Nazionale delle Ricerche), Italy and 
in part by the underlying research programme of the UK Atomic Energy Authority. 

References 

[l] Kern S, l w n g  C K and Lander G H 1985 Phys. Rex B 32 3051 



3478 G Amoreui d al 

Osbom R, Taylor A D, Bowden Z A, Hackelt M A, Hayes W, Hulchings M T Amorelti 0, Caauffo 

Amoretti G, Blaise A, Caciuffo R, Foumier J M, Hutchings M T O s b  R and 'Bylor A D 1989 

Amoretti G, Blaise A, Foumier J M, Caciuffo R, Lamque J, Osbom R, 'Bylor A D and Bowden 

Amoreui G, Blaise A, Caciuffo R, Fournier J M, Lanuque J and Osbom R 1989 I. Phys: Condens. 

Dunlap B D and Kalvius G M 1985 Handbwk at rhc Physics and urmtu~.~ of he Aclinides -1 2 

Osbome D W and W t r u m  Jr E F 1953 1 Qlan Phys. 21 1884 
Err lh  P, Sol1 0, Zolnierek Z Blaise A and Foumier J M 1980 Physics B 102 164 
Fridt  J M, Litfcml F J and Rebizant J 1985 Phys. Rn: B 32 257 and references therein 
Caciuffo R, Lander G H, Spirlet J G Foumier J M and Kuhs W F 1987 Sotid State Commun 64 

Boeuf A, Caciuffo R, Foumier J M, Manes L, Rebizant J, Spiriet J C and Wight A 1983 Phys. 

Boeuf A, Fournier J M, Heger G, Manes L, Rebizant I, Ruslichelli F and Spirlet J C 1981 1 

Fakr Jr J and Lander G H 1976 Phys &. B 14 1151 
Lander G H, Fakr Jr J, Freeman A J and M a w  J P 1976 Phys. &, B 13 I177 
Eidh P and Robinson J M 1983 lb Physics of Actinbic~ Compowutr (New York: Plenum) p 142 
Kem S, Morris J. Loong GK, Goodman G, Lander G H and Carl B 1988 1. AppL Phys 63 3598 
Fournier J M, Blaise A, Amoretti G, Caciuffo R, Lamque J, Hutchings M T Osbom R and Taylor 

Caciuffo R, Amorelti G, Fournier J M, Blaise A, &born R, 'Bylor A D and Hulchings M T 1991 

Stirling W G and McEwen K A 1987 M&& of Eqmimenlal Physics -I P pan C ed K Skold 

Delapalme A, Foae M, Foumier J M Rebizant J, Spirlel J C 1980 phvsico B 102 171 
Daelaur J P and Freroan A J 1978 1. M o p  M a p  Man: 8 119 
Mwn R M, Riste T and Koehler W C 1969 phvs &. 181 920 
'Bylor A D, b l a n d  B C, Bowden Z A and Jones T J L 1987 Ratherfwd Appleron Labwatoy Repon 

Osbom R 1991 unpublished 
'Jhbuleau A, Pages hi, Boeuf A, Rebizant J, Manes L, Caciuffo Rand Rustiehelli F 1984 3. Physique 

Boeuf A, Caciuffo R, Pagb M. R e b i i n t  J, Rustichelli F and 'Bbuteau A 1987 Emphys  Lrtc 3 

V u m e  B G 1965 Spccumcnpu Propmu of Rme E a h  (New York Wiley) 
Hulchings M T 1964 Solid Stole phusi.r MI 16, ed F Sei& and D "tbull p e w  York Academic) 

Lea K R, leask M J M and Wolf W P 19623. phys Chan Solids 23 U81 
Cmmhile  H N and ClDmhiIe H 1984 1. Opt Soc Am B 1 246 
Camall W T and Crcxmhite H N 1985 e n n e  NaIiond Lnboratoty Rcpon ANL-8690 
Newman D J and Ng B 1989 Rep. Pmg Phys 53 699 
Newman D J and Ng B 1989 I. Php: C d m .  Moner 1 1613 
Kern S, l w n g  C-K, Goodman G L, Con B and Lander G H 1990 1. Phys.: Condm Maner 2 1933 
Stirling W G. McEwen K A and Loong C-K 1986 physics B I36 420 
Zalnierek A, Sol1 G and Erdk  P 1981 I. Phys. Qlan Solids 42 7f3 
Sol1 G and Erdh  P 1980 I. M a p  M a p  Motex 15-18 57 
Amorelti G and Fournier J M 1984 I .  M a p  M o p  Matet 43 U17 
Brand1 0 G and Walker C T 1968 Phys Rm 170 528 
Sasaki K and Obau Y 1971 I. Phys. C. Solid Stale phys. 32 1-739 
Candela G A, Hutchinson Jr C A and Lewis W B 1959 1. Phys. Chn 30 246 
Dolling G, Cowley R A and Wwds A D B 1965 Con 1 Phys, 43 U97 
Thalmaier P and Fulde P 1982 Phys. Rm Lrtc 49 1588 
Thalmaier P 1984 I .  Phys C: Solid Stale fiys 17 4153 

R, Blaise A and Foumier J M 1988 1 phys. C Solid Store phvs 21 L931 

Phys &. B 40 1856 

Z A 1988 J M a p  M a p  M a c  76-7 432 

M" 15711 

Ed A J Freeman and G H Lander (Amsterdam: Elsevier) p 329 

149 and xferences lherein 

SlMLI Sotid 79 Kl 

~hysigue Lsn U MI 

A D  1991 Phys. &. B 43 1142 

Solid Slate Corn 19 197 

and D L Price (Orlando: Academic) 

No RA.-87.012 

lcrt 4s ~3n 

ZL1 

P 227 


