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Résumé. — Nous avons mesuré 1’aimantation, la diffusion magnétique des neutrons et la chaleur
spécifique entre 1,5 et 300 K de monosulfures mixtes d’uranium et de thorium (U, Th, _,)S contenant
une proportion importante d’uranium (x > 0,20). L’ordre ferromagnétique & grande distance est
observé a basse température pour 0,43 < x < 1, mais pour x < 0,43, il n’y a pas d’ordre magnétique
a grande distance. L’aimantation spontanée et la température de Curie décroissent linéairement avec
la concentration en uranium. La chaleur spécifique électronique est maximale a la concentration
critique x, = 0,43. Nos mesures de chaleur spécifique n’ont pas montré d’anomalies de Schottky et
nous n’avons pas observé de niveaux de champ cristallin en diffusion inélastique de neutrons.
L’ensemble de nos résultats suggére une description de bande plutét qu’une description localisée
pour les électrons 5f de I'uranium.

Abstract. — We have measured bulk magnetization, neutron magnetic scattering and specific
heat between 1.5 and 300 K of mixed uranium-thorium monosulphides (U, Th, _,)S with large ura-
nium concentrations (x > 0.20). Long-range ferromagnetic order is observed at low temperature
for 0.43 < x < 1, but no long-range magnetic order occurs for x < 0.43. Magnetization and Curie
temperature decrease linearly with uranium content. The electronic specific heat is maximum at the
critical coricentration x, = 0.43. Our experiments failed to reveal Schottky anomalies in specific
heat or crystal-field levels by inelastic neutron scattering. Our resuits favour a band description rather

than a localised description for uranium 5f electrons.

1. Introduction. — Uranium and thorium mono-
sulphides (US and ThS) have at room temperature
the NaCl crystalline structure [1] and a metallic elec-
trical conductivity [2). While ThS shows a small
temperature independent paramagnetism [3], US is
ferromagnetic below 178 K [4]. The precise study of
the magnetic form factor of US by neutron diffraction
techniques [5] has shown that the uranium magnetic
moment is mostly due to the existence of unfilled 5f
orbitals; but the electronic structure of these orbitals
is not yet well understood.

The magnetic properties of the metallic actinide
compounds have usually been interpreted in terms of
localized 5f configuration. In particular, Grunzweig-
Genossar et al. [6] have explained the values of the
magnetic moments and Curie temperatures and the
nature of the magnetic order in the uranium pnictides
and chalcogenides by attributing the 5f2 configura-
tion to the uranium ion in all these compounds.

However, in the case of US, this localized description
of the 5f shell is apparently in contradiction with the
strong electronic specific heat [7}, band calculations [8]
and photo-emission measurements [9], all three of
which suggest narrow 5f-6d bands crossing the Fermi
level.

To improve our understanding of the electronic
structure of US, we have studied the solid solution
(U,Th,_,)S, the existence of which was known by
the works of Shalek [10] and of Cater er al [11].

The purposes of this study were :

(1) To test the model of Grunzweig-Genossar et
al. [6] : effectively, by alloying uranium sulphide
with thorium sulphide one should diminish the
exchange field while keeping the crystalline field
roughly constant.

(2) To test the band nature of the 5f electrons in
these alloys by measuring the electronic specific heat.
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(3) To look for crystal field levels by inelastic
neutron scattering, and by numerical analysis of the
specific heat.

Allbutt er al. [4] and Chechernikov et al. [13] have
already examined the magnetic properties of this
solid solution between 80 and 300 K. Also, Teten-
baum [2] has measured some transport properties
between 300 and 1 300 K. Fisk and Coles [12] explained
his results by the filling-up of a 5f band. We should
note that the (U, Th, _)S samples of Allbutt er al. [4]
all showed a ferromagnetic transition at 178 K ; this
was attributed to ferromagnetic clusters, and in conse-
quence these authors did not analyse their results.

We report here on the specific heat measurements
(already partly presented [14]), magnetization curves
in the ferromagnetic state, and neutron scattering.
This follows the measurements of electrical resistivity
and magnetic susceptibility, previously published
[14, 15]. :

2. Electronic properties of actinide monosulphides.
— The valence states of the actinide monosulphides
are mostly constructed with the 7s, 6d, 5f wave func-
tions of the metal atom and with the 3p and perhaps 3s
wave functions of the sulphur atom. The overlap of
these orbitals leads to the formation of several bands
crossing the Fermi level.

2.1 BAND STRUCTURE. — The only actinide sul-
phide for which band calculations have been made is
the uranium monosulphide US in its paramagnetic
state [8, 16].

The calculations of H. L. Davis [8], by the Korringa-
Kohn-Rostoker method seem to be a reasonable
approach of the band structure of this compound.
These calculations are non self-consistent, non rela-
tivistic (spin-orbit coupling on 5f states is about
0.7 eV [17]), and neglect the. strong correlations
between 5f electrons. However, the results are in
qualitative agreement with experimental observations,
especially photoemission [9]). One can therefore pro-
pose the following band scheme (see Fig. 1) :

— US has a metallic conductivity.

— There is a full band about 4 eV wide containing
6 states mostly from the sulphur 3p shell but showing
some 6d-5f character on the uranium site. This gives
rise to the covalent character of the compound.

— There is a full band at low energy containing the
3s states of sulphur which play little role in the bond-
ing.

— The uranium 7s band is nearly empty.

— The conduction bands are mostly formed with
very hybridized 6d and 5f uranium states : the density
of states at the Fermi level is thus very high. The
occupation number of the 5f states is between 2 and 3.

It is interesting to compare the 5f band width calcu-
lated by Davis on US (E > 1 eV) with the 4f band
width that the same author has calculated by the
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FiG. 1. — Schematic band structure of ThS and US.

same method for samarium and gadolinium com-
pounds (£ ~ 0.05 eV) [18] : the difference is partly
due to the greater radial extent of the 5f wave function,
but also to the fact that the 5f states have the same
energy as the 6d, 7s and 3p, favouring an enlargement
by hybridization.

Of course these band calculations neglect the
interatomic Coulomb correlations which tend to
maintain an integer occupation number of 5f electrons
on each uranium site. This was discussed in the case of
the uranium carbides and nitrides [19]. As for these
compounds, it seems that the real description is half
way between the two conventional ones : localized
5f electrons and itinerant 5f electrons.

The thorium sulphide band structure must have
great resemblance to the US one, with the exception
that the 5f states are unoccupied. In ThS, the absence
of 5f states at the Fermi level is confirmed by the
small value of the magnetic susceptibility (32 x 107°
emu/mole [3]) and of the electronic specific heat [14, 20]
which corresponds to an apparent density of states
at the Fermi level of 0.8 states/eV/Th atom/spin
(1.6 per Th atom). One can then propos¢ for ThS a
band structure (see Fig. 1) which is consistent with
the transport properties :

— The Hall constant (B. Griveau, 1971, unpu-
blished) corrected for porosity is at 300 K :
Ry = 1.6(+ 0.2y107*° m*/coulomb ;

from this value one calculates in a free-electron model
a number #, = 1.8 + 0.2 electrons per thorium atom.
— The electrical resistivity [2, 15] has a metallic
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character and increases linearly between 100 and
1 000 K.

— The thermoelectric power [2] is negative and
varies nearly linearly between 300 and 1 000 K. By
applying the formula of Mott and Jones (ref. [21]
p. 311) for a parabolic density of states and an elec-
tronic relaxation time independent of energy, one
calculates a Fermi energy of 3 eV. From this value
and assuming two electron states per Th atom occupied
in the band, the density of states at the Fermi level is
0.5 states/eV/Th atom/spin, roughly consistent with
specific heat data [14, 20].

2.2 NUMBER OF 5f ELECTRONS. — In the actinide
sulphides (with the exception of ThS), the number of
5f electrons per metal atom is not known and cannot
be simply determined by magnetic measurements
because the crystal field effects and the 5f-6d hybri-
dization modify the free ion magnetic moment value
considerably : for US, the configurations 5! [12],
5f2 [6], and even 5f* [23] have been proposed (see
compilation by Kuznietz [24]). The existence of the 5f*
configuration seems unlikely because the valence 2 has
never been encountered in the uranium ionic com-
pounds.

In a study of the magnetic form factor of US by
neutron scattering, Wedgwood [S] has shown that
the best fit with the experimental results is given
by a 5f2 configuratién with combined crystal field
and exchange field effects, as suggested by Grunzweig-
Genossar et al. [6]. However this study only tested a
limited number of simple localized models.

Another estimation of the effective valence can be
made by analyzing the value of the lattice parameter.
Using ionic radii as they justified for rare earth mono-
sulphides (despite the metallic conductivity), Allbutt
and Dell [25] and Grunzweig-Genossar et al. [6] find a
valence near 4 for-U in US.

In conclusion, it seems reasonable to estimate
the 5f occupation number as being 2 + 0.5. This
value may be fractional as shown by the irregular
variation of the lattice parameters with the atomic
number from ThS to AmS [26, 27], similar to that of
the carbides and nitrides [28]. Fractional 5f occupa-
tion numbers (due to narrow bands or virtual bound
states or interconfiguration fluctuations) have already
been suggested by Fisk and Coles [12] for the
UP,_,S,) and (U,Th,_,)S solid solutions, and by
de Novion and Costa [19] for U(C, _,N)).

2.3 ELECTRONIC PROPERTIES OF URANIUM MONO-
suLpHIDE US. — 2.3.1 Magnetic properties. —
Below its Curie temperature (178 K [4]), US is a simple
ferromagnet. The para-ferromagnetic transition is
probably of the 2nd kind and is followed by a rhom-
bohedral distortion {29], magnetodilatation [29], and
anomalies of specific heat [7], electrical resistivity [15,
30-32] and thermoelectric power [31].

In the ferromagnetic state the moments, localized
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on the uranium ion, are parallel to the { 111 ) axis of
the rhombohedral cell. Their value (1.70 + 0.03 py
[33]), measured by neutron scattering on a single
crystal is bigger than that calculated from the magne-
tization curves, obtained by applying the magnetic
field parallel to the easy magnetization direction of
the same single crystal : 1.55 ug [34]. The difference
of 0.15 up has been attributed to a polarization of
the conduction electrons. The moment on the sulphur
ion is smaller than 0.02 ug [33]. The magnetic aniso-
tropy is very high (250 kQe [34]). The ordered moments
measured on powders using magnetic fields smaller
than 10 kQe are small [32, 47], due to coercive field
and anisotropy (see § 5).

The magnetic susceptibility above 200 K obeys a
Curie-Weiss law :

C Np? ug
X—X0+T—_—0; where C—T{;—

with

— %0=0, 6,=173 K, p=2.25 pug (200-300 K) [4],

— %0=245x10"° emu/mole, 0,=180 K,

p=2.31 uy (200-1 000 K) [35],
— %0=0, 0,=185 K, p=2.22 py (200-300 K) [36].

The hyperfine field at the uranium nucleus in
ferromagnetic US has been measured at 4.2 K by
238 Maossbauer spectroscopy ; it unfortunately can-
not distinguish between 5% and 5f* configurations [22].

2.3.2 Transport properties. — The electrical resis-
tivity [15, 30-32], thermoelectric power [31] and Hall
effect [32] depend mostly on the magnetic behaviour
of US and cannot easily be related to the band struc-
ture.

The positive Hall constant measured by Griveau
(1971, unpublished) between 320 and 550 K, can be
analyzed in the following form, theoretically justified
for ferromagnets [37] :

Ry(T) = Ry + Ry pX(T) x(T) ,

where p is the electrical resistivity of the same
sample [15], and y the magnetic susceptibility [35]. The
extraordinary Hall effect, characterized by R, is pre-
dominant. The ordinary Hall constant, negative and
independent of temperature is :

R, = 2.3(4 0.5) 107 '° m*/coulomb

from which one calculates a number n, = 1.25 + 0.25
of conduction electrons per uranium atom ; this value
roughly confirms the estimation of the valence made
in § 2.2.

2.3.3 Specific heat. — This has been measured
between 1.5 and 10 K by Westrum er al. [7} who
calculate a coefficient y = 23.4 mJ/mole/K? for the
electronic specific heat, leading to a density of states
at the Fermi level of 4.58 states/eV/U atom/spin.

At high temperature (500-600 K), the analysis of
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the specific heat at constant pressure [38, 39], corrected
for dilatation [40], gives a much smaller apparent
density of states at the Fermi level : 1.8 states/eV/U
atom/spin at the most.

Although one has probably at low temperature to
take into account a large enhancement of the effective
mass by the many-body interactions (especially
exchange and electron-phonon which are known to
vanish at high temperature), this result is consistent
with the existence of narrow 5f-6d bands at the Fermi
level (cf. § 2.1).

2.3.4 Models. — Although most of the theoretical
and experimental work seems to show that the 5f
states are band-like m US, the results have been
generally analyzed in terms of localized models.

Flotow et al. [20] estimate a magnetic entropy which
is not far from the value given by a 3-fold degenerate
level (RIn 3 = 9.13 J/K/mole). In spite of the uncer-
tainties due to the comparison method used, the
order of magnitude of this entropy seems correct,
and shows that the magnetic behaviour is not that of
free ions U2*, U3+, U** or U*, but that the crystal
field effects raise the degeneracy of the free ion energy
levels considerably (AE > 1072 eV). '

Gardner and Smith [34] have analyzed the magnetic
properties of US assuming a 5f* configuration
(/=4). In the Russel-Saunders approximation,
neglecting the 6th order terms of the crystal field, the
fundamental level is a triplet I'y and gives magnetic
moments and entropy in good agreement with those
observed.

On the other hand, Grunzweig-Genossar et al. [6]
have supposed a 5f? (J = 4) configuration : the
fundamental level is a singlet I';, and the first excited
one a triplet I',. The magnetic order is induced at low
temperature when the exchange field is bigger than
the crystal field. From the knowledge of the Curie
temperature and of the ordered moment, they deduce
the energy of the excited levels (I, is at 430 K from I'y)
and the value of the exchange field. These values are
consistent with the magnetic entropy [41].

If one compares these two localized models, it is
obvious that the 5f? model predicts excited levels of
the uranium ion between 400 and 1100 K; these
should give rise to departures from the Curie-Weiss
law which are not observed [35]. On the other hand the
5f4 model is in contradiction with the analysis of
interatomic distance (cf. § 2.2) and with the values
of the aspherical components of the neutron scattering
magnetic form factor [5].

2.4 PReVIOUS RESULTS ON MIXED (U, Th, _,)S MONO-
SULPHIDES. — The magnetic susceptibility results of
Griveau et al. [15] have shown that the paramagnetic
moment per uranium atom remains constant (2.3 ug)
for x = 0.8 and 0.6. This value is also found in the
dilute uranium region (x < 0.15) [44].

The Curie temperature determined from magnetic
susceptibility and electrical resistivity measure-
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ments [15] (see Fig. 9) decreased with uranium concen-
tration and vanished for a critical composition x,
between 0.4 and 0.6. The paramagnetic Curie tempe-
rature 0, became largely negative for x = 0.4 and 0.2.
For these two compositions field dependence, observ-
ed below 180 K and probably due to clusters or
inhomogeneities, did not allow Griveau et al. [15]
to obtain precise magnetic susceptibility curves.

3. Experimental procedures. — 3.1 MAGNETIZA-
TION MEASUREMENTS. — They have been made in the
laboratory of Dr. Fruchart at Vitry s/Seine (C.N.R.S.)
by an inductive method (cf. ref. [42], p. 60). The
precision of the measured magnetization is 0.5 %, but
the reproducibility of the measurements is only 1 9.
The precision of the temperature, measured by a
copper-constantan thermocouple, is of the order of
1 K.

The magnetic field H, after demagnetization field
and image effect corrections is known with a precision
of 1%.

The sample, in powder form is enclosed in an ellip-
soidal sample holder, the magnetization of which is
determined previously.

3.2 SPECIFIC HEAT MEASUREMENTS. — They were
made in an adiabatic calorimeter, described in the
reference [40]. At very low temperature (1.5-100 K)
the precision is about 19; at higher temperature
(100-300 K) it is somewhat less (2 to 3 %).

3.3 ELASTIC NEUTRON SCATTERING EXPERIMENTS. —
Powder neutron diffraction measurements were made .
on diffractometers at A.E.R.E., Harwell to determine
the ordered 5f shell moment. This sort of experiment
is described in detail for the case of ferromagnetic
UTe by Wedgwood and Kuznietz [33]. Two scans
are made, one above and one below the Curie tem-
perature. The high temperature scan is used to cha-
racterize the sample and measure precise composition
and Debye-Waller factors. In the low temperature
scan, there is an additional intensity in low angle
Bragg peaks and after subtraction of the calculated
nuclear scattering the magnetic structure factor can be
found. The PANDA spectrometer, which gives good
resolution to high angles, was used for the high tem-
perature runs since this gave a large number of well
resolved Bragg peaks for the crystallographic least
squares refinement. The CURRAN spectrometer,
which gives high intensity but poorer high angle
resolution, was used for the low temperature runs
where good statistical accuracy was necessary to
separate the relatively small magnetic scattering from
the nuclear scattering.

3.4 INELASTIC NEUTRON SCATTERING EXPERIMENTS.
— They were made using a time of-flight spectrometer
at Harwell. This gives the optical phonon frequencies
as shown by Wedgwood [43]. These frequencies are
used for calculating the Einstein specific heat contri-
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bution to the specific heat (cf. § 9.2). In addition
there is qualitative information about possible magne-
tic crystal field levels.

4. Characterization of the samples. — The samples
with uranium atomic content x = 0, 0.42, 0.61 and
0.82 were prepared by reduction of US, and ThS, by
the metals, and annealing under vacuum at 1 800 °C.
Details on the preparation method may be found
in the paper by Griveau ef al. [15].

The dependence of the lattice parameter with
composition, as measured by these authors (see
table I) nearly follows Vegard’s law, and is quite
different from those obtained by Chechernikov er
al. [13]. The results of the latter authors are probably
due to a change in the U/(U + Th) ratio during the
treatment at very high temperature [15]. The uranium
to thorium atomic ratio were determined by electron
microprobe analysis which also confirmed the homo-
geneity of the alloys on a scale of 10™* cm.

TABLE 1

Lattice parameters a of (U, Th,_)S
(a is given with a precision of + 1073 A)

x ThS 025 042 044 061 082 1.00

a(A) 5.683 5.637 5.608 5.605 5.573 5.527 5.488

The analysis of our neutron diffraction measure-
ments (cf. § 6) indicates an apparent non stoichio-
metry in the form (U, Th), ,sS. We made a chemical
analysis of the sulphur content and found

S/(U + Th) = 0.97 £+ 0.01

(atomic ratio). The contradiction can be explained
assuming 3 % carbon atoms dissoived in the sulphur
lattice because the neutron scattering length of C is
much greater than that of S. Effectively, chemical
analysis of the carbon content in (U, ¢Th, ,)S gave
1190 + 100 ppm weight (2.65 + 0.259, atomic).
This carbon could originate from oil of the vacuum
pump. The solubility of UC in US is known to be
about 40 % (atomic) [45]. The nitrogen content is
small (N/S ~ 0.3% atomic) [15] and most of the
oxygen is present in a 2% ThOS second phase as
determined by X-ray [15] and neutron diffraction.

The two samples of U/(U + Th) ratio x = 0.44
and x = 0.25 (see specific heat measurements) were
prepared later by solid state diffusion (1 800 °C)
of ThS and (U, ¢, Thy 30)S : their chemical analysis
was about the same as for the preceding samples but
the homogeneity was not quite so good. The lattice
parameters are given in table 1.

5. Magnetization measurements. — These have
been made on the uranium monosulphide US and the
three mixed samples (U 5,Thy 15)S, (U 61Thg.30)S,
(U0.42Th0.58)s'
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F1G. 2. — Magnetization o of the mixed sulphides (U, Th,_)S vs
applied magnetic field at 4.2 and 20.4 K.

We have reported in figure 2 the magnetization
curves of these four compounds at 4.2 and 20.4 K.
The curves have been obtained by the following
procedure : first the samples were cooled outside
the external field H ; next, magnetization was measur-
ed at increasing fields up to 26.6 kOe, then at decreas-
ing fields to 0 Ce. This procedure explains the high
value of the observed hysteresis.

These curves show that the three uranium rich
compounds (x = 1, 0.82, 0.61) are ferromagnetic at
4 and 20 K, as is confirmed by neutron scattering
(cf. § 6) and by the preceding study of Griveau et
al. [15]. On the contrary, the compound (U, ,,Thg 55)S
shows no resistivity anomaly [15] and probably no
long range ferromagnetic order at low temperature.
The small remanent magnetization observed at
4K (= 0.02 yy/metal atom) is probably associated
with ferromagnetic clusters.

5.1 THE COERCIVE FIELD. — For the three ferro-
magnetic samples, one can estimate roughly from the
data at 4.2 K, a coercive field H, : approximately
4 kQe for US, 22 for x = 0.82 and 18 for x = 0.61.
It is difficuit to know whether the origin of this strong
coercive field is due to anisotropy or anchoring of
Bloch walls. This is because, due to the small grain
size (~ 10 p) of our samples, we do not know if the
grains are single domains or contain several Bloch
domains.

5.2 THE SATURATION MAGNETIC MOMENTS. — The
maximum magnetization per metal atom measured on
our samples is reported in table II. For the three
ferromagnetic samples, this is measured at 26.6 kOe
and 20 K, because at this temperature the coercive
field is smaller than at 4 K.

To obtain the saturation magnetization from the
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TasBLE II

Estimation of the saturation magnetic moments at 0 K in (U, Th, _)S by magnetization measurements

Sample Us
Maximum measured magne-
tization (ug/metal atom) 1.31
Estimated saturation mo- 1.59
ment at 0 K (ug/metal {(powder)
atom) 1.55
(single
crystal)
Estimated saturation mo- 1.59
ment at 0 K (ug/uranium (powder)
atom) 1.55
(single
crystal)

measured curves at 204 K (Fig. 2), we have used the
following procedure

— Subtraction of a high field magnetization yH,
where y = 14 x 107° x (emu.cgs/g), x being the ato-
mic ratio U/(U + Th). This magnetization was deter-
mined experimentally at x = 1 by Gardner and
Smith [34].

— Extrapolation to zero temperature, assuming
that the saturation magnetizations follow a same law
M = M, f(T/T,), where M, is the saturation magne-
tization at 0 K, 7T, the Curie temperature, f a function
determined experimentally on US [34]. Between 20
and 0 K, the correction is smaller than 19, for US,
of the order of 1 9} for x = 0.82 and 3 %, for x = 0.61.

— Extrapolation to infinite external field. This
third correction is rather difficult for a polycrystal such
as US where the ( 111 > anisotropy field is very large,
about 250 kQCe [34]. In this case, above the coercive
field H_, the magnetization state consists of domains

magnetized along the nearest ¢ 111 > axis to the field

direction, and one calculates a bulk magnetization
which is 86 9, of the saturation value [46]. We have
thus divided our data by 0.86.

The saturation magnetic moments, obtained after
making the three corrections described above, are
given in table II. The validity of our procedure is
shown by the moment value for US, 1.59 u;, which
is quite near that measured by Gardner on the easy
magnetization axis of a single crystal [34]. The
moments of the mixed sulphides could be slightly
underestimated : for x = 0.82 because of the strong
coercive field, and for x = 0.61 because the ferro-
paramagnetic transition is rather spread in tempera-
ture, and the decrease of magnetization between
0 and 20 K is probably bigger than the 3 9, estimated
above. In any case, for both samples, the error must
be smaller than 5 .

5.3 CURIE TEMPERATURES. — We show in figure 3
the temperature dependence of magnetization mea-

x = 0.82 x = 0.61 x = 0.42
0.83 0.43 0.10
1.05 + 0.05 0.56 + 0.03
1.28 4+ 0.06 0.92 + 0.05
gluem/g) tc(uzm/g)
20
30|

266 k02

TiK}

1001 200 300

Ugel heS

aluermn/g)

0
O 100 Te200 300 g
Uus

f gluernig)

2 5
\\
o " TIK)

O 40Tc 80 120

UpeThos S

FI1G. 3. — Dependence of the magnetization ¢ of the mixed sulphides
(U,Th,_,)S with temperature at several applied magnetic fields.

sured at several external magnetic fields up to 26.6 kQe.

The full curves have been obtained at constant
field and increasing temperatures after cooling the
sample out of the field. This procedure explains
the shape of the curves [42] : around the temperature
where the coercive field becomes smaller than the
applied magnetic field, one observes a maximum of
magnetization.

The dotted curves of figure 3 have been obtained by
a different procedure : cooling of the sample to 4 K
in small magnetic field (~ 80 Oe), then measurement
at increasing temperatures for this value of the applied
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TaBLE 111

Curie temperatures of (U, Th, _,)S

Sample T, (magnetization)
K)
US 173
x = 0.82 121 + 2
x = 0.61 52 +2
x = 0.44
x =042

field. In this case most of the domains are favourably
oriented, and the magnetization maxima disappear.

The Curie temperatures have been calculated from
these remanent magnetization curves, as the intersec-
tion of the inflexion tangent of ¢*(T) with the tem-
perature axis [48]. They are reported in table III,
together with the values obtained from electrical
resistivity {15, 30] and specific heat measurements [7,
14] (seé also § 9).

A (mJlgrm 1K) T.(K)
S0y oo
Te 180
401 caiculated 52,4 160
140
30 120
® 100
201 180
160
© | experimental 40
q ! Y
L e U
O 025 X 061 082 1  UTh
=043
AP(us) s
H15
@ 110
ntal
7 neighbours 05
model” \‘ y
¥ i t : X:_U__
o X< 061 082 1 Gh
=0.43

F1G. 4. — Dependence with the ratio U/(U + Th) of : a) The y
coefficient of low temperature electronic specific heat. The Curie
temperature T compared with the calculated values within the
localised 5f2 model. b) The ordered magnetic moment at 0 K
per metal atom compared with the values calculated within the loca-
lised 5% model and within the model where the only uranjum having
a magnetic moment (1.7 pg) are those with at least 7 uranium first
neighbours.

T, (resistivity) T, (specific heat)
(K) (K)
180 180
117 117
56 55
4.5(7)

No Curie point

The curve showing the dependence of Curie tempe-
rature with uranium content x is given in figure 4 :
in first approximation it varies linearly with x, as does
the bulk magnetization (cf. table II). The critical
composition for ferromagnetism is approximately
(Uo.43Tho 57)S.

6. Neutron elastic scattering. — 6.1 EXPERIMENTAL
RESULTS. — ThS. The results of two powder neutron
diffraction scans at 4.2 K are summarized in table IV.
The second one was done at higher resolution and is
the more accurate. The scattering length of the tho-
rium atoms was low compared to its value in the
literature [49] and lead to an apparent composition
Thy ¢4S. This was largely due to the substitutional
impurities in the sulphur lattice, especially carbon
(see § 4). When correction was made for carbon and
nitrogen content, the apparent metal deficiency was
reduced to 1.3 9. Correction for oxygen content was
not made, because most of it is in a ThOS second
phase (see § 4). The average measured Debye-Waller
factors are 0.23 and 0.65 A? for the thorium and sul-
phur atoms respectively and their ratio 2.83 is close
to the root mass ratio ./Mp,/Mg = 2.73 expected
from lattice dynamics at absolute zero [50]. Since
the Debye and Einstein temperatures for the solid
solutions are nearly independent of concentration
(table VI), we have assumed that the low tempera-
ture Debye-Waller factors of the mixed compounds
are the same as those of ThS.

(Uy.61Thg 39)S. Two powder diffraction runs were
done at room temperature to determine the mean
metal atom scattering length. The results of least
squares analysis of the data are shown in the second
part of table IV where the refined parameters are
mean metal atom scattering length and Debye-Waller
factors. As in the case of ThS, the apparent mean
metal scattering length was found to be less than the
theoretical one, leading to a metal atom deficiency
of 1.59% after correction for C and N impurities.

To measure the 5f magnetic moment the (111)
and (200) reflections were measured at 4.2 K. Since
the magnetic scattering is relatively weak the ratio
Ii111)/1 200, is only different by about 6 9, from the
ratio due purely to nuclear scattering, so it is necessary
to measure this ratio very accurately. The estimated
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TaBLE IV

Summary of neutron elastic scattering data. Estimation of saturation magnetic moments at 0 K in (U, Th, _)S
by neutron diffraction measurements

ThS (4.2 K)

Number of reflections measured

R, agreement factor 9

By, Debye-Waller factor

Bg Debye-Waller factor

b, apparent thorium scattering length (cm x 107 1%)
by, after correction for C and N impurities

bry, (Willis, ref. [49])

Uop.61Thg 305 (300 K)

Number of reflections measured

R, agreement factor 9

B, ... Debye-Waller factor

By Debye-Waller factor

bnets apparent mean metal
(cm x 1071?)

b,eiar after correction for C and N impurities

b et theoretical for stoichiometric compound

Liz00)/ 1111y at 4.2 K average of 6 runs

Moment per cation (ug)

Uj.52Tho 1S (300 K)

Number of reflections measured

R, agreement factor %

B,..... Debye-Waller factor

Bg Debye-Waller factor

b apparent mean metal atom
(cm x 1071%)

b,.1a after correction for C and N impurities

b, theoretical for stoichiometric compound

L200)/1111y 2t 4.2 K average for 3 runs

Moment per metal atom (ug)

error in the measured ratio after six runs was less
than 1 %,. From this ratio, using the mean metal atom
scattering length from the room temperature runs
and assuming the magnetic form factor to be the same
as in US [5], we calculate the mean metal atom magne-
tic moment to be 0.9 + 0.3 up. The main error comes
from the uncertainty in the mean metal atom scatter-
ing length.

(Ug g2Thg 15)S. This experiment was very similar
to the 61 9 uranium one except that the mean magne-
tic moment is greater, so that higher fractional
accuracy is easier to achieve. The metal atom deficiency
is 0.99 and the mean metal magnetic moment is
1.3 + 0.3 pg.

6.2 COMPARISON WITH BULK MAGNETIZATION
RESULTS. — It is important to appreciate that the
neutron diffraction method measures the 5f moment
per metal atom whereas the bulk magnetization
method measures the total moment per formula unit.
In the case of US the 5f moment is 1.7 up [S] whereas

atom scattering length

scattering length

Run 1 Run 2 Average
9 14
1.37 0.76
0.47 0.16 0.23
0.48 0.70 0.65
0.967 0915 0.938
1.008 0.954 0.978
0.99
22 13
3.07 1.76
0.52 0.69 0.60
0.71 0.92 0.80
0.846 0.858 0.851
0.882 0.894 0.887
0.900
2.069
09 +0.3
13 8
1.28 1.34
0.59 0.40 0.55
0.72 0.48 0.66
0.825 0.829 0.827
0.860 0.864 0.862
0.870
1.984
13403

the total moment is 1.55 yg [34] and the difference is
ascribed to negative conduction electron polarization.
We have assumed that this polarization is propor-
tional to the magnetization in the mixed compounds
and have corrected the bulk moments accordingly.
These and the neutron results are shown in figure 44 ;
although they are the same within the error bars,
the neutron results seem systematically higher. The
reason why the bulk results may be low was detailed
in § 5.2. Also any inhomogeneity in the mixtures
would cause the neutron results to be high since the
measured quantity is proportional to the square of
the ordered magnetic moments.

7. Analysis of the magnetic behaviour of (U, Th, _)S.
— The magnetic susceptibility measurements of

(U,Th, _,)S with low uranium concentration (1 to
15 ¢;) [44] follow a Curie-Weiss law

X=1xo + CAT +6,)
with a large 6, (~ 150 K) rather than a Curie law C/T
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characteristic of dilute localized moments : this
suggests that the fundamental state of an uranium
atom dissolved in ThS is non magnetic.

This hypothesis is somewhat confirmed by the
absence of long-range magnetic order for x < 0.43;
indeed, if there were ferromagnetic interactions bet-
ween uranium first neighbours only, all of them with
an identical localized moment, the critical uranium
concentration for long-range ferromagnetism should
be around 0.15 [51, 52]. The 5f* localized model,
predicting a magnetic fundamental level I'°
(see § 2.3.4) is thus unlikely. Hence, the discussion
will be restricted to the 5f localized model where the
octahedral crystal field quenches the total moment
of the U*™ ion, and to the possibility of itinerant 5f
electrons.

7.1 LocALIZED 5f2 MODEL. — We have compared
our magnetization results with the model of Grunz-
weig-Genossar ef al. [6] simplified by taking only into
account the fundamental singlet | I'; > and the first
excited triplet | I, ), the exchange field being oriented
along the { 111 > axis of the crystal.

Choosing the ( 111 ) axis of the crystal as quan-
tization axis of the J, component of the total angular
momentum, the wave functions and energies in the
absence of exchange field, but with crystalline field,
are obtained by diagonalizing the Hamiltonian given
by Hutchings [53] :

T, >=06086]—3>—0.5092|0) — 93(%‘1
—0.6086| +3) =%
[Fre>=07071|—=3> +0|0) + ‘
+07071| +3) | o
|IT7>=06238]—-2)>—06235+1>— { 3
— 04713 ] +4> | T
|IT;>=04713|—4)> +06235| — 1> + by

+06238] +25 )

The exchange field H,,, parallel to the { 111 ) direc-
tion, modifies the wave functions | I'; > and | ') ),
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because the matrix element V = {I'y | g;ug J; | '] D
is non-zero. If one takes the experimental value
g; = 0.827 for the U™ free ion [54], one calculates
V = 2.134 ug.

The formalism used here has been detailed pre-
viously [6, 28, 55].

(1) Application of the model to US. — Fixing a
Curie temperature (180 K) and an ordered moment at
0K (1.76 ug) close to the experimental ones we
calculate the exchange constant A (163 c.g.s.), the
molecular field at 0 K (1.6 x 10° Oe), and the energy
AFE of the triplet (320 K). These values are slightly
different from those calculated by Grunzweig-Genos-
sar et al. [6].

In the ferromagnetic state, the distance in energy
between the states of modified wave functions | I} >
and |I';°) is \/AEE +4VZH? ie 555K. The
Van Vleck susceptibility calculated in the ferroma-
gnetic state at 0K is 4.65 x 1073 cgs/mole, of the
same order of magnitude as the high field susceptibility
measured by Gardner and Smith [34] (3.78 x 1073 cgs/
mole).

(2) Extension of the model to (U, Th,_)S. — We
have calculated the dependence of the Curie tempe-
rature on the uranium concentration making the
following hypothesis :

— The crystal field has the same value as for
US (AE = 320 K).

— The molecular field constant decreases propor-
tionally to the uranium content.

It has been demonstrated that the magnetic order
disappears when the A/AE ratio becomes smaller
than a critical value (0.293 if AF is in K, and A in
c.g.s. units).

The critical uranium concentration for threshold of
ferromagnetism is calculated to be x, = 0.56, the
experimental value being x, = 0.43. '

The calculated Curie temperatures are :

T, = 137 K for x = 0.82 (observed value : 117 K).
T, =76 K for x = 0.61 (observed value : 55 K).

It

TABLE V

Comparison of measured and calculated ordered magnetic moments in (U, Th, _,)S

- Measured Calculated
Measured Moment Calculated Moment
Moment (corrected Moment (J. W. model,
Sample (neutrons) magnetization) (52 model) p=T7
Us 1.70 1.70 1.76 1.70
x = 0.82 13+ 03 1.16 1.50 1.38
x = 0.61 0.9 + 0.3 0.62 0.70 0.70
x = 0.563 — 0.50 0 0.53
(interpolated)
x = 0.42 — 0.07 0 0.13
x = 0.20 — 0 0.001
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Their dependence with concentration is reported
on figure 4 where it is compared with the experimental
one.

We have also calculated for several values of x the
ordered moment M per metal atom which is compared
in table V and figure 4 with the values deduced from
magnetization measurements (multiplied by a factor
1.097 to correct for band polarization, see § 6.2) and
with the values deduced from neutron scattering
experiments.

7.2 ITINERANT 5f MODEL : CHEMICAL ENVIRONMENT
AND INTERATOMIC EXCHANGE. — Because the 5f bands
are very narrow, crossing the Fermi level in US and
situated at several eV above the Fermi level in ThS,
any rigid band model seems unlikely for (U,Th, _)S.
It has been shown by C.P.A. theory and confirmed
experimentally by photoemission measurements [56]
that the 3d density of states in Ni-Cu alloys resembles
a mixture of those of the two pure metals.

The most correct simple picture of the electronic
structure of (U,Th,_,)S alloys consists then of
interacting 5f virtual bound states on uranium atoms.
Assuming a non-magnetic picture for dilute uranium
in ThS, as suggested in the beginning of § 7, the
occurrence of localized moments in (U,Th,_,)S
should be extremely sensitive to the chemical and (/or)
magnetic environment of each uranium atom.

It is now well known that the threshold of a localized
magnetic moment on a transition metal atom diluted
in a non-magnetic matrix alloy depends in a crucial
way on the chemical nature of its environment [57, 58].
From a theoretical point of view, this local environ-
ment determines a local electronic density of states,
i.e. the width and energy of the 3d virtual bound
state, and the possible occurrence of a localized
magnetic moment [75].

Such chemical environment models have been
later extended to the appearance of magnetic moments
in concentrated alloys, especially vanadium in Au-V
alloys [59] and nickel in Ni-Cu alloys [60]. But in
these cases, one has to take into account interatomic
exchange : the occurrence and value of a localized
moment may depend both on its magnetic and chemical
environment.

An extended review and discussion of such effects
is given by Garland and Gonis [61], but the complete
theory is not made yet, since it needs to go beyond
the C.P.A. approximation.

Assuming an itinerant 5f model for (U,Th,;_,)S
alloys, we do not know the relative importance of
chemical and magnetic environment for the occur-
rence of localized moments. Tentatively, we have
analyzed the magnetization values of § 5 in a very
simple Jaccarino-Walker model [57]. We assume that
the uranium moment has a value of 1.7 or 0 ug,
depending only on its first shell chemical environment.
As the alloys with small uranium concentration seem
to contain only very few localized moments, the sug-
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gested criterion ftor the appearance of such a moment
is that it has at least p uranium first neighbours. For a
(U,Th, _,)S alloy, the relative number of uranium
atoms having a moment is then :

Flx) = 122: 12 x(1 — x)t27¢
il (12 -0 ’
and the average magnetic moment per metal atom is
1.7 xF(x) pp. This function is plotted in figure 4 and
table III for the case p = 7 which gives the best
agreement with the data.

7.3 COMPARISON OF THE 5f% AND THE CHEMICAL
Jaccarino-Walker (J. W.) MODELS. — As shown
in figure 4 and table V, the two models predict disap-
pearance of ferromagnetism at a rather high uranium
concentration, and this is in good agreement with the
experimental observations. For the 5f2 model, we
have calculated the critical composition as x, = 0.56.
In the chemical J. W. model, the number of localized
moments at the experimental critical concentration
x, =~ 0.43 is about 9 ¥, of the total number of metallic
atoms : 99 is the order of magnitude of the critical
concentration in a FCC lattice for the appearance of
long-range ferromagnetic order, if one assumes ferro-
magnetic interactions between first neighbours
only [51].

Both models predict finally a non-linear concentra-
tion dependence of magnetization and Curie tempe-
rature ; in particular, the 5% model predicts a catas-
trophic decrease of these two quantities around the
critical composition. This is not experimentally observ-
ed, at least for Curie temperature and in consequence,
the chemical Jaccarino-Walker model, which shows a
smoother transition, is in better agreement with our
results. However, the J. W. model is very crude, so
the p = 7 value should not be taken too seriously.
On the other hand, the 5f? model presented here,
which the alloy as homogeneous, could be
refined, attributing to each uranium atom a crystal
field and an exchange field depending on its environ-
ment. But, in the absence of more experimental
information, the better fit obtained from this refine-
ment would be rather illusory because of the greater
number of variable parameters.

4ennta

ucaw

8. Low temperature (1.5 < T < 10 K) specific heat
measurements. — &§.1 EXPERIMENTAL RESULTS. —
These measurements have been made on ThS and the
four solid solutions (Ug 5sThg 15)S, (Ug.44Thy 5¢)S,
(Ug.61Thg 36)8S, (Ug 5,Thg 15)S. (The last two samples
had been studied also by magnetization and neutron
scattering). They are represented on figure 5 in the
analytical form C,/T = «T? + v, justified by the fact
that the hyperfine specific heat is negligible for U,
Th and S in natural isotopic concentration. The
specific heat of US, measured by Westrum et al. [7]
is also represented on this figure. The variation
C,/T = f(T?) is linear to the precision of experiments
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F1G. 5. — Specific heat of the mixed sulphides (U,Th, _,)S between
1.5 and 10 K.

for ThS and for the two compounds x = 0.82 and
x = 0.61, but not for the two other compositions.

We give in the table VI the following values, esti-
mated for the 4 compounds US [7], x = 0.82, x = 0.61,
ThS :

— v and «; the values of y have been corrected to
take into account the ~ 1 9, ThOS electrical insulator,
present in our samples.

— The apparent density of states per spin direction
at the Fermi level : N(E;) calculated from 7y in the
Sommerfeld model (ref. [21], p. 178).

— The apparent Debye temperature of the acous-
tical modes of phonon, associated to three degrees of
freedom for the (U,Th,_,)S molecule (calculated
from a).

— The measured Einstein temperature determined
by inelastic neutron scattering (see § 10).

For the two compounds of uranium content
x = 0.25 and 0.44, the variation C,/T = f(T?) is
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non linear, but approximative values y ~ 30 mJ/
mole/K? and ~ 40 mJ/mole/K? can be respectively
estimated from the curves of figure 5 (see § 8.2 and
8.3).

The y coefficient (apparent electronic specific heat)
is maximum around the critical composition x, ~ 0.43
for the appearance of low temperature ferromagne-

' tism.

The spin wave term has been separated by Westrum
et al. [7] in US, and the Debye temperature of this
compound correctly determined ; we have then tried
to check if US and ThS followed the Lindemann
criterion (ref. [21], p. 13), to estimate then the real
Debye temperature of the intermediate compounds.
This criterion is written as MV ??® 03/T; = K, where
K is a constant, M is the molecular weight, V' the
atomic volume, 6, the Debye temperature, 7; the
melting temperature (given in the ref. [10]). The values
of K obtained are slightly different for ThS and US
(3.86 and 4.27 in arbitrary units), and we have assumed
that it varies linearly with uranium content x ; from
the atomic volume and melting temperatures [10] of
the mixed compounds (U, Th,_)S we have deduced
the values of 6, for our four compositions.

Calculated and apparent values of 6, are compared
on table VI :

— For x = 0.82, the fit is good and the spin wave
term seems thus quite small.

— For x = 0.61, the calculated value (180.6 K)
is smaller than the apparent one (189.7 K) : the cal-
culated « coefficient is then bigger than the experimen-
tal one, and this can only be explained by a thermal
variation of y : y = 36.4 — 0.045 T? (mJ/mole/K?).

8.2 SpeCIFIC HEAT OF (U, 44Thy 5¢)S. — For this
composition, the extrapolation of the Curie tempe-
rature curve versus concentration (Fig. 4) shows
ferromagnetism at 0 K and a Curie temperature of
about 5 K.

In fact, C/T versus T2 plot of the specific heat of
this sample shows a negative curvature. If one draws

TaBLE VI

Low temperature specific heat data and Einstein temperatures measured
by neutron inelastic scattering in (U, Th, _,)S

ThS x =0.25

y (mJ/mole/K?) g; [20] 33.2
o (uJ/mole/K*) gzg [20] 245
N(E;) states/eV/metal 0.78 [20] 04

atom/spin 0.83 7.
0p apparent (K) }ggg [201 202
0, calculated (K) 172.2 174.7
0 (K) 363 + 20

LE JOURNAL DE PHYSIQUE. — T. 37, N° 10, OCTOBRE 1976

x=044 x=061 x=08  US[7
0+2 36.4° 19.45 23.4
285 309 283
8.9 7.72 4.12 4.96
189.7 184.9 190
177.7 180.6 185 190
460 + 30 430 £ 20 410 + 15

78
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on this plot a straight line C/T = BT? corres-
ponding to the lattice specific heat (calculated from
0p cal = 177.7 K, see table VI), one can see that the
difference between the measured C/T curve and the
straight line 72 is maximum for 7 ~ 4.5 K, a tem-
perature close to the calculated Curie temperature.
The negative curvature of C/T = f(T?) is perhaps
then explained by a broad ferro-paramagnetic transi-
tion.

It is difficult to determine y. We quote the value
y = 42 + 2 mJ/mole/K?, extrapolated from the C/T
curve between 2 and 3 K.

8.3 SpeciIFIc HEAT OF (Ug,5Thy5)S. — The
samples of uranium content 0.20 < x < 0.43 are
not ferromagnetic at low temperature : but because
of their strong magnetic susceptibility at 4 K [15],
they can be characterized as nearly ferromagnetic.
The curvature of C/T = f(T?) observed for x = 0.25
(see Fig. 5) has been often encountered in nearly
ferromagnetic metallic solid solutions : Ni-Cu [62],
Fe-V [64], Ni-Rh [65] but not in Pd-Ni [63].

Two models have been invoked to explain this
behaviour :

— Spin fluctuations or paramagnons in a narrow
band with strong exchange interactions {66]. These
fluctuations lead to a logarithmic term in the low
temperature specific heat, i.e. to a positive curvature
of C/T against f(T?). But, from a numerical point of
view, the measured specific heat of (U, ,5Thy ;5)S
does not fit well the theoretical formula of ref. [66].
This is not surprising since this logarithmic term is
strongly reduced in the case of alloys [67], and thus
has not been encountered in Pd-Ni alloys [63] where
the paramagnon theory should apply best.

— Superparamagnetic clusters fluctuating against
anisotropy [65, 68]. This leads generally to a constant
Einstein specific heat in a range of temperature around
4K [69]. We have analyzed the specific heat of
(U, ,5Thy 45)S under the analytical form :

C=A+9yT +aT?,

and the least squares technique gives with a good fit :
C (mJ/mole/K?) =

=11.76 +33.2T +0.366 T — 0.121 T3,

where the term 0.366 T is the lattice term obtained
from the Debye temperature calculated in table VI
(174.7 K).

The constant term A allows us to calculate the
number of clusters per mole :

N, ~ 8.5 x 102°.

In the absence of more extensive information, it
is difficult to say if these magnetic clusters which
probably contributed largely to magnetic suscepti-
bility below 180 K [15] are due to microsegregation
or imperfect diffusion. One must remember that such
clusters can arise in a completely random solid
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solution, because of statistical fluctuations of concen-
tration, and polarization effects [61].

In conclusion, the existence of magnetic clusters
seems to explain the increase of C/T at low tempera-
ture in (U, ,sThg ;5)S, but not the large y value
(cf. § 8.4).

8.4 INTERPRETATION OF THE MAXIMUM OF y AT THE
CRITICAL COMPOSITION X, ~ 0.43. — As in the case of
the solid solution U(C; _ ,N,) [19], three possible expla-
nations may be given :

— Maximum of the density of states at the Fermi
level. Substituting U to Th atoms in ThS, one intro-
duces 5f virtual bound states which increase y. If the
uranium content is sufficiently large (> 59,), one
must rather speak of a hybrid 5f-6d band. The
exchange field which appears for x > 0.43 partially
splits the spin-up and spin-down bands on both sides
of the Fermi level, hence the decrease of density of
states.

— Coupling between the 5f-6d band electrons and
paramagnons, leading to an increase of the electronic
effective mass at the Fermi level, as we have seen § 8. 3.
These paramagnon effects are maximum at the critical
concentration for ferromagnetism threshold.

— Existence of a purely magnetic yT contribution
to the specific heat, if a significant number of uranium
sites see a symmetrical (positive, negative, and null)
and continuous distribution of small molecular fields.
But this has been justified only in the case of an Ising
model [70, 71]. The specific heat of superparamagnetic
clusters (cf. § 8-3) also contributes to y [69] but we
have calculated this contribution as being a factor 10
smaller than the measured 7.

9. Specific heat measurements between 10 and 300 K.
— These measurements, made on ThS, (U, ¢,Th 34)S,
and (U, ¢, Thy ;4)S are shown in figure 6 and table VI.

9.1 THORIUM MONOSULPHIDE ThS. — Our specific
heat values of ThS are greater by about 1 % than those
of Flotow et al. [20].

We have estimated the lattice specific heat of ThS,
by subtracting two contributions to the measured C, :

— An electronic specific heat yT, proportional to
absolute temperature, being determined between 1.5
and 7 K (table VI).

— A thermal expansion specific heat term
(C, — C,)y, obtained from published information on
the order of magnitude of the thermal lattice expansion
and elastic constants of uranium and thorium based
ceramics [40]. These evaluations do not need a great
precision because, at 300 K, (C, — C,)q ~ 0.01 Cp.

We have then compared the lattice specific heat
obtained Cy(T) to the sum of a Debye term (acoustic
phonons, 6, = 172 K) and of an Finstein term
(optical phonons =394 K, being a single Einstein
temperature because ThS is metallic). The agreement
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Fi16. 6. — Specific heat of (U,Th,_,)S between 1.5 and 300 K.

is very good except between 15 and 120 K, the tempe-
rature range where the Debye approximation cannot
correctly describe the acoustic vibration specific heat
of the crystal lattice. Note that the Einstein tempera-
ture used here is slightly greater than the neutron
scattering result.

9.2 MIXED SULPHIDES

(Uo.52Tho 15)S, (Uo.61Thg 30)S .
— The curves of figure 6 show clearly maxima at
the Curie temperatures : 7. = 117 K for x = 0.82,
Tc = 55K for x = 0.61.

We have tried to estimate the lattice specific heat of
these two compounds and of US from the one of ThS :

— assuming that the optical modes contribute
to the specific heat by an Einstein term, the Einstein
temperatures being given by the results of §10
(table VI);

— applying only to the specific heat C,, of the
acoustical modes the so-called corresponding states
empirical law [72],

(U, Th)S
(U, Th)S, _ ThS D
Cac (T) - Cac (T HD ThS )

which assumes that the dispersion curves of the US
acoustical modes are similar to those of ThS. This law
(which does not take into account the rhombohedral
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distortion in the ferromagnetic state of US) is appli-
cable only if the valence of U in US is near 4 and if the
5f states do not participate to the bonding.

The difference between the measured specific heat
and the calculated lattice one (to which we have added
a (C, — C,)4 contribution calculated as for ThS)
is then the sum of the electronic and magnetic spe-
cific heat of the (U, Th,_,)S compounds.

The three functions Cy + C,,., (for x = 0.61,

0.82, 1.00) are represented on figure 7.

\ AC(JU/mole/K)
451
30 X =100(US)
157
o
o)
b AC(J/mole/K)
12;
X =082
8
NN 13©'
.SQ/S\ ® e T
0(\\\
41 R
IS
o 75 150 225 300
AC{JImole/K)
Qs
O A
4y /,{d,\Q’ \?Qﬁ, X =061
:,/’ C +C2\ ~ \/<¢a
2 ///’ .Tsm T
ol A Tk
o Tc 75 150 225 300
Fi1G. 7. — Magnetic plus electronic specific heat Cy + Cg of

(U,Th, _,)S compared to the theoretical C. Schottky specific heat

of the localised 5f2 model. Are also given on the figure the electronic

specific heat Ty(0) extrapolated from low temperature and the
estimated 7%(T) electronic specific heat.

Two main comments can be made about these
curves :

— One apparently does not observe in the para-
magnetic state (I’ > T,) the Schottky anomalies pre-
dicted by the localized 5f* model : the dotted curve
calculated with AE = 320 K shows a maximum at
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about 110 K, but this does not appear on the experi-
mental curve for x = 0.61.

— The 7 coefficients of electronic specific heat
decrease quite rapidly with increasing temperature.
At 300 K, these values are less than or equal to
15 mJ/mole/K? (US), and 7 mJ/mole/K? (x = 0.82
and 0.61) (the equality is obtained if the magnetic
specific heat C), is assumed to be zero at 300 K).

It seems then very difficult from a practical point of
view to separate the magnetic and electronic specific
heats, the two terms being of the same order of
magnitude and depending on temperature in a
complicated way. (It is even more difficult if the y
coefficient at low temperature contains a magnetic
contribution for x = 0.61.) This separation is also
questionable from a theoretical point of view, both
contributions being due to the 5f band : one has then
to distinguish individual electronic excitations (y(7) T')
and collective ones (Cy(T)); this can be made satis-
factorily at low temperature in the case of transition
metals [73], but is more difficult at higher temperature.

The magnetic susceptibility of US follows exactly
a Curie-Weiss law above 225 K, and one can suppose
that the short-range magnetic order is then small.
This allows a first estimation of the magnetic entropy
of our three samples, assuming the magnetic specific
heat is zero at 300 K, and that y(7") decreases mono-
tonically (in a somewhat arbitrary way, see figure 7)
from its low temperature value (table VI) to its
maximum possible value at 300 K estimated above.

The magnetic entropies estimated at 350 K are
then :

US : AS,, =~ 7.9 J/mole (instead of 8.8 estimated by
Flotow et al. [20] with slightly different approxima-
tions).

(Uy g2Thg 15)S + AS, ~ 7.2 J/mole.

(Up6:Thy 30)S © AS,, ~ 38 J/mole if the low
temperature YT term does not contribute at all to
the magnetic specific heat, and AS,, ~ 4.8 J/mole
if about 20 mJ/mole/K? of the y coefficient is of magne-
tic origin.

Assuming a smaller y value at 300 K leads to
a somewhat larger magnetic entropy AS,, : typically
for US, 7 (300 K) = 7 mJ/mole/K? instead of 15 leads
to AS,, ~ 9.1 J/mole instead of 7.9.

10. Neutron inelastic scattering results. — The
technique for determining the energy of the optical
phonons in UX compounds is described by Wedg-
wood [43]. In the case of the sulphides this optical
peak in the time-of-flight spectrum is weak due to the
low scattering length of sulphur : 0.28 x 107'? ¢cm
compared to 0.95 x 107'2 for nitrogen for example.
Furthermore in the case of the sulphides rich in ura-
nium there is an additional scaftering mechanism
due to the magnetic moment. It is thus necessary
to make a separation of the two forms of scattering
to get an accurate optical phonon energy. This is
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possible since the one phonon scattering is propor-
tional to the square of the momentum change Q,
whereas the magnetic scattering is proportional to
the square of the magnetic form factor f(Q), a
decreasing function of Q. The time-of-flight data,
which is determined at 30 values of Q for each value
of time-of-flight (and therefore energy transfer) is
fitted to the function

o) = P() Q2”79 + M(r) £2(Q)

where P(f) and M(#) are now the lattice and magnetic
spectra and e~ "@ is the Debye-Waller factor. £(Q)
and W(Q) are taken from the data on pure US [5].

The two spectra are shown for pure US in figure 8.
Similar P(f) spectra were observed for the mixed
sulphides with x = 0.82, 0.61 and 0.44 and the esti-
mated optical frequencies are reported in table VI in
terms of the Einstein temperatures 6. There is a
tendency, which may not be significant due to the
large statistical errors, for the mixed compounds
to have higher Einstein temperatures than for the
pure compounds.

Pty arbitrary scale Mic)

I A"
110 130 150 170 0

channel number —e

I | L L | |
0987 6 5 4 3 2 1
-— energy transfer Thz (W)

||
2015

FiG. 8. — Lattice and magnetic contributions to the inelastic neutron
scattering time-of-flight spectrum. The fit to the magnetic spectrum
is the gaussian exp(— E?%/2 EZ) where E, = 17 meV.

The function M(f) was only found to be significant
for pure US; for the mixed compounds where the
magnetic scattering is less and smaller samples were
used, statistical fluctuations are too large. For pure US
it can be seen that the data is not strongly peaked as
might be expected for a localized model with crystal
field transitions. We have interpreted the data using
the De Gennes formula for scattering from a para-
magnet with exchange coupling [74] :

el

k' .5 _ 2
moc?f(Q)(Zn<w2>) 1/zexp<_ %)

Co® )y =38 +1)Y J*).

Here h? { w? ) is the second moment of the transferred
energy, k and k' are the initial and final neutron
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momenta and J(r) 15 the exchange energy between
magnetic atoms at 0 and r. On the time-of-flight
scale this becomes distorted to :

1 w?
M(Z) oC t—Aexp (— m)

and the smooth line in figure 8 is a least squares fit
to M(1) giving { w? Y'/* ~ 200 K. Since we have no
clear value to give for S no further conclusion can
be made but it is obviously of the right order of
magnitude since :

0,=180K =2S(S +1) Y J0) .

On the localized 5f? model one would expect
a I',-I'; transition at about 320 K (6.7 THz). This
would of course be broadened by the exchange field
in the same way as the zero energy peak but even so
there is not much sign of it. Unfortunately at these
energies the momentum change Q is quite large and
f(Q) correspondingly small; so it is possible that
crystal field peaks could go undetected if they are
above about 10 THz. Nevertheless this data on pure
US seems to give further evidence that the simple
localized model is incorrect.

11. Discussion. — (U,Th,_,)S alloys are now
known to be at low temperature ferromagnetic for
U
*=0+1h

The physical understanding of our results is enligh-
tened by the recently performed [44] electrical resis-
tivity and magnetic susceptibility measurements on
samples with low uranium content (0.01 < x < 0.15) :
the thermal variation of magnetic susceptibility,
X=X + C/T +0,) with 0, ~ 150 K, discards the
simple 5f*, 5f3, 5f* configurations which all predict
pure Curie susceptibility y = C/T in the dilute ura-
nium limit. On the contrary, the results presented in
the present paper, as well as those performed on low
uranium content samples suggest a non magnetic
ground state for uranium dissolved in ThS. This could
be due to the combined crystal field and spin-orbit
coupling acting on a localized 5f* configuration, or to
a sufficient hybridization of 5f levels with the s-p-d
conduction bands.

Sufficient interaction between uranium atoms
results then in the threshold of localized moments :
this may be due to chemical environment effects
(modifying the density of states of 5f virtual levels)
and/or to interatomic exchange which exists in both
the localized and itinerant 5f models.

1) Our experiments have allowed us to analyze in
detail the 5f% model, and showed that it is not very
likely :

> 043 and paramagnetic for x < 0.43.
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— it predicts a catastrophic decrease of magne-
tization around the critical composition, and this is
not observed : there must be at least a strongly inho-
mogeneous magnetization around x, = 0.43,

— specific heat measurements on (U, ¢;Thg 39)S
and inelastic neutron scattering on US failed to reveal
the existence of an excited crystal field level around
300 K,

— it predicts an increase with temperature of the
magnetic contribution to electrical resistivity, when
the observed resistivity decreases with increasing
temperature for x < 0.43 (see Fig. 9 and ref. [44]).

fluR-cm)

U, . Th,,S

TIK)

Ol L . L A ) L L R
O 100 200 300 400 500 600 700 800

P16, 9. — Electrical resistivity of (U,Th,_,)S (from ref. [14]).

2) We want now to discuss the possibility of
interconfiguration fluctuations (ICF) such as those
proposed by Hirst [78] and Sales and Wohlleben [79]
for rare earth compounds. This model was used to
analyze the XPS spectra of the thulium compounds
TmSe and TmTe, where the lines corresponding to
the 4f'? and 4f!3 configurations are found side by
side [80]. On the contrary, in TmSe, inelastic neutron
scattering did not reveal the excited crystal-field
levels [81], probably because the ICF are faster than
the characteristic inverse frequency of a thermal
neutron (but not of an X-ray photon); this .could
explain the absence of crystal-field levels in the neu-
tron measurements on US. In principle, the ICF
model could apply to uranium, because the difference
in energy between the 5f%(6d 7s)*, 5f3(6d 7s)® and
5f1(6d 7s)® configurations is only of the order of 1 eV
in the free atom [82] and may be reduced in the
compounds; in US or (U,Th,_,)S, the ICF should
be between 5f2 and 5f* or 5f2 and 5f* : the fundamen-
tal state is 5f2 (see § 2.2) rather than 5f3 as in the free
atom, because the gain in binding energy is larger
than the energy cost of the promotion 5f — 6d.

Nevertheless, if an interconfiguration model quali-
tatively explains certain physical properties of US
and (U,Th,_,)S such as the finite magnetic suscepti-



1184

bility at T'= 0K for x < 0.43, we have some doubts
upon its effective applicability to these compounds.

First, the main interest of the ICF description
(versus the virtual bound state description) of the
resonance between localized 5f configurations and the
conduction band is its capability of taking into account
the detailed structure of the f* configurations ; this of
course occurs only if the broadening of the levels by
the (s, p, d)-f interactions is smaller than the multiplet
or crystal-field splittings and is probably not the case
in uranium sulphides : the 6d-5f or 3p-5f matrix ele-

-ments of the crystal potential between atomic orbitals
on neighbouring sites are much larger (~ 0.1 to
0.5 eV [28]) than in rare earth compounds, suggesting
that the Sf sharp levels loose their individuality.

Second, ICF models predict often an anomalous
thermal expansion due to the change with tempera-
ture of the population between the two considered
configurations; this is not observed in uranium
compounds such as US [29]. On the other hand, ICF
models do not explain the residual resistivity and
electronic specific heat maxima at the critical compo-
sition for ferromagnetism x, = 0.43.

Third, one should insist upon the fact that the
observed magnetic susceptibility of mixed-valence
rare earth compounds has been justified by the ICF
model in a phenomenological way only [79], and that
the quantitative demonstration of this behaviour is
given starting from the Friedel-Anderson virtual
bound state (VBS) model [83]. The relative validity
of ICF and VBS models has been recently discussed by
Hirst [84] and by Cogblin et al. [85].

3) In conclusion, we think that a virtual bound
state approach in the Friedel-Anderson sense, or a
narrow band model (Hubbard) is more appropriate
for uranium compounds such as (U,Th,_.)S. A
similar conclusion has been reached recently for the
compound CeAl, [86].

In the dilute uranium (U,Th,_)S alloys, the
concentration and thermal variations of electrical
resistivity is well described by non-magnetic 6-fold
(51, j = 5/2) virtual bound states occupied by two
electrons in order to satisfy the Friedel sum rule.
The spin fluctuation temperature is about 150 K [44].

For rich uranium content alloys, a narrow 5f band
description in a CPA model with strong hybridization
to the 6d bands should be preferred. One may then
understand the ultraviolet photoemission measure-
ments on US [9] and the strong value of the electronic
specific heat y7, maximum around x, = 0.43; the
appearance of ferromagnetism is explained by the
Stoner criterion.

But, in order to explain the smoothness of the
magnetic-non magnetic transition with concentration,
local effects should be included. A very simple chemical
environment model, neglecting interatomic exchange,
and assuming that a constant magnetic moment

" (1.5-1.7 pp) exists on the only uranium atoms having
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at least 7 uranium first neighbours, fits roughly the
concentration dependence of the magnetization.

According to the above discussion, the high
residual resistivity of the non-ferromagnetic samples
(~ 8 uQ-cm/uranium percent in the dilute uranium
limit [44]) is due to the resonant scattering of conduc-
tion electrons by the (5f, j = 5/2) virtual bound states.
This residual resistivity is maximum at the critical
composition x, = 0.43 and decreases in the ferro-
magnetic state (see Fig. 9) because the scattering there
becomes more and more coherent and because the
spin-up and spin-down 5f states become split apart
from the Fermi level.

The resistivity minima observed around 400 K for
the non-ferromagnetic samples ([15] and Fig. 9) are
explained by a decrease of this resonant scattering
with increasing temperature : this is due to the
broadening of the Fermi distribution in the narrow f
virtual bound state and is enhanced by spin fluctua-
tions [44]. The spin-fluctuation model is now generally
considered as being equivalent to a high temperature
Kondo model [87]. For a Kondo effect to occur, the 5f
state must be a virtual bound state, mixed with the
conduction band, the exchange coupling between the
localized spin and the conduction electron spin being
antiferromagnetic (this is the case for (U,Th,_,)S,
see § 6).

Although crystal-field levels were not observed by
neutron scattering, the shallow resistivity maximum
observed around 300 K for (U, sTh, ,)S may indicate
that the crystal-field structures of the f” configurations
are not completely wiped out by mixing with conduc-
tion electrons : the characteristic inverse frequency
of a conduction electron is of course much shorter
than that of a neutron. This analysis must be consi-
dered with caution, because no resistivity maximum
is observed at low uranium content [44]. Nevertheless,
coexistence of Kondo effect and crystal-field splitting
are thought to occur in CeAl, and to give rise to
a complicated resistivity versus temperature beha-
viour [77].

Finally, one should remark that between x ~ 0.20
and 0.43 the magnetization is inhomogeneous and
superparamagnetic effects are observed in the low
temperature specific heat ; this may mask occurrence
of mictomagnetism or spin-glass behaviour [76] in
this' composition range.

12. Conclusion. — Our study of magnetization,
specific heat and neutron scattering, following the
electrical resistivity and magnetic susceptibility measu-
rements of Griveau et al. [15], has shown that the
critical concentration for appearance of low tempera-
ture ferromagnetism in the (U,Th,_,)S alloys is
x, = 0.43.

We have tried to understand the electronic structure
of these alloys by comparing them to simple models.

We have been able to discard purely localized 5"
configurations, although the 5f% explains many pro-
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perties of these compounds. A 5f virtual bound state
model for dilute uranium alloys, and a narrow 5f-6d
hybrid band model for rich uranium alloys were
preferred to interconfiguration fluctuation models.
Spin fluctuations seem important. Of course, experi-
ments such as the magnetic form factor measurement
in US by Wedgwood [5] should be reanalyzed with
hybridized f states, but a correct knowledge of the
band structure is then needed.

We are working presently on dilute solutions of
U, Np, Pu in ThS, ThSe, ThTe [44] in order to improve
our description of actinide impurities in terms of 5f
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virtual bound states. High pressure experiments are
planned. A detailed study of the behaviour of the
(U,Th, _)S system around the critical composition
for ferromagnetism x, = 0.43 will be also undertaken.
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