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Abstract. We report specific heat and neutron diffraction measurements of seven samples in the solid
solution system UgLaj_,S. All samples have the simple fcc NaCl crystal structure. Both specific heat and
neutron diffraction confirm the suggestion from the earlier magnetic measurements that the ferromagnetism
disappears abruptly at z. ~ 0.57. Near z. there is a doubling of 7y the electronic contribution to the specific
heat, as compared to the value of 23 mJ mol~*K~2 in pure US. Around z. the widths of the nuclear Bragg
peaks show a considerable broadening, as well as anomalies in the mean lattice parameter, as compared to
those expected from Vegard’s law. A preliminary analysis suggests this broadening may be due to a loss of
long range lattice order near x.. However, these changes are independent of temperature, so that further
experiments are necessary before they can be associated with the changes in magnetic behavior at x.

PACS. 75.254+z Spin arrangements in magnetically ordered materials (including neutron and spin-
polarized electron studies, synchrotron-source x-ray scattering, etc.) — 61.66.-f Structure of specific crys-

talline solids — 65.40.4g Heat capacities of solids

1 Introduction

The monopnictides and monochalcogenides of uranium,
neptunium and plutonium [1] with the simple NaCl type
structure exhibit a wide variety of magnetic and electronic
behaviors which are generally considered as a consequence
of variable degree of localization of the 5f electrons. In
general the interactinide distances are large enough to
prevent direct overlap of the 5f electrons but hybridiza-
tion effects occur via the anions p orbitals or are medi-
ated by valence and conduction band electrons [2]. Among
these compounds the uranium monochalcogenides (US,
USe, UTe) are classified as strongly hybridized [1]. As
shown in Table 1 they order ferromagnetically at rather
high temperature and are highly anisotropic ferromagnets
with magnetic moments confined along the (111) direc-
tions. The ordered magnetic moment at low temperature
as well as paramagnetic moments are much lower than the
values expected for trivalent or tetravalent uranium free
ions.

In spite of many theoretical and experimental ef-
forts devoted to the electronic and magnetic properties of
these compounds, a clear understanding of their electronic
structures and of the mechanisms responsible of their be-
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havior is still lacking. In particular, the ground state and
the respective influence of crystal field and interactions,
which involve hybridization effects, are not easy to deter-
mine. For these ferromagnetic compounds the dilution of
the paramagnetic ions by diamagnetic ones reduces the
exchange, thus giving access to the single-ion characteris-
tics. However the studies of such diluted uranium systems
have revealed complex behavior different from that ex-
pected for a simple dilution of the magnetic interactions,
i.e. a linear decrease of the ordering temperature and a
constant value of the ordered moment for a concentration
of paramagnetic ions larger than the critical percolation
limit for this fcc structure.

In uranium sulfide diluted either by trivalent (La) or
tetravalent (Th) diamagnetic ions an abrupt disappear-
ance of the ferromagnetic order occurs at an uranium con-
centration far above the percolation limit (z ~ 0.14) for
the fcc lattice. In the US-ThS system Danan et al. [3] gave
a critical concentration x.(U) between 0.4 and 0.6 for the
disappearance of the ferromagnetic ordering. From spe-
cific heat measurements they showed an increase of the
low-temperature electronic term y for Th concentrations
close to this critical concentration. They interpreted the
disappearance of the long range ordering by a crystal-field
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Table 1. Some physical properties of the uranium monochalcogenides after [1]. The evolution of the magnetic quantities as the
lattice parameter increases suggests a progressive localization of f electrons. (* Intermediate coupling).

a(A)  To(K) paramagnetic ordered
moment (ug/U) moment (us/U)
US 5.489 180 2.35 1.70
USe 5.744 160 2.40 2.00
UTe 6.155 104 2.60 2.25
U ULt 3.67 (5f%)* 3.28 (5f%)*
free jons  U*T 3.78 (5f3)* 3.42 (5f3)*

effect assuming a divalent state for the U ions. Such a di-
valent state for an early actinide ion is now regarded as
improbable. In addition, since we believe US has an elec-
tronic structure close to U3*, doping with Th** changes
the character of the conduction band.

More recently, Schoenes et al. [4] in their study of sin-
gle crystals in the US-LaS solid solutions find a critical
concentration of U close to x = 0.6. The magnetization
measured at low temperature in a field of 9.5 T along
the three principal directions gives a constant magnetic
moment of about 1.55 up/U for uranium concentrations
larger than 0.6 and indicates a strong anisotropy along
the (111) easy axes. Around z = 0.6 the magnetic mo-
ment drops to 0.3 pup/U (in 9.5 T) and the magnetization
becomes isotropic (i.e. similar values for three symmetry
directions are found). In the paramagnetic range the anal-
ysis of the magnetic susceptibility leads to a nearly con-
stant value of the effective moment and to a nearly lin-
ear decrease of the Curie-Weiss temperature, whereas the
constant Pauli susceptibility term xo increases strongly on
crossing the critical concentration. From a careful analysis
of susceptibility, magnetization, and transport data, the
authors concluded that the degree of localization in these
compounds varies nonmonotonically and that hybridiza-
tion and magnetic exchange play dominant roles.

In the present paper we report results of specific heat
and neutron diffraction measurements on single crystals
with different uranium concentrations within the US-LaS
system, similar to those of Schoenes et al. [4]. The specific
heat measurements establish the ordering transition tem-
perature and the low-temperature electronic contribution.
The neutron scattering gives a microscopic description of
the magnetic ordering, and also shows structural anoma-
lies around the critical concentration (lattice parameter,
degree of order of the solid solution). After a description of
the experimental conditions we will focus on the evolution
of the magnetic ordering in these compounds.

2 Experimental

The single crystals have been grown at ETH Ziirich by
the mineralisation technique [5]. They have parallelepiped
shape with faces perpendicular to the cubic axis, and di-
mensions of a few mm along each axis.

The neutron diffraction experiments have been per-
formed with the D15 diffractometer, which is installed at
the high flux reactor of ILL. The wavelength was 1.172 A.
Samples with uranium concentration z = 0.30, 0.40, 0.50,
0.55, 0.60, 0.80 and 0.90 have been studied. The lattice
parameters have been determined at room temperature
and low temperature from the positions of a large num-
ber of nuclear reflections. Integrated intensities have been
measured to check the nuclear and magnetic structures.
For the low temperature studies a conventional cryostat
was used. The Curie temperature and the magnetic mo-
ment variations were determined by measuring the inten-
sities of several Bragg peaks as a function of temperature.
Some samples have also been checked by X-ray diffrac-
tion at room temperature to verify the lattice parameters
anomalies found in neutron experiments. The apparatus
used to measure the heat capacity is an improved version
of the adiabatic, continuous heating technique. The heat
capacity is given by C' = P/(dT/dt). The approximately
constant power P is set to obtain a predetermined average
heating rate [6].

3 Magnetic ordering

Ferromagnetic order has been found in all samples with
x > 0.6. This is shown in Figure 1 for z = 0.80 and
z = 0.60 by extra intensity developing at the same posi-
tion as the nuclear peaks. As shown in Figure 2a, the Curie
temperature decreases linearly with x for 0.6 < z < 1 and
extrapolates to Tc = 0 K at x = 0. The ordered ura-
nium magnetic moment at low temperature (5 K) (Fig. 2b)
is nearly independent of x for 0.60 < z < 1, but at
x = 0.60 a significantly lower value of 0.8(2) ug/U is
found. For z > 0.6 the moment is similar to that measured
by neutron diffraction in pure US, m = 1.70(2) pp/U [7],
and higher than the value deduced from magnetization
measurements [8]. This difference between neutron and
magnetization values is normally ascribed to the conduc-
tion electron polarisation. Samples with z < 0.55 do not
show any additional ferromagnetic scattering down to the
lowest temperatures (5 K). Allowing for statistics we may
place an upper limit of 0.2 up/U for such a component.
As the disappearance of the ferromagnetic component
could be due to the transition to an antiferromagnetic
state, a search for an antiferromagnetic contribution was
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Fig. 1. Change of intensity observed at the (111) reflection as
a function of temperature for three values of z. The increase
in intensity corresponds to a ferromagnetic component for z =
0.60 and x = 0.80. The arrows mark Tc¢.
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Fig. 2. Concentration dependence of (a) the ordering temper-
ature (T¢) and the paramagnetic Curie temperature (6,) and
(b) of the uranium ordered magnetic moment at 7' = 5 K.

undertaken, but no new satellites were found, or any sign
of diffuse scattering. This is consistent with the absence
of any sign of any antiferromagnetic transition in the sus-
ceptibility measurements.

The results of specific heat measurements shown in
Figure 3 for samples with « = 0.60 (still ferromagnetic
with Tc = 100 K) « = 0.55 and 0.50 (not ferromagnetic)
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Fig. 3. Specific heat for z = 0.50, 0.55 and 0.60. The curve
corresponding to ThS [3] is also shown. The values for z = 0.60
and ThS are shifted by 10 J mol *K~*. For = = 0.60 an extra
contribution is clearly observed.

ascertain that the disappearance of the ferromagnetic con-
tribution corresponds to the loss of any cooperative mag-
netic order. The curves for x = 0.50 and =z =0.55, very
similar to that of ThS [3], represent only the lattice and
electronic contributions whereas for z = 0.6 an extra con-
tribution is clearly observed. This develops below 200 K
down to 50 K with a maximum around 7" = 100 K, a
temperature corresponding to the ordering temperature
(Tc = 100 K) determined by neutron diffraction. These
results confirm the abrupt disappearance of long-range or-
dering in compositions between x = 0.55 and =z = 0.60.

The samples with z > 0.60 order ferromagnetically
with a (111) easy axis. This results in a large rhombo-
hedral distortion [9]. This is best observed by measuring
reflections of the form {hhh}; however, because all 4 possi-
ble (111) axes can be the moment direction in a zero-field
cooled single crystal, the rhombohedral distortion results
in a broadening of the mosaic of all reflections. Thus, al-
though the exact magnitude of the distortion cannot be
measured at the (006), which would normally not split
with such a distortion, its presence is easy to detect. This
is shown in Figure 4 for the x = 0.80 sample. At the same
time we show the much wider, but temperature indepen-
dent FWHM, observed in the x = 0.55 and 0.60 samples.

From these experiments one can conclude that, within
the experimental accuracy, the ferromagnetic ordering
vanishes abruptly at the critical concentration z. = 0.57+
0.02, below which no long-range ordering exists. This
magnetic-non magnetic transition may be connected with
changes in the electronic structure, which could be re-
flected by the electronic coefficient . The plots of C/T
versus T2 of the low-temperature specific heat are given
in Figure 5. They lead to relatively low electronic val-
ues v ~ 40 mJ mol~! K2 (see Tab. 2) increasing near
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Table 2. The results obtained at different x for various physical quantities are shown. The values of the lattice parameters a,
as measured by neutron scattering (NS) at room and low temperature (RT, LT) and by X-rays are consistent and give the same
anomalous behaviour around z.. The FWHM is of the (006) nuclear reflection at room temperature. The evolution of Tc and
m, obtained using the form factor given in [7] compared with the values of the moment induced at low temperature with H =
9 T are shown. v is the coefficient of T2 in the low-temperature specific heat; the values for US is taken from Westrum [14].

z a(A) (006)  Tc  m(us) m(us) v
RT RT LT FWHM (K) NS Ref. [4] (mJ mol 'K ™?)
NS X-rays NS (deg.) H=0T H=95T (£1)
(£0.005)  (£0.001)  (£0.005) (£0.01) (4+0.2)
0 5.860
0.30  5.753 0.31 0.3
0.40  5.719 5.703 0.31
0.50 5.740 5.705 0.68 0.0 0.5 44
0.55  5.719 5.716 5.697 0.65 0.0 0.78 45
0.60  5.630 5.622 5.622 0.59 100 0.8 1.25 30
0.80 5.541 5.548 0.36 140 1.9 1.51
0.90  5.514 5.508 0.31 160 1.8 1.53
1 5.489 180  1.70(2) 1.55 23
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Fig. 4. FWHM for the (006) nuclear reflection as a function
of temperature for z = 0.55 (non ordered), z = 0.60 (Tc =
100 K) and = = 0.80 (Tc = 140 K). The arrows mark Tc.

the critical concentration, a behavior similar to that ob-
served in the solid solutions U,Th;_,S [3]. This is to
be compared with a value of v = 23 mJmol 'K~2 for
pure US.

4 Structural characterization

The concentration dependence of the measured cell pa-
rameter a(z) determined by neutron and X-ray diffraction
is shown in Figure 6. The experimental values follow a
Vegard law, however, a marked anomaly is seen around
x = 0.50, where the measured values are significantly

Fig. 5. C/T vs. T? for z around the critical concentration.

higher than those expected for a linear relationship. The
deviation of about 0.05 A is much larger than the exper-
imental accuracy (0.005 A), and cannot be attributed to
deviation of the solid solution from its nominal concentra-
tion z because the deviation would then be ~ 10% which
is incompatible with the synthesis and crystal growth
techniques.

Refinement of the nuclear reflections assuming stoi-
chiometry and the nominal cation concentration x gives

good agreement between observed and calculated struc-
ture factors (residual factor R = %{;Ea” ~ 0.02)
without including any extinction correction. The limited
number of independent reflections measured in these ex-

periments (a consequence of the high fcc symmetry) does
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Fig. 6. Cell parameter a and FWHM at low temperature (LT)
of the (006) nuclear reflection as a function of the uranium
concentration. The cell parameter follows a Vegard law except
around x ~ 0.55 where it is significantly higher than expected,
in the same range of concentrations the width of the reflection
is larger than the instrumental resolution.

not allow a reliable estimate of the individual Debye-
Waller factors for the two atomic species, and nominal
values have been used.

The shape of the Bragg peaks (measured at room tem-
perature) shows an anomaly in the range of composition
where the lattice parameter deviates from the Vegard law.
As illustrated in Figure 7, which displays longitudinal
scans around the (006) Bragg reflection, narrow peaks
with FWHM corresponding to the instrumental resolu-
tion are observed for all concentrations outside the criti-
cal range. In contrast, for compositions around the critical
concentration (z = 0.50, 0.55, 0.60) a much larger width,
twice that of the instrumental resolution is found. For any
concentration the profile cannot be reproduced by a single
contribution of either Gaussian or Lorentzian type. Fits
including both contributions give an agreement factor x?2
one order of magnitude smaller than single peak fitting.
The Gaussian contribution is by far the strongest and es-
sentially determines the FWHM, but the Lorentzian is
necessary to model the intensity in the wings of the peak,
see Figure 8. The profile of the reflection is temperature
independent with simply a small reduction in intensity of
the Gaussian contribution as the temperature increases
due to the Debye-Waller factor. The absence of any tem-
perature dependence of the diffuse intensity implies that
it cannot arise from thermal diffuse scattering, and must
be due to structural inhomogeneities. Its FWHM has a
broad maximum around x ~ 0.50. This diffuse scattering
also has a strong @ dependence as is seen in Figure 9.

Focusing now on the Gaussian FWHM, we plot its
FWHM in Figure 10 for two different compositions at
room temperature. The value for x = 0.30 corresponds to
the instrumental resolution curve which assumes a large
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Fig. 8. Temperature dependence of the (006) reflection for
xz = 0.55 taken with an omega (w) scan with only the crystal
moving. Curves are plotted on different scales to emphasize the
Bragg peak (dots) and the weak diffuse contribution (dashes).

coherence length and a small mosaic spread of the crystal
to give resolution limited Bragg peaks. In contrast, in the
critical range (z = 0.55) the FWHM departs strongly from
this curve. However at low angle the two curves extrapo-
late to the same value which means that the broadening
is Q dependent.

The broadening of the Bragg peaks, see Figure 10, as a
function of scattering angle follows closely the particle size
broadening formula (Scherrer equation) with a (cos 6)~!
dependence [10]. Using the standard formula in which the
inverse particle size and resolution functions add approx-
imately in quadrature, we can deduce a particle size £ as
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equation (see text) after deconvoluting with the instrumental
resolution.

a function of scattering angle. This is shown as the inset
in Figure 10. The fact that £ is constant confirms this as
a possible explanation for the broadening of the Gaussian
part of the profile. However such a small value of £ ~
65 A is certainly unusual in such a highly symmetric ma-
terial. One would expect particle sizes to exceed at least
500 A, based on experiments on other NaCl-type uranium
compounds. The Lorentzian-like wings of the scattering
no doubt also come from local homogeneities. Note that
since the coherent amplitudes of U (0.854) and La (0.824)
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are very similar it cannot arise from correlations between
these two species, which are indistinguishable by neu-
tron scattering. Some positional short-range order (per-
haps coupled to cation ordering) may be at the origin of
this scattering.

5 Discussion

From the result of the present study and those of Schoenes
et al. [4] it is clear that in the U,La;_,S solid solutions
long range magnetic ordering abruptly disappears at a
critical concentration . = 0.57(2). This concentration is
far above the percolation limit, below which only finite
clusters of connected paramagnetic ions exist. It has been
experimentally observed for isostructural compounds like
the monoxides NiO and CoO [11] that the long range (anti-
ferromagnetic) order persists to the concentration of para-
magnetic ions corresponding to the bond percolation limit
in the fcc lattice. This situation was observed experimen-
tally in the isostructural ferromagnetic EuS compound di-
luted by non magnetic SrS. For Eu concentration below
the percolation limit (0.14), the system behaves like a su-
perparamagnet with spin dynamics that follow a model
with random Eu clusters with intra and intercluster dipo-
lar energies [12]. In our case the critical concentration is
so high that any percolation argument can be excluded to
explain the absence of ordering below x..

For uranium concentration higher than « = 0.60 a
similar behavior as in pure US is observed. The ordered
low temperature moment and the magnetic anisotropy are
not affected by dilution. The scaling of T¢ and 6, with
the uranium concentration indicates a simple dilution of
the exchange interactions. The susceptibility parameters
(X0, teft) keep the same value as in US and the electrical
resistivity is typical of ferromagnetic compounds.

Around the critical composition we have observed a
number of unusual effects. The first (see Tab. 2) is that
the electronic coefficient to the specific heat () approxi-
mately doubles in this range. Although ~ is small by stan-
dards of heavy-fermion materials, the doubling near the
critical composition suggests a change in the electronic
structure. The second unusual effect is the observation of
structural anomalies, even at room temperature. The lat-
tice parameters are significantly larger than predicted by
Vegard’s law near = ~ 0.50, although they follow such a
law on both sides of this composition. The widths of the
Bragg peaks are considerably larger (a factor of two de-
pending on the @ value — see Fig. 10). We have analysed
these data with the Scherrer equation to give a particle
size of approximately 70 A, which is far smaller, by at
least an order of magnitude, than normally found for this
type of solid solution. Further experiments are planned
to investigate this aspect of the crystals. The effect itself
is unrelated to magnetism as it is independent of temper-
ature, but the interesting question is whether it is related
to the change in the electronic structure at this composi-
tion, for example, as a consequence of an increased ionic
size for the uranium and a subsequent loss of miscibility
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in the solid solution. Further experiments are needed to
address this point.

The sudden loss of magnetism at a fairly high U con-
centration, which our experiments have confirmed in the
(U,La)S solid solutions, are consistent with earlier work by
Danan et al. [3] on the (U,Th)S system, where 0.4 < z, <
0.6. They did not report any structural anomalies, but the
effects reported in the present paper would be difficult to
observe in polycrystalline samples as used by Danan et al.
Recently, Cooper and Lin [13] have developed an ab initio
approach to address the moment collapse in the diluted
U chalcogenides and we hope that this work, and future
planned experiments, will act as a stimulus for this and
other theories.
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the TMR programme (contract 98/04 cat.20) of the European
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