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Coexistence of bandlike and localized 5f electrons in UxLa1ÀxS
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The optical and magneto-optical properties of UxLa12xS single crystals have been studied for different
uranium concentrationsx. The infrared optical properties reveal a rapid increase of the free-carrier effective
mass even at lowx, which can be assigned to an admixture of 5f character to the conduction band. The
magneto-optical Kerr spectrum of U0.8La0.2S can be interpreted by the interplay of an optical enhancement
effect and interband contributions, which have not been observed in our former study of U0.55La0.45S, i.e., for
lower U concentration. The combination of the optical and magneto-optical data leads to a picture with both
localized and itinerant contributions of the 5f electrons of uranium. Superconducting quantum interference
device magnetometry has been used to investigate magnetic ordering temperatures. Magnetic ordering has been
found down tox50.4 with a reduced magnetocrystalline anisotropy in the middle concentration range.

DOI: 10.1103/PhysRevB.69.184408 PACS number~s!: 75.50.Cc, 75.60.Ej, 78.20.Ci, 78.20.Ls
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I. INTRODUCTION

The fascinating variety of magnetic properties of ma
rare-earth and actinide monochalcogenides and monop
tides has motivated a large number of publications~see, for
example, Ref. 1!. Of special interest is the question, wheth
the f electrons behave more like localized or like itinera
states. Generally, the degree off electron localization is
higher for the 4f than for the 5f compounds and it increase
with the atomic number within the rare-earth or actini
series.

Among these materials, uranium sulfide is known to b
strong ferromagnet with a rather bandlike character of thef
electrons.1 To reduce the overlap of neighboring U orbita
uranium can be partly substituted by nonmagnetic ions
lanthanum or thorium. One expects an increase off electron
localization and a disappearance of ferromagnetism
highly diluted samples.

Recent investigations on the US-LaS system, howe
revealed a quite complicated behavior of various phys
properties as function of the amount of dilution. Schoen
et al.2 found positive paramagnetic Curie temperatures for
samples withx>0.4. But most strikingly, the peculiar behav
ior of the Pauli susceptibility and the Hall coefficient h
been interpreted in terms of a two-state model, where tf
electrons are partly arranged in a split-off state well bel
the Fermi energy and partly in a more bandlike state n
EF . Recently, such a dual nature off electrons has been use
to describe theoretically the heavy fermion system UP3.3

The results of de Haas–van Alphen measurements have
reproduced properly by the assumption of such a mo
which assigns the mass enhancement of the quasiparticl
the exchange interaction between the delocalized 5f and the
localized 5f electrons.3,4 In UxLa12xS magnetic phase tran
sitions have been found by muon spin relaxation (mSR)
measurements even at very low uranium concentrations5 In
contrast, neutron-diffraction and specific-heat data exhib
a complete breakdown of long-range magnetic ordering
0163-1829/2004/69~18!/184408~6!/$22.50 69 1844
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ready forx,0.6,6 a result, which was supported by theory7

The occurrence of magnetism at lower concentrations
been assigned to short-range order in the middle concen
tion range.8

Optical investigations can be used to obtain a better
sight into the electronic structure of solids. Especially t
combination of optical and magneto-optical spectroscopy
been shown to be very powerful, because one can disting
between transitions involving magnetic and nonmagne
states.9 A detailed analysis of the optical and magneto-opti
properties of the uranium monochalcogenides and mon
nictides has been used to sketch the density of states o
5 f , 6d, and 3p levels of uranium sulfide as well as th
corresponding states for the other uranium monocha
genides and monopnictides.10,11

Very exceptional are also the infrared properties of US
Kramers-Kronig analysis of the reflectivity spectrum me
sured from 1.7 meV to 12 eV exhibited a clear structure at
meV, which has been assigned to a phonon-assisted op
transition.12 Normally, phonons are not visible in the optic
reflectivity of metals, because they are screened by the c
duction electrons. However, in this case, the energy wh
the structure appears corresponds to the optical-phonon
ergy, and the matrix element is generated by a dipo
allowed f→d or d→ f interband transition with vanishing
excitation energy.12

In this work, we present optical measurements from
far infrared to the ultraviolet for UxLa12xS single crystals
with different concentrations and some magneto-optical K
spectroscopy data to investigate the evolution of thef elec-
tron character as function of the uranium concentration. T
determination of the infrared properties can be used to de
the effective masses of the conduction electrons. Furt
more, we have performed superconducting quantum de
~SQUID! magnetization measurements. SQUID data prov
the magnetic moments, phase transition temperatures,
information about the magnetocrystalline anisotropy.
©2004 The American Physical Society08-1
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II. EXPERIMENTAL DETAILS

UxLa12xS single crystals have been prepared by a min
alization method starting from a mixture of the correspon
ing ratios of pure US and LaS powder as described in R
13. To remove oxide layers, the crystals have been cleave
polished prior to the optical measurements.

Optical measurements between 1 and 4.3 eV have b
performed with a home-built polarizer-sample-analyzer el
someter. In this technique the change of the state of po
ization of linearly polarized light upon reflection on th
sample is analyzed. Assuming a semi-infinite extension
the sample, the real and imaginary parts of the complex
electric function «̃5«12 i«2 are obtained simultaneously
The infrared optical properties (70–10 000 cm21 corre-
sponding to photon energies from 9 meV to 1.2 eV! have
been determined with a commercial Fourier-transform inf
red ~FTIR! spectrometer~Bruker IFS 133v! through reflec-
tivity measurements under near-normal incidence. The o
cal functions have been calculated from the reflectiv
spectra using the Kramers-Kronig relation. All optical me
surements have been done at room temperature.

For the polar magneto-optical Kerr measurements, a
polarization-modulation method as described elsewhe14

has been applied. The sensitivity of this method reac
some thousandths of a degree. Using a liquid He cryos
temperatures down to about 10 K could be reached. From
measurement of the Kerr rotation and Kerr ellipticity and t
diagonal dielectric function the off-diagonal elements of t
dielectric tensor have been calculated.

The sample magnetization was determined with a Qu
tum Design SQUID magnetometer. Hysteresis loops and
temperature dependence of the magnetization have
measured in fields up to 5 T in the temperature range fro
to 200 K.

III. MAGNETIC PROPERTIES

Since the published magnetic data turn out to be q
controversial,2,5,6 we have reexamined the temperature d
pendence of the magnetization for our present samples
different uranium concentrations in small magnetic fields
a few Oersted. An onset of magnetic ordering has been s
for all samples withx>0.4. For US, the Curie temperatur
can be estimated to about 180 K, which agrees well w
former results.15 For decreasingx, TC varies almost linearly
with the uranium concentration, reaching aboutTC550 K
for x50.4, which is in agreement with the results of Gros
et al.,5 while Bourdarotet al.6 find this behavior only forx
>0.6.

It should be noted, that a small amount of a second m
netic phase exists for the U0.4La0.6S sample. Such a secon
phase has also been found in some samples with 0.3<x
<0.6. Its transition temperature exceeds 150 K. Theref
we assign this magnetic phase transition to clusters of p
uranium sulfide, which have not been dissolved during
crystal growth.

A remarkable property of US is also its large anisotro
constant ofK1'108 J m23.16 This motivated us to investi
18440
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gate the evolution of the anisotropy with magnetic dilutio
Figure 1 shows hysteresis loops for U0.8La0.2S and
U0.55La0.45S at T510 K along different crystallographic di
rections.

In the case of U0.8La0.2S, the easy axis of the magnetiz
tion lies in the@111# direction with a coercivity of about 20
kOe. This value is much larger than the already large va
found for US.17 Saturation is reached at about 25 kOe, whe
the magnetic moment per uranium atom could be estima
to 1.52mB /U atom. Even in external fields of more than 5
kOe applied along@100# or @110# it is not possible to align
the magnetic moments along the external field direction.
this reason, the observed values of the maximal magne
tion in @110# and@100# are 1.20 and 0.85mB /U atom, respec-
tively. The agreement with the expected values for the p
jection onto the@111# direction~1.24 and 0.88mB /U atom! is
within the accuracy of the measurements.

In the case of U0.55La0.45S, the magnetic moment is re
duced to about 0.6mB /U atom.18 From Fig. 1~b! it can be
seen that the anisotropy is strongly reduced for this uran
concentration, while the easy axis is still along the@111#
direction. The shape of the hysteresis loop is different to t
of the less diluted samples and exhibits a smoother chang
the magnetization with the applied field. The reason for t
difference could be a broad distribution of pinning cente
and domains due to a reduced crystallinity in the mid
concentration range. This assumption is backed up by re

FIG. 1. ~Color online! SQUID hysteresis loops of U0.8La0.2S ~a!
and U0.55La0.45S ~b! in @100#, @110#, and@111# directions. The mea-
surements have been performed atT510 K.
8-2
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investigations of the structural properties of UxLa12xS.
Strong deviations from Vegard’s law have been found b
by neutron scattering and extended x-ray-absorption fi
structure measurements.8,19 Even at 50 kOe, the sample
not fully saturated, but magneto-optical Kerr hysteresis lo
show an only slight increase of the magnetization for hig
fields.18 For the U0.4La0.6S sample, the hysteretic behavior
similar to that of the U0.55La0.45S sample, but the coercivity
is reduced to 12 kOe. The ordered magnetic moments
tained from the magnetization at 50 kOe exceed 0.5mB /U
atom for all samples withx>0.4. However, it was not pos
sible to derive values of the anisotropy constant in dep
dence ofx from our magnetic data.

IV. OPTICAL AND MAGNETO-OPTICAL RESULTS

A. Dielectric tensor of U0.8La0.2S

The optical and magneto-optical properties of U0.55La0.45S
have already been discussed elsewhere.18 Therefore, Fig. 2
concentrates on the dielectric function of the cleav
U0.8La0.2S sample as well as its normal-incidence reflectiv
R calculated from the ellipsometric data. To analyze the
tical data, the Lorentz-Drude model was used, which tre
the bound electrons as harmonic oscillators with resona
frequenciesv i .9 We were able to fit the measured«1(v) and

FIG. 2. ~Color online! ~a! Dielectric function of U0.8La0.2S. The
solid lines depict a fit with the Drude-Lorentz model and a deco
position of«2 into single Lorentz oscillators and a Drude contrib
tion originating from the conduction electrons.~b! Normal-
incidence reflectivity calculated from ellipsometric data.
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«2(v) spectra with a Drude term for the free carriers~i.e.,
\v050) and three Lorentz oscillators at photon energ
\v i ( i 51,2,3)50.8, 2.4, and 4.9 eV, respectively. From
comparison with the spectrum of pure US,10 we can assign
the oscillator at 0.8 eV to a 5f→6d transition. Also the peak
at 2.4 eV, which originates from a 6d→5 f transition, can be
clearly resolved in the optical spectra. However, its stren
is substantially reduced compared to US. This structure
not been detected in U0.55La0.45S, where a two-oscillator fit
was sufficient to describe properly the optical data.18 As al-
ready mentioned in Ref. 18, a decrease in oscillator stren
of thed→ f transition is typical for an enhanced 5f electron
localization. The structure in the ultraviolet range marks
onset of higher-lying interband transitions and our fits a
quite insensitive to the exact energy of this oscillator.

In the optical reflectivity@Fig. 2~b!#, the 6d→5 f transi-
tion appears as a weak shoulder. The values ofR are large in
the visible spectral range, which explains the metal-like
pearance of the sample. The golden color of this sampl
less pronounced than that of LaS or UxLa12xS bulk samples
with lower uranium content, because forx50.8 the plasma-
edge reflectivity minimum lies in the ultraviolet spectr
range at about 3.7 eV.

The magneto-optical Kerr effect, measured atT'10 K in
an external field of 32 kOe, where the magnetization st
constant, is shown in Fig. 3. The main structures in the K
rotation uK and Kerr ellipticity hK spectra evolve at abou
3.5 eV, near the optical reflectivity minimum. Although th

-

FIG. 3. ~Color online! ~a! Magneto-optical polar Kerr effect o
U0.8La0.2S atT510 K andB532 kOe.~b! Off-diagonal conductiv-
ity calculated from ellipsometric and Kerr data.
8-3
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spectra are quite different from those for U0.55La0.45S, one
can assign the minimum inhK and the resonancelike peak
QK to an optical enhancement effect like in U0.55La0.45S. The
relations between the off-diagonal conductivitys̃xy5s1xy
1 is2xy , which governs the magneto-optical activity, and t
experimentally accessible properties are given by20

QK5
1

v«0

Bs1xy1As2xy

A21B2
, ~1!

hK5
1

v«0

As1xy2Bs2xy

A21B2
. ~2!

HereA andB are functions of the diagonal optical constan

n andk (n2 ik5A«̃) given by

A5n323nk22n, B52k313n2k2k. ~3!

As can be seen in Fig. 2~a!, there exists a zero crossing of«1
together with a small value of«2 near 3.5 eV. This leads to
small values of the coefficientsA andB and consequently to
a large Kerr effect. In the lower-energy part (\v,3 eV),
one can see a rapid decrease of the magnitude ofhK with
decreasing photon energy, whereasQK stays nearly constan
down to 1.5 eV. This behavior is quite similar to the situati
in pure US,20 despite the smaller absolute values for the
luted sample.

If one looks at the off-diagonal conductivity of U0.8La0.2S
@Fig. 3~b!#, one sees that the absorptive parts2xy reaches 4
31014 s21 near 1 eV. This indicates that the magneto-opti
properties in the visible and near-infrared range are gover
by strong interband transitions, in contrast to the U0.55La0.45S
sample, which displayed values that are ten times small18

On the other hand, there exist three important differen
between thes̃xy spectra of U0.8La0.2S and US. First, the 5f
→6d transition in the infrared is shifted to lower energi
for the diluted samples, thus leading to a monotonic incre
of s2xy with decreasing photon energy in the limits of o
measurements. In US, the maximum ofs2xy lies at about 1.5
eV. This redshift on dilution can be explained by the low
ing of the Fermi energy. Since every U atom in this conc
tration range contributes approximately oned and onef elec-
tron to the conduction band,2 the substitution of U by La
reduces the conduction-electron concentration. Secondly
partial suppression of the 6d→5 f transition near 2.4 eV
causes a reduction of the magnitude ofs2xy in the visible
spectral range. The off-diagonal conductivity of uranium s
fide exhibits a large shoulder near 3 eV, which is mu
smaller in the U0.8La0.2S sample. Finally, the maximum valu
of s2xy is reduced by a factor of 2 compared to US, while t
net magnetization is lowered only by 20% due to the dilut
and the magnetic moment per uranium atom is of com
rable size in US and U0.8La0.2S. Whereas in most of the
uranium monochalcogenides, and monopnictides,s2xy and
accordingly the total weight̂s2xy&5* f 2dus2xyudv scales
with the net magnetization, a similar superlinear reduction
^s2xy& as function of the magnetization has been found
UTe.20 Yet, UTe is the compound within the uranium
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monochalcogenide series, which shows several anoma
considered as strong indications for the transition to a loc
ized 5f state. Among these anomalies we cite here
Kondo-like behavior of the electrical resistivity21 and the
negative value of the elastic constantc12.22 Obviously, the
dilution of US by 20% is sufficient to reduce thef 2d hy-
bridization at least for some part of thef electrons suffi-
ciently in order to decrease substantially^s2xy&. We note
that the electrical resistivity of U0.8La0.2S is still dominated
by the effect of magnetic order, while for U0.6La0.4S the
Kondo-like behavior takes over.2

B. Infrared properties

Figure 4~a! shows the normal-incidence reflectivity o
UxLa12xS samples with different uranium concentratio
~US data taken from Refs. 10 and 12!. Whereas LaS and
U0.08La0.92S show a nearly perfect Drude behavior, the
flectivity above 0.1 eV is clearly reduced forx50.15 andx
50.55. For all compounds except US a steep plasma e

FIG. 4. ~Color online! ~a! Normal-incidence reflectivity of dif-
ferent UxLa12xS samples measured by FTIR spectroscopy and
culated from ellipsometric data~above 1.1 eV!. ~b! The diagonal
optical conductivitys1 is derived from reflectivity spectra by a
Kramers-Kronig analysis. The data for US have been taken fr
Refs. 10 and 12. Note the logarithmic energy scale in both d
grams. ‘‘A’’ and ‘‘ B’’ denote the 5f→6d transition and the 6d
→5 f transition, respectively. The broad structure in US below
eV marked by the arrow has been assigned to a phonon-ass
interband transition.12
8-4
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occurs near 3 eV. A more detailed analysis can be done
Kramers-Kronig transformation of the reflectivity spectra
obtain the optical conductivitys15v«0«2 @Fig. 4~b!#. The
spectra of LaS and U0.08La0.92S give no evidence for inter
band transitions below 3 eV.

For pure US one observes two structures, which h
been assigned to 5f→6d(A) and 6d→5 f transitions (B), as
discussed earlier.10 In U0.55La0.45S, structureA is still clearly
visible, even if shifted to lower energies. In contrast, stru
ture B has nearly completely vanished forx50.55. This re-
duction of thed→ f transition indicates a stronger localiz
tion of the f electrons, as discussed quantitatively in
previous paper.23

Interestingly, the optical conductivity of U0.15La0.85S de-
viates strongly from that of pure LaS or U0.08La0.92S. One
can see a weak structure near 0.2 eV, which is possibly
lated to peakA occurring at higher energies for less dilute
samples. Also, there are strong deviations from the Dr
behavior in the spectral range below 0.2 eV. The sim
Drude model does not allow a reasonable fit especially o«1
in the middle and far-infrared range. Therefore, the infra
properties of samples with low uranium concentration sh
be discussed in the framework of the extended Drude mo
proposed by Allen and Mikkelsen.24 In this model the damp-
ing parameterg in the equation for the dielectric function o
the free carriers

«̃~v!5
vp

2

2v21 igv
~4!

is taken as a complex, frequency dependent quantity. T
ansatz of a complexg̃(v) is needed to fulfill the causality
principle for the Kramers-Kronig formalism and leads to
real frequency dependent damping and a frequency de
dent effective massm* of the conduction electrons. The ex
traction of m* (v) and g(v) is valid for low frequencies
(\v,0.3 eV in our case!, where the intraband contribution
dominate over the interband contributions.

Figure 5 shows the results of the fits with the extend
Drude model for the frequency dependence of the effec
mass~a! and the damping parameter~b!. For LaS,m* is
nearly constant over the whole energy range with val
slightly higher thanm0 in good agreement with forme
results.25,26The rapid increase below 0.01 eV is an artifact
the Kramers-Kronig transformation near the end of the d
points. In contrast,m* increases rapidly with decreasin
photon energy for samples containing a small amount of u
nium. On the other hand,g raises strongly with photon en
ergy in the case of U0.15La0.85S.

One can understand this change in the effective mas
the formation of a narrow, band-like 5f state near the Ferm
level. From fits of the magnetic susceptibility with a Curi
Weiss term and a temperature dependent Pauli parama
ism term, it was concluded that a narrow band with a Fe
energy of 0.26 eV exists in all diluted UxLa12xS
compounds.2 We identify this band with that causing the fre
quency dependent damping in our optical fits. Furthermo
we note that former investigations ona cerium, exhibiting
18440
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also a mass enhancement in the low-energy range as we
an increase of the damping parameter with photon ene
had been assigned to a partial 4f character of the conduction
electrons.27

V. CONCLUSION

The optical and magneto-optical investigations do n
lead to a uniform picture of the 5f electrons. From infrared
Fourier-transform spectroscopy, a substantial increase of
effective mass of the conduction electrons for lowx has been
found at small photon energies, pointing to the formation
a narrow conduction band with large 5f character at the
Fermi energy. Furthermore, magneto-optical results
U0.8La0.2S and U0.55La0.45S ~Ref. 18! indicate a stronger lo-
calized behavior of the 5f electrons than in US. Therefore
our analysis supports the model of the existence of two
ferent types off electron states in UxLa12xS. The micro-
scopic origin of this dual nature of the 5f electrons is not
clear at present. In analogy to some Ce compounds,
might view the two states as the remainders of a baref
level and an Abrikosov-Suhl resonance. The width of 0
eV for the latter in the present system would, however, s
gest a Kondo temperature of the order of 3000 K. This
about one order of magnitude larger than what we have

FIG. 5. ~Color online! Photon energy dependence of the effe
tive massm* and the damping parameterg for UxLa12xS samples
with low uranium concentrations obtained from a fit with an e
tended Drude model as described in Ref. 24.
8-5
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rived previously in the heavy fermion superconduc
URu2Si2 from electrical resistivity measurements extendi
up to 1200 K~Ref. 28! and can hardly be verified by therm
measurements. Zwicknagl and Fulde,4 on the other hand
analyzing different experimental results, start with the
sumption that localized as well as itinerant 5f electrons are
present and investigate theoretically the interplay betw
the hybridization of the 5f states with the conduction elec
trons and the local Coulomb correlations. For UPt3 they find
an enhancement of the effective mass of the conduction e
d
.
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trons by a factor of 10 over the LDA mass which agrees w
with de Haas–van Alphen experiments.4 We hope that the
present results will stimulate further theoretical stud
bridging the gap between the Kondo models for cerium co
pounds and the band models for itinerant 5f systems.

SQUID magnetization measurements show that magn
ordering occurs in our UxLa12xS samples down tox50.4.
The large magnetocrystalline anisotropy, which has b
seen for pure US is topped in U0.8La0.2S, while it is strongly
reduced in the middle concentration range.
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