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Effect of pressure on the magnetic properties of U„In1ÀxSnx…3: Moment suppression
in U„In0.6Sn0.4…3
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The volume dependence of the magnetic properties of U(In12xSnx)3, with x50.2 and 0.4, has been studied
using 119Sn nuclear forward scattering of synchrotron radiation and Mo¨ssbauer spectroscopy at high pressures
up to 25 GPa. The results show that in U(In0.8Sn0.2)3 the 5f magnetic moment is almost localized. Pressure
induces an increase of the Ne´el temperature, while the transferred magnetic hyperfine field shows no change.
Conversely, in U(In0.6Sn0.4)3 the transferred field decreases monotonically with increasing pressure and the
Néel temperature goes through a maximum, showing a clear delocalization of the 5f electrons. This is dis-
cussed in terms of 5f -ligand hybridization and appears to lead to the formation of a high-pressure state
characterized by strong dynamical spin correlations.
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I. INTRODUCTION

Strongly correlated electron systems with 4f electrons
~e.g., Ce and Yb! and 5f electrons~e.g., U! are the subject of
continuous experimental and theoretical efforts. The m
point of interest in these systems is that their ground s
critically depends on the competition between two inter
tions: the indirect Ruderman-Kittel-Kasuya-Yosida~RKKY !
exchange interaction between the local magnetic mom
via the conduction electrons and the direct Kondo excha
interaction resulting in a compensation of the magne
moment.1 This competition leads to an extraordinary bro
spectrum of ground states ranging from magnetic orderin
local moments, band magnetism of heavy electrons and n
magnetic states, to spin fluctuations and even unconventi
superconductivity.2

In the case of light actinide systems, due to the lar
spatial extent of the 5f orbitals, hybridization also plays
very important role. According to a model proposed by Hi3

the ground-state magnetic properties of actinide compou
are determined by the direct interaction between the 5f elec-
trons of neighboring actinide atoms, so that the distance
tween the actinides in the lattice is the controlling parame
when the actinide-actinide distance is below a critical va
of 3.4–3.6 Å, known as Hill’s limit, the overlap of the 5f
wave functions of neighboring actinides is so large that m
netic ordering is prevented by the delocalization of thef
electrons~itinerant compounds!. In the opposite case, wher
the distance between neighboring actinides is larger t
Hill’s limit, magnetic ordering occurs~local moment com-
pounds!. However, this simple classification does not app
to a number of U systems, among which are the UX3 com-
pounds, whereX is an element of groups IIIA~Al, Ga, In, Tl!
or IVA ~Si, Ge, Sn, Pb! of the periodic table. They all crys
0163-1829/2002/66~9!/094425~8!/$20.00 66 0944
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tallize in the cubic AuCu3 crystal structure. Although the
lattice constants are, for all types ofX atoms, considerably
larger than Hill’s limit, these compounds show a broad sp
trum of magnetic properties, ranging from Pauli paramagn
ism @USi3 ~Ref. 4! and UGe3 ~Ref. 5!# to spin fluctuations
@USn3 ~Ref. 6! and UAl3 ~Ref. 7!# and antiferromagnetism
@UPb3 ~Ref. 8!, UGa3 ~Ref. 9!, UIn3 and UTl3 ~Ref. 10!#.
Koelling and co-workers11 have pointed out the importanc
of the hybridization of the U 5f electrons with thes, p, and
d electrons of the ligandsX. In their model, thef-ligand
hybridization decreases as the size of the ligand increa
~when moving down within a column of the periodic sy
tem!, explaining the presence of long-range magnetic or
only in the compounds of the heaviestX atoms. Moreover,
this type of hybridization increases when going from gro
IIIA to group IVA and the transition from a more localized t
a more itinerant state can proceed through a heavy-ferm
state.

Within the family of UX3 compounds, the serie
U(In12xSnx)3 is particularly interesting, because the subs
tution of Sn for In changes the lattice parameter by o
;0.2% between UIn3 and USn3.12 This allows one to study
the effects of the change of the electronic structure of thX
atom on the strength of thef-ligand hybridization, without
changes in the volume of the unit cell. The magnetic ph
diagram of U(In12xSnx)3, determined experimentally by
Zhou et al.,12 shows the presence of antiferromagnetic ord
in the In-rich side, with a Ne´el temperature decreasing from
TN'108 K for UIn3 to TN'35 K for U(In0.6Sn0.4)3. For
larger Sn concentrations, no long-range magnetic orde
observed: USn3 is a spin fluctuator and for 0.45<x<0.8
large values of Sommerfeld’s coefficient are observ
@gmax5530 mJ/(mol K2) for x50.6].

In contrast to chemical substitution, the application of
©2002 The American Physical Society25-1
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external pressure to compounds of the series U(In12xSnx)3
offers the possibility to study the dependence of the magn
properties of a given compound on changes of the volum
the unit cell, without modifying the electronic structure
the ligand. This allows one to verify how the magne
ground state, corresponding to a given value off-ligand hy-
bridization~determined by the relative concentration of Sn
the sample!, reacts to a volume change. Using119Sn nuclear
forward scattering~NFS! of synchrotron radiation and119Sn
Mössbauer spectroscopy~MS! in a diamond-anvil cell
~DAC!, we have determined the volume dependence of
magnetic properties of two selected samples of the se
U(In12xSnx)3, with x50.2 andx50.4. In this paper we dis
cuss the effect of pressure on the Ne´el temperature and th
transferred magnetic hyperfine field of the two compoun
and interpret the results in terms of the competition betw
the indirect exchange RKKY interaction and the hybridiz
tion between the U 5f electrons and the electrons of th
outer shells of the ligands~In and Sn!.

II. EXPERIMENT

Samples of U(In12xSnx)3, with x50.2 and 0.4, were pre
pared by arc melting the elemental constituents un
titanium-gettered argon atmosphere and subsequent an
ing of the melted buttons in vacuum at 600 °C for tw
weeks. In order to increase the count rates in the119Sn NFS
and MS experiments at high pressure the samples were
riched to 90% in 119Sn. The quality of the samples wa
checked by x-ray powder diffraction. The alloys were fou
to be single phase with the expected cubic AuCu3-type crys-
tal structure and the refined lattice parameters were in ag
ment with the literature data.12

The dc-magnetic susceptibility was measured over a w
temperature range~1.7–400 K! in a field of 0.5 T, using a
Quantum Design superconducting quantum interference
vice magnetometer. The magnetization curves were reco
at 1.7 K in magnetic fields up to 5 T.

High pressure was applied to the samples by usin
modified Merrill-Basset DAC.13,14 The cell is made of non-
magnetic CuBe alloy, allowing for measurements in exter
magnetic fields. The diamonds had a culet diameter of
mm. The initial diameter of the sample cavity in the Ta90W10
gaskets was 300mm and the thickness was;60mm. The
samples were mixed with epoxy, in order to reduce the r
of dispersion of uranium dust in case of breakage of
high-pressure cell. Epoxy also acted as a pressure trans
ting medium. The pressure was determined by the ruby fl
rescence method15,16at room temperature, on different rubie
placed in the sample chamber. The pressure gradient in
cell was about 5%.

The 119Sn NFS measurements were performed at the
dulator beamline ID18~Ref. 17! of the European Synchro
tron Radiation Facility~ESRF! in Grenoble, France. The
storage ring was operated in 16-bunch mode with a m
mum current of I SR'90 mA. A high heat-load He gas
cooled monochromator reduced the energy bandwidth of
undulator radiation toDE'5 eV. This was further reduce
to '0.7 meV by a high-resolution monochromator, as d
09442
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scribed in Ref. 18, combined with a collimating Be com
pound refractive lens.19–21 The beam was focused horizon
tally by a sagittally bent crystal. The spot size at the sam
was;2003400 mm2 (horizontal3vertical), so as to illumi-
nate almost completely the sample, and the flux at the sam
was ;23107 photons/s. The high-pressure cell w
mounted in a liquid-helium cryomagnet system, allowing f
measurements in the temperature range between 3 and 3
and in external magnetic fields up to 6 T. The scattered
diation was measured by using four stacked avalanche p
todiodes, with a detection efficiency of;40%.22 The typical
measuring time for each spectrum was about 0.5–1 h.

The low-temperature119Sn MS measurements were pe
formed in a top-loading liquid-helium bath cryostat, using
Ca119mSnO3 radioactive source kept at a temperature of 4
K. The source had an activity of 10 mCi. The velocity of th
drive moving the source was modulated sinusoidally. T
typical measuring time for each high-pressure spectrum
about 24–48 h.

High-pressure x-ray-diffraction measurements were c
ried out in order to determine the pressure-volume relati
ship of the compounds under study. These measurem
were performed by energy dispersive x-ray diffraction
beamline F3 of the Hamburger Synchrotronstrahlungsla
~HASYLAB ! in Hamburg, Germany, for pressures up to
GPa at room temperature.

III. RESULTS AND DISCUSSION

A. Magnetic susceptibility, 119Sn NFS, and MS
at ambient pressure

The temperature dependence of the magnetic suscep
ity at ambient pressure of U(In0.8Sn0.2)3 and U(In0.6Sn0.4)3
are shown in Fig. 1. In both cases, the inverse magn
susceptibility shows a clear minimum at the temperature
which magnetic ordering sets in. The obtained values of
Néel temperature (TN'90 K for x50.2 andTN'35 K for
x50.4) are in good agreement with those reported in R
12. In the paramagnetic region, the susceptibility of bo
alloys follows a modified Curie-Weiss law, with effectiv
magnetic momentsmeff of 3.02~1! and 2.57(1)mB , paramag-
netic Curie temperaturesup of 2120(2) and227(3) K,
and temperature-independent termsx0 of 2.89(1)31024

and 5.24(1)31024 emu/mole for U(In0.8Sn0.2)3 and
U(In0.6Sn0.4)3, respectively. The low-temperature magnetiz
tion (s) of both compounds~see the inset of Fig. 1! shows a
linear dependence on the applied magnetic field with no h
teresis effect, thus corroborating an antiferromagnetic ch
acter of the ordered state with full compensation of the s
lattice magnetic moments. Moreover, thes(B) results prove
the high quality of the samples measured, which were free
any ferromagneticlike impurities.

119Sn MS and NFS measurements have been perfor
on both compounds at ambient pressure and different t
peratures, mainly in order to further inspect the quality of t
samples and to compare the results with previous Mo¨ssbauer
spectroscopy work.23 The spectra measured in the parama
netic and in the magnetically ordered state with MS and N
are shown in Figs. 2 and 3 together with their fits, perform
5-2
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EFFECT OF PRESSURE ON THE MAGNETIC . . . PHYSICAL REVIEW B 66, 094425 ~2002!
with the packageCONUSS.24 This fits both MS and NFS spec
tra by using the full dynamical theory of nuclear resonan
scattering, including the diagonalization of the complete
perfine Hamiltonian.

In the paramagnetic state (T.90 K and T.35 K for x
50.2 and 0.4, respectively!, the spectra are characterized
a quadrupole splitting. This originates from the presence
an axially symmetric electric-field gradient~EFG! at the Sn
nuclei, due to the tetragonal point symmetry 4/mmmof the
lattice positions occupied by Sn atoms. The quadrupole
teraction parameter (DEQ5 1

2 eQVzz) has a value of 1.53~1!
mm/s for x50.2 and 1.50~1! mm/s for x50.4 at T
5125 K, therefore showing a slight decrease as the Sn c
centration increases. These results agree with the gen
trend observed in the series U(In12xSnx)3, whereDEQ de-
creases from 1.64 mm/s in U(In0.98Sn0.02) to 1.46 mm/s in
U(In0.4Sn0.6)3.23 The quadrupole interaction parameter is s

FIG. 1. Inverse magnetic susceptibility plotted as a function
temperature for the two U(In12xSnx)3 compounds withx50.2 and
0.4. The full circles are experimental data points measured in a
of 0.5 T, while the solid lines are the modified Curie-Weiss fits w
the parameters given in the text. The arrows mark the Ne´el tem-
perature. In the inset of each graph the corresponding magnetiz
curve taken at 1.7 K is shown. The full and open circles denote
magnetization data measured with increasing and decrea
magnetic-field strength, respectively.
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compounds@0.9–1.2 mm/s~Ref. 25!# and NpSn3 @1.23 mm/s
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~Ref. 27!#. This indicates a different distribution of the Sn 5p
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FIG. 2. Mössbauer spectra of U(In0.8Sn0.2)3 and of
U(In0.6Sn0.4)3 at ambient pressure and different temperatures. T
circles represent experimental data points, while the lines are fi

FIG. 3. NFS spectra of U(In0.8Sn0.2)3 at ambient pressure an
different temperatures. The circles represent experimental
points, while the lines are fits.
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The value of the isomer shiftDS at 125 K@2.25~1! mm/s
for x50.2 and 2.27~1! mm/s forx50.4] is found to be in the
region which is typical for metallic Sn compounds~for b-Sn,
DS52.57 mm/s at room temperature!. It slightly increases as
the Sn content increases, as already found in Ref. 23, i
cating an increase ofs-electron density at the Sn nuclei.

Although both absorbers were prepared so that they c
tain the same amount of Sn nuclei, the linewidth of the M
spectra is larger forx50.4 than forx50.2. This can be
interpreted as caused by the increase of atomic disorde
troduced when substituting Sn for In. This has also be
demonstrated by perturbed angular correlation~PAC! studies
on U(In0.5Sn0.5)3 at room temperature.28 These authors hav
found that the effective charges on Sn and In atoms are
ferent and that an attractive interaction between Sn and
exists, so that every In atom has'65% of Sn atoms as
nearest neighbors, instead of the 50%, which one would
pect for a completely random distribution of Sn and In
oms. This causes a distortion of the EFG at every ligand s
with changes in its magnitudeVzz and asymmetry paramete
h from site to site. Such a distortion is reflected in the Mo¨ss-
bauer spectra by a distribution of quadrupole splittin
which results in an increase of the linewidth. This would
the largest for equal concentrations of Sn and In and decr
as one of the two components prevails.

Below the magnetic ordering temperatureTN , the spectra
for both compositions show the presence of a transfe
magnetic hyperfine field (Bthf) at the Sn nuclei, combined
with the splitting due to the quadrupole interaction.Bthf is
3.0~1! T for x50.2 and 2.3~1! T for x50.4. In order to fit
these spectra, an assumption has to be made about the
netic structure of the compounds, as this will affect both
value and orientation ofBthf . The magnetic structure of UIn3
has been determined by neutron diffraction on pow
samples as antiferromagnetic of type II.10 In the absence o
measurements of the magnetic structure of compounds o
series U(In12xSnx)3 with 0,x,0.45, the fit of the MS and
NFS spectra has been performed assuming that both m
sured compounds keep the same magnetic structure as U3.
This is consistent withmSR studies on this series,29 which
show no magnetic field at muons located in the center of
cubic unit cell. The origin of the transferred magnetic hyp
fine field at the Sn nucleiBthf is twofold: an indirect polar-
ization through the conduction electrons mediated by
RKKY interaction is combined with the direct polarizatio
caused by the overlap of the U 5f electrons with the oute
electrons of the Sn atoms~mainly belonging to the 5p
shell!.25,26,30Due to the particular location of the Sn atoms
the unit cell of the AuCu3 crystal structure, the isotropic pa
of Bthf must vanish for an antiferromagnet of type II becau
the contributions from the four neighboring U atoms can
pairwise. Only the anisotropic component, due to the
paired spin density transferred into the Sn 5p orbitals
throughf -p hybridization,27 has a residual contribution. Thi
orients always in the U-~Sn,In! planes and should therefor
always be perpendicular to the principal axis of the lo
EFG. Although this is fulfilled in UIn3,31 the distortion of the
EFG caused by the atomic disorder introduced by the sub
tution of In with Sn~as discussed above! can lead to change
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in the direction of the EFG. The angleu between the princi-
pal axis of the EFG andBthf can therefore be different from
90°. Moreover, the value of the transferred field depends
the magnitude of the U magnetic moment and this is in t
determined by the local environment of each U atom. T
atomic disorder between In and Sn causes different U at
to have different local environments and therefore introdu
a distribution in the values ofBthf around a mean valueBthf.
The MS and NFS spectra measured at temperatures b
TN have therefore been analyzed according to these obse
tions, usingu, Bthf and the width of the distribution as fre
parameters during the fitting procedure. The quadrupole
teraction parameterDEQ has been constrained to its hig
temperature value, as it does not show any appreciable
perature dependence forT.TN .

B. Volume dependence of the magnetic state

1. Stability of the magnetic state

NFS measurements have been performed up to press
of 15 and 25 GPa on the samples withx50.2 and 0.4, re-
spectively. On the latter, the NFS measurements have b
complemented by MS studies. Some selected NFS spe
are shown in Fig. 4, together with the least-squares fits p
formed usingCONUSS.

In the paramagnetic state, the spectra are characterist
a quadrupole split doublet, with the splitting increasing w
pressure. For each pressurep in the range reached by thi
study, below the ordering temperatureTN(p), the spectra
show the presence of a distribution of transferred magn

FIG. 4. NFS spectra of U(In0.8Sn0.2)3 at p515.1 GPa and of
U(In0.6Sn0.4)3 at p520 GPa at different temperatures. The circl
represent experimental data points, while the lines are fits.
5-4
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EFFECT OF PRESSURE ON THE MAGNETIC . . . PHYSICAL REVIEW B 66, 094425 ~2002!
hyperfine fields, with averageBthf(p), at the Sn nuclei. All
spectra have been analyzed following the same proce
used for the spectra measured at ambient pressure, with
additional assumptions that neither the crystalline nor
magnetic structure are changed by pressure. Our h
pressure x-ray-diffraction measurements on U(In0.8Sn0.2)3
show indeed that the AuCu3-type structure is stable up to th
highest pressure reached of 30 GPa. The volume of the
cell ~normalized to its ambient pressure value! is plotted as a
function of the applied pressure in Fig. 5. The experimen
curve has been fitted by a Murnaghan equation, yieldin
bulk modulusB0593(2) GPa. A previous x-ray diffraction
study on UX3 compounds32 has demonstrated that both UIn3
and USn3 have a stable AuCu3 structure up to at least 4
GPa and that the bulk moduli of both compounds are ra
similar ~99 GPa for UIn3 and 83 GPa for USn3, respec-
tively!. We therefore assume that also U(In0.6Sn0.4)3 is stable
and use the same bulk modulus as determined
U(In0.8Sn0.2)3 to calculate the pressure-volume relationsh
for this compound.

The volume dependence ofBthf, measured at low tem
peratureT<5.6 K, andTN for the two compounds is show
in Fig. 6, where both quantities are plotted as a function
the relative decrease of the volume of the unit cell
2V(p)/V(0). For x50.2, the average magnetic hyperfin
field shows almost no dependence on pressure~up to p
515 GPa, corresponding to a volume contraction of the u
cell of ;12%). Assuming that not only the magnetic stru
ture but also the orientation of the U moments does
change with pressure, this implies that the magnitude of
U moment does not decrease as the volume contracts.
Néel temperature shows a monotonic increase with press
TN increases from 90~2! K at ambient pressure to 172~5! K at
the highest pressure of 15 GPa. The case of U(In0.6Sn0.4)3 is
considerably different. The average magnetic hyperfine fi
decreases monotonically with increasing pressure
reaches its lowest value, corresponding to;10% of the ini-
tial one, at the highest pressure reached in this study, 25
~corresponding to a volume contraction of the unit cell
;16.5%). This indicates a large reduction of the U orde
moment to a value below;0.1mB , as compared to an am
bient pressure value, which can be estimated as;0.8mB by

FIG. 5. Volume-pressure relationship for U(In0.8Sn0.2)3 at room
temperature. The open circles are the measured points while the
is a fit with the Murnaghan equation.
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comparison with that of UIn3. On the other hand, the Ne´el
temperature first increases with pressure, reaches its m
mum valueTN565(2) K at p'14 GPa and then starts de
creasing forp.14 GPa. However, its value at 25 GPa, 55~5!
K, is still high although the value of the ordered magne
moment (;0.1mB) is strongly reduced.

2. Pressure induced collapse of the magnetic state
of U(In0.6Sn0.4)3

The pressure-induced changes of the magnetic state~mag-
netic moment and ordering temperature! of 4f - and
5 f -electron systems give valuable information about
mechanisms underlying the delocalization of these electr
in such systems. For a number of systems, such as c
pounds of the 4f elements Ce and Yb, the volume depe
dence of the ordering temperature can be explained by
Kondo lattice model proposed by Doniach1 and its
extensions.33–35According to these models, the properties
the ground state of a dense Kondo system depend on
competition between the RKKY interaction, which tends
stabilize long-range magnetic order, and the quenching of
local moments by the Kondo effect. The characteristic en
gies of these two interactions have a different dependenc
the product uJN(EF)u, where J is the exchange-coupling

ine

FIG. 6. Volume dependence of the average transferred hype
field Bthf ~measured at low temperatureT<5.6 K) and of the Ne´el
temperatureTN for U(In0.8Sn0.2)3 and U(In0.6Sn0.4)3 . TN and Bthf

are plotted against the relative decrease of the volume of the
cell 12V(p)/V(0). The open symbols refer tox50.2, while the
full symbols refer tox50.4. The down triangles refer to the resul
of the MS measurements while the up triangles indicate the res
of the NFS measurements. The value ofTN at ambient pressure
indicated by an asterisk is determined by magnetic susceptibility
x50.4. The dashed lines are a guide to the eye.
5-5
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A. BARLA et al. PHYSICAL REVIEW B 66, 094425 ~2002!
strength andN(EF) the density of states at the Fermi level.
fact the energy scale of the RKKY interaction can be writt
as kBTRKKY}J2N(EF), whereas that of the Kondo single
shows an exponential dependence of the typekBTK

}N(EF)
21 exp@21/uJN(EF)u#. For small values of

uJN(EF)u, the RKKY interaction prevails and a magnetical
ordered ground state is formed. AsuJN(EF)u increases, the
Kondo interaction becomes dominant, and long-range m
netic order is suppressed. The resulting phase diagr1

shows an increase in the magnetic ordering temperatureTm

with uJN(EF)u, followed by a much faster decrease wh
uJN(EF)u exceeds a critical value. The application of pre
sure to Ce compounds has been experimentally show
increaseuJN(EF)u ~see, for example, Refs. 36 and 37!, while
the opposite holds true for systems containing Yb~see, for
example, Ref. 38!. In the case of systems containing 5f elec-
trons, whose wave functions have a considerably greater
tial extent than those of 4f electrons, one expects that h
bridization plays a very important role in determining t
ground-state properties of a compound. In this case, the
magnetization process is driven by the transition from a lo
to an itinerant~bandlike! state rather than by the Kondo e
fect and this is reflected by a generally different depende
of the magnetic properties of a given compound on press
According to Sheng and Cooper,39 the decrease of the atom
distance caused by pressure induces the 5f wave functions to
diffuse more outside the core region. This in turn increa
the hybridization between the 5f electrons and the ban
states of the compound, with a consequent loss of thef
spectral weight and the reduction of the local moment.
the other hand, hybridization enhances the exchan
couplingJ, thus strengthening the magnetic order. Althou
initially this latter mechanism may prevail, the moment r
duction is always predominant at higher pressures. T
model has been successfully applied to describe the vol
dependence of the ordering temperature of
monochalcogenides.40,39,38

The results of our measurements as shown in Fig. 6
be interpreted in terms of the models mentioned above.
very weak dependence of the average transferred hype
field on pressure suggests that the moment is localize
U(In0.8Sn0.2)3. However, local moment compounds of th
rare earths@for example EuAl2 ~Ref. 41! and DyAl2 ~Ref.
42!# and of the actinides@for example NpCo2Si2 ~Ref. 43!#
show a quadratic increase ofTN with pressure. In the case o
U(In0.8Sn0.2)3 the increase of the Ne´el temperature with pres
sure is only linear and the slope appears to decrease a
highest pressure reached of 15 GPa. This compound sh
therefore be regarded as a weakly delocalized system, s
larly to NpGa3.44 On the contrary, U(In0.6Sn0.4)3 shows a
monotonic decrease of the average transferred hyperfine
as pressure is increased. This suggests that the ordered
netic moment is strongly delocalized as the U-U and U-Sn
distances decrease. However, the initial increase with p
sure ofTN indicates a strong increase of the exchange c
pling constantJ, which tends to stabilize the magnetical
ordered state. For pressures lower thanp'14 GPa one can
therefore conclude that the RKKY exchange interaction p
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vails over the mechanisms, which tend to weaken or des
magnetic order, whereas at higher pressures the latter d
nate. In the current series of measurements it has not b
possible to reach the critical pressure for the complete s
pression of magnetic order. However, in the case
U(In0.6Sn0.4)3 a clear maximum is observed in the volum
dependence of the Ne´el temperature. This curve appears
be symmetric with respect to the maximum: the rate at wh
TN increases with pressure below its maximum is appro
mately the same as the rate at whichTN decreases above th
maximum. This points rather towards hybridization as t
cause for the delocalization of the U 5f moments, because
the Kondo interaction would be expected to produce a m
faster decrease of the ordering temperature.1,37 One can
therefore conclude that it is the 5f -ligand hybridization, as a
consequence of the increasing 5f bandwidth with increasing
pressure, that drives the transition from the magnetic t
nonmagnetic state for U(In12xSnx)3. In this respect it is im-
portant to compare the effect of increasing the Sn concen
tion on the stability of the U 5f moments with that of exter-
nal pressure. As it is mentioned above~see Sec. I!, increasing
Sn concentration fromx50 to x50.4 results in a reduction
of the Néel temperature by about a factor of 3.12 In such a
case, the increase of the hybridization is predominantly
to an increase of the 5p density of states~band filling effect!,
which also results in a delocalization of the 5f moments. In
fact, an increase of the 5p density of states should als
strengthen the RKKY interaction. However, such an effec
weaker than that of the predominating hybridization. In co
trast to this, when external pressure is applied, the
mechanisms compete and forx50.4 the RKKY exchange
interaction initially prevails, although the ordered magne
moment decreases monotonically. Consequently, a pres
higher than 25 GPa is necessary to fully delocalize thef
moments forx50.4 and even higher pressures are expec
to be necessary in the case ofx50.2, which is more local-
ized at ambient pressure.

3. Nature of the high-pressure state ofU„In0.6Sn0.4…3

In order to gain a deeper insight into the nature of t
high-pressure state of U(In0.6Sn0.4)3, we have performed a
series of119Sn NFS measurements, atp525 GPa, at various
temperatures between 3.2 and 20 K in an external magn
field of 6 T. The spectrum measured at 3.2 K is shown in F
7. A fit to this spectrum shows that the effective hyperfi
field at the Sn nuclei is a combination of the external field
6 T and an average induced field of;2.4 T, almost perpen-
dicular to the external one. The large strength of the indu
field points towards the presence of large dynamical s
correlations in the high-pressure state of this compound
already observed at ambient pressure on the paramag
compounds (x>0.5) of the series U(In12xSnx)3 by several
studies.45,46,29,6,47In particular, Cottenieret al.45 have dem-
onstrated, using PAC on111Cd impurities occupying the Sn
lattice positions in compounds withx50.5, 0.7, and 1.0, tha
the induced field at 4.2 K is the highest forx50.5, which is
very close to the phase boundary between long-range m
netic order and paramagnetism. They measured an indu
5-6
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hyperfine field at the Cd nuclei whose value is comparabl
that obtained in the present study. This demonstrates
similarity of the dynamic nature of the pressure induced s
with that obtained by chemical substitution. However, fro
our results alone it is not possible to draw any conclus
about some of the properties of the high-pressure stat
U(In0.6Sn0.4)3, such as possible large values of the Somm

FIG. 7. NFS spectra of U(In0.6Sn0.4)3 at p525 GPa. The upper
graph shows the spectrum measured at 3.8 K without any extern
applied magnetic field, while the graph at the bottom displays
spectrum measured at 3.2 K in a field of 6 T. The circles repre
experimental data points, while the lines are fits.
s

k,

-

a
ki,

op

s.
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feld coefficient g, and of the low-temperature magnet
susceptibility x0, as is the case at ambient pressu
for x>0.5.

IV. CONCLUSIONS

In conclusion, using high-pressure119Sn nuclear forward
scattering and Mo¨ssbauer spectroscopy we were able to
termine the volume dependence of the Ne´el temperature and
of the average transferred magnetic hyperfine field
U(In12xSnx)3, for x50.2 and 0.4. While U(In0.8Sn0.2)3 be-
haves as a very weakly delocalized system up to 15 G
with its Néel temperature increasing with pressure but w
only very weak volume dependence of the transferred fie
U(In0.6Sn0.4)3 shows a typical behavior for a system bein
close to a magnetic instability. Although its Ne´el temperature
increases initially with pressure, reaching a maximum ap
'14 GPa, the average transferred field decreases mono
cally and its value at 25 GPa is reduced to only;10% of the
initial value. This behavior can be explained by the comp
tition between the indirect exchange RKKY interaction a
the 5f -ligand hybridization. The former prevails at lowe
pressure, where it is responsible for the increase of the N´el
temperature, whereas the latter dominates at pressures a
;14 GPa, substantially delocalizing the 5f electrons. Mea-
surements at 25 GPa in an external magnetic field of
reveal the presence of a large induced magnetic hyper
field. This points towards the presence of strong spin co
lations of dynamical nature in U(In0.6Sn0.4)3, as already ob-
served at ambient pressure in the paramagnetic regionx
>0.5) of the phase diagram of U(In12xSnx)3.
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18A. Barla, R. Rüffer, A. I. Chumakov, J. Metge, J. Plessel, and M

M. Abd-Elmeguid, Phys. Rev. B61, R14 881~2000!.
19A. Snigirev, V. Kohn, I. Snigireva, and B. Lengeler, Nature~Lon-

don! 49, 384 ~1996!.
20A. Q. R. Baron, Y. Kohmura, V. V. Krishnamurthy, Y. V

Shvyd’ko, and T. Ishikawa, J. Synchrotron Radiat.6, 953
~1999!.
5-7



.
l.

s

E

J.

r,
ag

o-

in

r,

ag

an

-M

r

.

n,

.

ev.

M.

.

th-
nt,

rss-

S.

.

A. BARLA et al. PHYSICAL REVIEW B 66, 094425 ~2002!
21A. I. Chumakov, R. Ru¨ffer, O. Leupold, A. Barla, H. Thiess, T
Asthalter, B. P. Doyle, A. Snigirev, and A. Q. R. Baron, App
Phys. Lett.77, 31 ~2000!.

22A. Q. R. Baron, R. Ru¨ffer, and J. Metge, Nucl. Instrum. Method
Phys. Res. A400, 124 ~1997!.

23T. Yuen, N. Bykovetz, G. Y. Jiang, C. L. Lin, P. P. Wise, and J.
Crow, Physica B171, 367 ~1991!.

24W. Sturhahn, Hyperfine Interact.125, 149 ~2000!.
25J. P. Sanchez, J. M. Friedt, G. K. Shenoy, A. Percheron, and

Achard, J. Phys. C9, 2207~1976!.
26T. Charvolin, A. Blaise, M. N. Bouillet, P. Burlet, J. M. Fournie

J. Larroque, J. Rossat-Mignod, and J. P. Sanchez, J. M
Magn. Mater.132, 46 ~1994!.

27J. P. Sanchez, P. Vulliet, M. M. Abd-Elmeguid, and D. Kacz
rowski, Phys. Rev. B62, 3839~2000!.

28S. Cottenier, J. Meersschaut, L. Vermeire, S. Demuynck, B. Sw
nen, and M. Rots, Eur. Phys. J. B7, 371 ~1999!.

29A. Kratzer, C. Schopf, G. M. Kalvius, H.-H. Klauss, S. Zwirne
and J. C. Spirlet, Hyperfine Interact.104, 181 ~1997!.

30J. P. Sanchez, J. C. Spirlet, J. Rebizant, and O. Vogt, J. M
Magn. Mater.63-64, 139 ~1987!.

31S. Demuynck, L. Sandratskii, S. Cottenier, J. Meersschaut,
M. Rots, J. Phys.: Condens. Matter12, 4629~2000!.

32T. Le Bihan, S. Heathman, S. Darracq, C. Abraham, J.
Winand, and U. Benedict, High Temp.-High Press.27Õ28, 157
~1996!.

33C. Lacroix and M. Cyrot, Phys. Rev. B20, 1969~1979!.
09442
.

C.

n.

-

n.

d

.

34P. Fazekas and E. Mu¨ller-Hartmann, Z. Phys. B: Condens. Matte
85, 285 ~1991!.

35P. Santini and J. So´lyom, Phys. Rev. B46, 7422~1992!.
36A. L. Cornelius and J. S. Schilling, Phys. Rev. B49, 3955~1994!.
37A. L. Cornelius, A. K. Gangopadhyay, J. S. Schilling, and W

Assmus, Phys. Rev. B55, 14 109~1997!.
38A. L. Cornelius, J. S. Schilling, D. Mandrus, and J. D. Thompso

Phys. Rev. B52, R15 699~1995!.
39Q. G. Sheng and B. R. Cooper, J. Appl. Phys.75, 7035~1995!.
40P. Link, U. Benedict, J. Wittig, and H. Wu¨hl, J. Phys.: Condens

Matter 4, 5585~1992!.
41A. Gleissner, W. Potzel, J. Moser, and G. M. Kalvius, Phys. R

Lett. 70, 2032~1993!.
42A. Kratzer, U. Potzel, J. Moser, F. J. Litterst W. Potzel, and G.

Kalvius, J. Magn. Magn. Mater.54-57, 489 ~1986!.
43W. Potzel, J. Moser, G. M. Kalvius, C. H. de Novion, J. C

Spirlet, and J. Gal, Phys. Rev. B24, 6762~1981!.
44S. Zwirner, V. Ichas, D. Braithwaite, J. C. Waerenborgh, S. Hea

man, W. Potzel, G. M. Kalvius, J. C. Spirlet, and J. Rebiza
Phys. Rev. B54, 12 283~1996!.

45S. Cottenier, S. N. Mishra, S. Demuynck, J. C. Spirlet, J. Mee
chaut, and M. Rots, Phys. Rev. B63, 195103~2001!.

46M. A. Polikarpov, V. M. Cherepanov, M. A. Chuev, and S.
Yakimov, J. Magn. Magn. Mater.135, 361 ~1994!.

47W. G. Marshall, A. P. Murani, and K. A. McEwen, J. Magn
Magn. Mater.104-107, 67 ~1992!.
5-8


