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Neutron scattering study of the ferromagnetic superconductor UGe2
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Unpolarized and polarized neutron scattering experiments have been performed at ambient pressure on a
single crystal of the itinerant electron superconductor UGe2 in both the ferromagnetic and the paramagnetic
phases. Unpolarized neutrons have confirmed the ZrGa2-type orthorhombic crystal structure of UGe2 and a
ferromagnetic ordering belowTC553 K with the moments aligned along thea axis. No evidence of any
modulated component for the magnetic structure has been found. Polarized neutron data have shown a large
and almost spherical magnetization distribution at the U sites and no induced moment at the Ge sites. Refine-
ments of the magnetic structure factors within the dipolar approximation allow the magnitude of the orbital and
spin uranium moments to be quantified, and a comparison to the measured static magnetization reveals that
there is no diffuse contribution.
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I. INTRODUCTION

The first studies on UGe2 were realized in the late fifties
Makarov et al.1 reported that this compound crystallizes
an orthorhombic structure of the ZrSi2 type ~space group
Cmcm! but the fit to this structure had a poor reliability fa
tor ~25%!. One year later, the study performed by Ols
et al.2 was more in favor of an orthorhombic structure d
rived from a distorted structure of the ThSi2 type ~space
groupAmm2), despite the fact that no reliability factor wa
given. Susceptibility measurements realized by the sa
group on a powder sample showed a ferromagnetic orde
at a Curie temperatureTC552 K with a magnetic momen
at saturation of 0.8mB /f.u.2

Nearly 25 years later, Menovskyet al.3 reported on the
first susceptibility and magnetization experiments on sin
crystals. These measurements confirmed the ferromag
behavior of UGe2 and the value of the Curie temperature~52
K!. The magnetization turned out to be strongly anisotro
with an easy magnetization axis corresponding to thec axis
in the ZrSi2 orthorhombic structure suggested by Makar
et al.1 The value of the easy axis magnetization at satura
was 1.43mB /f.u., that is considerably larger than the o
found on the polycrystal by Olsenet al.2 (0.8mB /f.u.) owing
to the strong anisotropy.

Then, it was solely in the nineties that UGe2 renewed
interest. Several new experimental studies were realized4–9

Among them, specific heat measurements5 led to a Sommer-
feld coefficientg of 35 mJ K22 mol21. This relatively large
value indicates that UGe2 has a moderate heavy-fermion b
havior. Band structure calculations10 ~performed within the
assumed ZrSi2 structure type!, together with de Haas–va
Alphen experiments11 gave evidence for an itinerant ferro
magnetic behavior. Measurements of the thermal expan
coefficients under an applied pressure12 indicated the exis-
tence of a magnetovolumic effect atTC, the decrease of the
Curie temperature with pressure, and the disappearanc
the magnetic order at 20 kbar. Due to this increasing inter
a better knowledge of the crystallographic structure was n
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essary and led Oikawaet al.13 and Bouletet al.14 to indepen-
dently reinvestigate it. They determined that UGe2 actually
crystallizes in the orthorhombic ZrGa2 structure type~space
groupCmmm) with a reliability factor of;5%, instead of
the ZrSi2 structure reported by Makarovet al.1 In this ZrGa2
structure, the room temperature crystallographic cell is
scribed by a53.97 Å, b515.1 Å, and c54.11 Å, the
easy magnetization axis being the shorter one that isa.

Recently, Saxenaet al.15 announced the appearance of
nonconventional superconductivity induced by pressure
UGe2 single crystals. Combining susceptibility and resist
ity measurements together with neutron scattering exp
ments, Saxenaet al.15 and Huxleyet al.16 have determined
the full pressure-temperature phase diagram of UGe2. The
superconductivity appears at pressures higher than 10 k
and even more striking is the fact that the highest superc
ductive transition temperature (Tsc50.8 K at ;12 kbar)
corresponds to a Curie temperature almost 45 times la
than Tsc. Moreover, the disappearance of the supercond
tivity at ;16 kbar occurs with the disappearance of the f
romagnetic order. This feature suggests that supercondu
ity and ferromagnetic ordering are cooperative effects.

Whether ferromagnetic fluctuations are the origin of pa
ing is not yet determined, but the large polarization of ele
tron bands leads to suspect a triplet superconducting pair
Models based on ferromagnetic spin fluctuations predict
superconductivity may occur on both sides of the critic
pressurePC for the suppression of the ferromagnetism.17,18

In UGe2, the situation is different since superconductivity
only found on the ferromagnetic side. This could be e
plained by a change in the magnetic transition from sec
order to first order at a pressure below the critical press
as has been suggested from susceptibility measurement
der pressure.16 However ferromagnetic fluctuations may n
be the only driving mechanism which governs the appe
ance of superconductivity under pressure. Resistivity m
surements have also evidenced an additional transi
within the ferromagnetic state. The characteristic tempe
ture of this transitionTX , decreases with pressure and disa
pears at a pressure close to the one where superconduc
©2001 The American Physical Society09-1
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N. KERNAVANOIS et al. PHYSICAL REVIEW B 64 174509
is the strongest.16 This transition is quite similar to that ob
served ina uranium, a material that structurally resembl
UGe2. For a uranium, there is direct evidence that th
anomalies are due to the formation of a charge density w
~CDW!, resulting from a nesting at the Fermi surface. F
UGe2, band structure calculations also suggest that there
possible proximity to nesting, with the apparition of a simil
CDW. This supposed CDW would result in an associa
spin density wave, and therefore a modulation of the fer
magnetic structure resulting in incommensurate Bragg pe
However, different calculations19,20 predict different nesting
directions, and therefore these extra peaks, if they exist,
not obvious to find experimentally.

In this paper, we investigated in more details the magn
structure of UGe2 at ambient pressure, where the extrap
latedTX value is close to 30 K. We therefore tested wheth
a significant modulation of the magnetic structure occ
even at a pressureP50. If such a modulation exists, it is
however, expected to be very weak since it has not b
detected by powder neutron scattering measurements13,14

Our study has been realized by the diffraction of unpolariz
neutrons. In addition, using the polarized neutron scatte
technique, we decided to investigate 5f orbital and spin con-
tributions in order to determine more exactly the nature
the electronic magnetism.

The paper is divided into four parts. The next section
dedicated to the low-temperature nuclear structure refi
ment needed for both the magnetic structure study whic
described in Sec. III and the polarized neutron measurem
depicted in Sec. IV. These latter measurements have b
performed both in the ferromagnetic (T56 K) and the para-
magnetic (T560 K) phases. Conclusions are drawn in S
V.

All the experiments have been carried out on the sa
single crystal prepared by the Czochralski technique und
purified argon atmosphere. Further details on the sam
preparation can be found in Ref. 16. The sample had a
lindrical shape (;1.9 mm in height and;1.5 mm in diam-
eter! with the a easy magnetization axis parallel to the cy
inder axis.

The magnetic moment at saturation (msat) of this sample
has been determined with a SQUID magnetometer: it reac
1.50(2)mB /f.u. Moreover it has been checked that und
pressure, this sample has a behavior consistent with the
lished phase diagram.15,16

II. NUCLEAR STRUCTURE REFINEMENT

The nuclear structure refinement has been realized on
D15-CEA-CRG~Collaborating Research Group! instrument
of the ILL ~Institut Laue-Langevin, Grenoble, France! in a
four-circle geometry. In order to characterize precisely
extinction of the sample, two sets of data at 60 K~in the
paramagnetic phase! were collected at two different wave
lengthsl51.174 and 0.854 Å. 416 and 355 reflections we
measured respectively, corresponding to 154 and 136 in
pendent reflections. Experimental data have been corre
for absorption ~linear absorption coefficient, m
50.0048 mm21). A l/2 correction has also been applied
17450
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the data set measured atl51.174 Å. The refinedl/2 con-
tamination is 0.17~2!%.

This experiment confirmed the ZrGa2 type structure re-
ported in Refs. 13,14. The cell parameters valuesa
53.997(3) Å,b515.039(7) Å, andc54.087(2) Å were
found at 60 K. Structural parameters were refined using
programMXD,21 combining the two experimental data se
obtained at the two wavelengths. The nuclear scatte
lengths used were 0.84170310212 cm and 0.81850
310212 cm for uranium and germanium atoms, respe
tively. The refinement led to a crystallographic weighted
sidual factorRv(F2)55.25% ~Ref. 22!. This refinement in-
cluded a Becker-Coppens Lorentzian correction of
extinction.23 This correction turned out to be rather wea
~less than 10% of the most concerned reflections! and led to
an extinction coefficientg of 148~22! rad21 corresponding to
a crystal mosaicityh56.55(97)8 @h51/(2Apg)#. Results
are presented in Table I and Fig. 1 shows a view of the UG2
crystallographic cell with the thermal motion ellipsoids
60 K.

III. MAGNETIC STRUCTURE STUDY

Two data sets, at 5 and 30 K, have been collected on
D23-CEA-CRG instrument of the ILL at a wavelengthl
51.285 Å. 108 reflections have been measured at each
perature. The refinements performed are in good agreem
with a ferromagnetic structure, with the uranium mome
pointing along the easy magnetization axisa @x252.05 and
1.46; Rv(F2)511.72% and 11.45% for data obtained at
and 30 K, respectively#. The magnetic moment on the ura
nium sites aremU51.48(2)mB at 5 K and 1.29(2)mB at 30
K.

We have also measured the temperature dependenc
the integrated intensity of the magnetic reflection~0 0 1!.
The result is presented in Fig. 2.

Between 0.903TC andTC , the integrated intensity fits a
law (12T/TC)2b corresponding to a magnetization variatio
M (T)}(12T/TC)b, with TC553 K ~Fig. 2!. The refined
value of the critical exponentb of 0.36~1! is in good agree-
ment with the 3D nature of this system.24

In order to shed light on a possible modulation of t
magnetic structure, we have first realized a refinement of
~0 0 1! Bragg reflection with a Gaussian indicating that
full width at half maximum~FWHM! does not change sig
nificantly with the temperature@FWHM;0.032(1) r.l.u.#.
We have then performed severalQ scans along the high sym
metry axesa!, b!, and c!, of the reciprocal space in th
ordered ~at T55 K) and paramagnetic~at T560 K)
phases. The differences performed between the higher
lower temperature associated scans indicate a zero mag
contribution for nonintegerQ value whatever the considere
direction. One of these scans and the associated differe
are presented in Fig. 3. They correspond to measurem
realized along thec! axis.

Thus, our measurements confirmed neither the nestin
around Q;(0.4532p/a,0,0) indicated by LDA1U
approach,19, nor the nesting instability predicted along th
9-2
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TABLE I. Atomic positions and thermal anisotropic factors Uii in UGe2 ~space groupCmmm). The
Debye-Waller factor is defined as exp$22p2@(h2/a2)U111(k2/b2)U221( l 2/c2)U33#% and Bequi5(8p2/
3)(U111U221U33). These values are deduced from the neutron scattering measurements realized at

Atoms Site Positions Uii (Å 2) Bequi (Å 2)

U 4 j (0,yU , 1
2 ) U1150.00101(23) BU50.12(3)

yU50.14094(3) U2250.00116(23)
U3350.00244(24)

Ge1 4i (0,yGe1,0) U1150.00095(25) BGe1
50.22(3)

yGe150.30779(4) U2250.00483(26)
U3350.00240(27)

Ge2 2a ~0,0,0! U1150.00185(33) BGe2
50.15(4)

U2250.00155(32)
U3350.00241(33)

Ge3 2c ( 1
2 ,0,12 ) U1150.00029(34) BGe3

50.22(4)

U2250.00290(33)
U3350.00518(36)
av
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c-axis direction by another relativistic augmented plane w
calculation.20

All these features confirm the ferromagnetic order
UGe2. Nevertheless, taking into account both the backgro
amplitude and the magnetic contribution to the~0 0 1! reflec-
tion, one can reasonably estimate that if an antiferromagn
contribution occurs at a propagation vector situated along
studied directions, it would be less than 0.06mB .

IV. DETERMINATION OF THE MAGNETIZATION
DISTRIBUTION BY POLARIZED NEUTRON

DIFFRACTION

The classical polarized beam method consists in mea
ing the ratio, called the flipping ratio, between the intensit

FIG. 1. View of the UGe2 structure with thermal ellipsoids at 6
K.
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I 1 and I 2 of a Bragg reflection, for an incident polarizatio
of the neutron beam respectively parallel (1) and antiparal-
lel (2) to the applied field direction. This technique tak
advantage of an interference term in the cross sections
tween the magnetic and nuclear signals~provided that they
occur at the same point of the reciprocal space!. It is well
adapted to the study of ferromagnetic, ferrimagnetic a
paramagnetic systems and its sensitivity to small magn
contributions is much larger than the conventional unpo
ized beam method. Details of this technique can be foun
Ref. 25.

The flipping ratio measurements have been carried ou
the D23-CEA-CRG diffractometer of the ILL with a wave
lengthl51.285 Å provided by an Heusler alloy monochr
mator @polarization rate of the incident beamp
520.9560(5); flipping efficiencye50.981(4)#. Two series
of measurements at respectively 6 K~ferromagnetic phase!

FIG. 2. Temperature dependence of the normalized integr
intensity of the magnetic reflection~0 0 1!. Experimental points are
drawn as full black circles. Refinement using a (12T/TC)2b law
between 0.903TC and TC , with b50.36(1) andTC553 K, is
presented in solid gray line.
9-3
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N. KERNAVANOIS et al. PHYSICAL REVIEW B 64 174509
and 60 K~paramagnetic phase! have been performed under
magnetic fieldBext54.6 T applied along the easy magne
zation axisa. 116 and 120 flipping ratios have been collect
at 6 and 60 K, leading to 38 and 40 independent magn
structure factors FM(h k l) up to sinu/l50.5 Å21.

The FM(h k l) are the Fourier components of the magn
tization distribution. To recover this distribution, one has
solve the inverse Fourier problem for which several meth
can be used:

A. Fourier analysis using the three-dimensional maximum
entropy „MaxEnt … technique

This technique gives the most probable magnetization
tribution map compatible with the measured structure fac
and their experimental uncertainties.26–28 It is much more
powerful than the classical Fourier synthesis since it does
make any assumption concerning the unmeasured Fo
components and it takes into account the experimental
certainties.

The magnetization distributions deduced from data s
measured in the paramagnetic and ferromagnetic ph
were found to be equivalent~with a different overall ampli-
tude!. Figure 4 shows the projections of this magnetizat
distribution at 6 K along the three crystallographic axesa, b,
and c. These maps have been obtained using a flat star

FIG. 3. Upper panel: (0 0 QL) scans realized at 5 and 60 K
Lower panel: Difference of the associatedQ scans realized at 5 an
60 K. The peaks at~0 0 1! and ~0 0 2! are due to the known
ferromagnetic structure. No additional peaks are seen.
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hypothesis29 and taking into account the magnetization val
that corresponds toFM(0 0 0)543msat56.00(8)mB ~since
we have four formula units in the crystallographic cell!.

We can conclude from these maps that the magnetiza
is essentially localized on the uranium sites. No sizea
magnetic contribution is detected on the germanium sites
small negative contour line is present on these maps. It co
be ascribed to spurious oscillations of the magnetization
tribution due to the finite number of reflections used for t
reconstruction. Similarly, the first positive contour line c
be also ascribed to these truncation effects and gives a q
titative idea of the uncertainties in the reconstructions.

B. Model refinement

In order to quantify the magnetic contributions observ
with the MaxEnt technique, we have realized a least-squa
refinement of the magnetic structure factors, using the C
bridge Crystallography Subroutine Library.30

This refinement was done within the dipola
approximation.31 In this approximation, the uranium form
factor can be written asf U(h k l)5^ j 0&

U1C2 ^ j 2&
U with

^ j 0&
U and ^ j 2&

U the radial integrals, for a uranium ion wit
either the configuration 31 or 41, tabulated in Ref. 32.
C25mL

U/mU is the ratio between the orbital and total ur
nium magnetic moments. We have also tried to refine a c
tribution on the germanium sites assuming a 3d form factor
^ j 0&

Ge ~Ref. 33!. The choice of a Ge-3d form factor instead
of a Ge-4p one is justified by the sharp decrease as a fu
tion of sinu/l of the 4p electron form factor~Fig. 5!. Indeed,
the Ge-4p form factor is very localized in reciprocal spac
implying a diffuse 4p magnetic contribution in direct space

At 6 and 60 K, no sizeable magnetic contributions on t
germanium sites have been found. At 6 K,mGe1

FIG. 4. Projections of the magnetization distribution and of t
unit cell of UGe2 along the crystallographic axisc, a, andb. Posi-
tive contour lines, drawn as full lines, correspond to values fr
0.05 to 0.35mB Å 22 with a step of 0.10mB Å 22 and from 0.35 to
1.85mB Å 22 with a step of 0.20mB Å 22. The negative contour
line ~dashed line! corresponds to20.05mB Å 22.
9-4
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NEUTRON SCATTERING STUDY OF THE . . . PHYSICAL REVIEW B 64 174509
520.004(10)mB /Ge1 , mGe250.018(13)mB /Ge2 , mGe3

520.009(15)mB /Ge3, in agreement with the result obtaine
with the MaxEnt technique. We have therefore fixed the
contributions to zero and the final refinements are prese
in Table II. In this table, the total magnetizationsmbulk at 6
and 60 K are indicated. These values have been determ
by magnetization measurements with a SQUID magneto
ter. We point out that at 6 K,mbulk reaches the magnetizatio
value at saturationmsat51.50(2)mB /f.u. Polarized neutron
scattering results are also indicated: for both temperat
and U configurations, the refined values of the uranium m
netic momentmU and of the orbital uranium momentmL

U are
given. From these results, we can deduce the values oC2

5mL
U/mU and RL5C2 /(C221)52mL

U/mS
U together with the

diffuse magnetic contributionmcond5mbulk2mU. C2 and RL
experimental values should be compared to the free-ion
ues C2

IC and RL
IC calculated within the intermediate couplin

~IC! scheme.34

FIG. 5. Radial integralŝj 0& of the electronic shells 4p and 3d
of the germanium atom~configuration:@Ar# 3d10 4s2 4p2) ~Ref.
33!.
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Figures 6 and 7 present the uranium form factors~multi-
plied by the U magnetic moment values! observed at 6 and
60 K, respectively, together with the associated calcula
ones assuming a U31 configuration. Due to the minor differ
ences between the form factors of U31 and U41, the refine-
ments performed for these two states are completely equ
lent and do not allow a determination of the uraniu
valency.

The U-5f orbital to spin moments ratios for both 31 and
41 configurations are systematically reduced compared
the free-ion values~Ref. 34!. It has been shown in previou

FIG. 6. Uranium form factor multiplied bymU, as a function of
sinu/l. Measurements have been performed on UGe2 at 6 K and
4.6 T. Points correspond to experimental data. The fit, assumin
U31 configuration, is drawn with a full line. The magnetic mome
mbulk which reaches its saturation value (msat) is also indicated.
tering
t
eme
TABLE II. Summary of the different results obtained from magnetization and polarized neutron scat
measurements in UGe2 at 6 and 60 K with an applied magnetic field of 4.6 T alonga. The magnetic momen
values are expressed inmB /f.u. Theoretical free-ion values calculated in the intermediate coupling sch
are taken from Ref. 34.

T56 K T560 K
UGe2 U41 U31 U41 U31

Magnetization measurements
mbulk 1.50~2! 0.79~2!

Neutron experiments
mU 1.46~2! 1.45~2! 0.79~4! 0.79~4!

mL
U 2.37~4! 2.62~4! 1.22~7! 1.35~7!

Deduced values
C2 1.62~3! 1.81~4! 1.54~12! 1.71~12!

RL52mL
U/mS

U 2.60~15! 2.24~10! 2.84~55! 2.41~37!

mcond5mbulk2mU 0.04~3! 0.05~3! 0.00~5! 0.00~5!

Free-ion values U41 (5 f 2) U31 (5 f 3)
C2

IC 1.42 1.63
RL

IC 3.36 2.60
9-5
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N. KERNAVANOIS et al. PHYSICAL REVIEW B 64 174509
polarized neutron scattering studies, that the delocaliza
of 5f electrons induces a drop of the RL ratio compared to
the free-ion values~Ref. 35!. Our result is thus in agreemen
with the itinerant ferromagnetism behavior concluded eit
from band structure calculations or from previous expe
ments.

Moreover, we notice a rather good agreement between
experimental U-5f orbital to spin moments ratio of 2.24~10!
assuming a U31 configuration and the one of 1.96 calculate
by Shick et al.19 with a U-5f state occupation number o
2.81, i.e., close to a 31 valence state.

Between 6 and 60 K, RL values remain unchanged withi
the error bars~the measurements carried out in the param
netic phase has a larger uncertainty due to the smaller m

FIG. 7. Uranium form factor multiplied bymU, as a function of
sinu/l. Measurements have been performed on UGe2 at 60 K and
4.6 T. Points correspond to experimental data. The fit, assumin
U31 configuration, is drawn with a full line.
, i

o,
o

a,
ys
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netic signal!. No changes in the nature of the 5f wave func-
tions are thus detected between the ferromagnetic
paramagnetic states.

The difference between the uranium magnetic contri
tion deduced from these measurements and the total ma
tization is very weak whatever the temperature and the
configuration@;0.05(3)mB at 6 K and;0.01(5)mB at 60
K#. No sizeable diffuse contribution (mcond) is thus observed

V. CONCLUSIONS

We have presented unpolarized and polarized neu
scattering measurements performed on a single crysta
UGe2 in both the paramagnetic and ferromagnetic states.
unpolarized neutron scattering study has confirmed
nuclear and magnetic structures already determined on p
der. The different scans we have performed in the recipro
space do not indicate the presence of any additional pe
that could be a signature of a modulated phase. If suc
modulation exists, its amplitude is less than 0.06mB /f.u. The
polarized neutron scattering measurements allowed the d
mination of the 5f electron orbital and spin contributions i
the paramagnetic and ferromagnetic phases. The 5f wave
function nature does not seem to change between the ph
The ratios RL between orbital and spin moment values, a
sytematically lower than the free-ion U31 or U41 values,
whatever the phase. This feature is the signature of the
bridization of 5f electrons, despite the fact that neither
magnetic contribution localized on the Ge sites, nor a diffu
magnetic contribution have been detected. We point out
this situation differs from the one encountered in the we
paramagnet UGe3 in which a positive induced magnetizatio
distribution at the Ge site has been found.36
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4Y. Ōnuki, S.W. Yun, I. Ukon, I. Umehara, K. Satoh, I. Sakamot
M. Hunt, P. Meeson, P. Probst, and M. Springford, J. Phys. S
Jpn.60, 2127~1991!.

5Y. Ōnuki, I. Ukon, S.W. Yun, I. Umehara, K. Satoh, T. Fukuhar
H. Sato, S. Takayanagi, M. Shikama, and A. Ochiai, J. Ph
Soc. Jpn.61, 293 ~1992!.

6S.W. Yun, K. Satoh, Y. Fujimaki, I. Umehara, Y. On̄uki, S. Takay-
anagi, H. Aoki, S. Uji, and T. Shimizu, Physica B186-188, 129
~1993!.
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