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Neutron scattering study of the ferromagnetic superconductor UGe
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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 WJiBeboth the ferromagnetic and the paramagnetic
phases. Unpolarized neutrons have confirmed the Zt@se orthorhombic crystal structure of UgSand a
ferromagnetic ordering beloW =53 K with the moments aligned along tleaxis. 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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. INTRODUCTION essary and led Oikawet al'® and Bouletet all* to indepen-
dently reinvestigate it. They determined that YGetually
The first studies on UGewere realized in the late fifties. crystallizes in the orthorhombic ZrGatructure typgspace
Makarov et al! reported that this compound crystallizes in groupCmmn) with a reliability factor of~5%, instead of
an orthorhombic structure of the ZgSiype (space group the ZrSp structure reported by Makarat al* In this ZrGa
Cmcm but the fit to this structure had a poor reliability fac- structure, the room temperature crystallographic cell is de-
tor (25%. One year later, the study performed by Olsenscribed bya=3.97 A, b=15.1 A, andc=4.11 A, the
etal? was more in favor of an orthorhombic structure de-€aSy Magnetization axis being the shorter one that is
rived from a distorted structure of the ThSiype (space Recently, Saxenat al.™> announced the appearance of a
groupAmnR), despite the fact that no reliability factor was noncon_ventlonal supercond_uptlvny mduc_eq_ by pressure in
given. Susceptibility measurements realized by the sami C& single crystals. Comb'”"?g susceptibility an(_j resistiv-
group on a powder sample showed a ferromagnetic orderinly, Méasurements together with neutron scattering experi-

) - ) : ents, Saxenat al’® and Huxleyet al® have determined
ata Curie temperaturéc=52 K with a magnetic moment the full pressure-temperature phase diagram of LJGae
at saturation of 0,85 /f.u.2 P P P g

3 superconductivity appears at pressures higher than 10 kbar,
i Nearly 25, years later, Menpvs}@/t al: reported on the and even more striking is the fact that the highest supercon-
first susceptibility and magnetization experiments on S'ngleductive transition temperatureT{=0.8 K at ~12 kbar)
. —=0.

crystal_s. These measurements conflrmgd the ferromagneté%rrespondS to a Curie temperature almost 45 times larger
behavior of UGg and the value of the Curie temperat@®  thanT,.. Moreover, the disappearance of the superconduc-
K). The magnetization turned out to be strongly anisotropiGiyity at ~16 kbar occurs with the disappearance of the fer-
with an easy magnetization axis corresponding todlais  romagnetic order. This feature suggests that superconductiv-
in the ZrSp orthorhombic structure suggested by Makarovity and ferromagnetic ordering are cooperative effects.
et al! The value of the easy axis magnetization at saturation  \Whether ferromagnetic fluctuations are the origin of pair-
was 1.43wg/f.u., that is considerably larger than the oneing is not yet determined, but the large polarization of elec-
found on the polycrystal by Olseet al? (0.8ug/f.u.) owing  tron bands leads to suspect a triplet superconducting pairing.
to the strong anisotropy. Models based on ferromagnetic spin fluctuations predict that
Then, it was solely in the nineties that UGeenewed  superconductivity may occur on both sides of the critical
interest. Several new experimental studies were reafizéd. pressureP. for the suppression of the ferromagnetisi®
Among them, specific heat measuremeies to a Sommer-  In UGe,, the situation is different since superconductivity is
feld coefficienty of 35 mJK 2mol~ 1. This relatively large  only found on the ferromagnetic side. This could be ex-
value indicates that UGehas a moderate heavy-fermion be- plained by a change in the magnetic transition from second
havior. Band structure calculatiofis(performed within the order to first order at a pressure below the critical pressure,
assumed ZrSistructure typg together with de Haas—van as has been suggested from susceptibility measurements un-
Alphen experiment$ gave evidence for an itinerant ferro- der pressuré® However ferromagnetic fluctuations may not
magnetic behavior. Measurements of the thermal expansiope the only driving mechanism which governs the appear-
coefficients under an applied pressdrimdicated the exis- ance of superconductivity under pressure. Resistivity mea-
tence of a magnetovolumic effect 8¢, the decrease of the surements have also evidenced an additional transition
Curie temperature with pressure, and the disappearance wiithin the ferromagnetic state. The characteristic tempera-
the magnetic order at 20 kbar. Due to this increasing interesture of this transitiorTy , decreases with pressure and disap-
a better knowledge of the crystallographic structure was negeears at a pressure close to the one where superconductivity
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is the strongest This transition is quite similar to that ob- the data set measured)at1.174 A. The refined./2 con-
served ina uranium, a material that structurally resemblestamination is 0.1{2)%.
UGe,. For « uranium, there is direct evidence that the This experiment confirmed the ZrGaype structure re-
anomalies are due to the formation of a charge density wavgorted in Refs. 13,14. The cell parameters values
(CDW), resulting from a nesting at the Fermi surface. For=3.997(3) A ,b=15.039(7) A, and&=4.087(2) A were
UGe,, band structure calculations also suggest that there isfaund at 60 K. Structural parameters were refined using the
possible proximity to nesting, with the apparition of a similar programmxp,?* combining the two experimental data sets
CDW. This supposed CDW would result in an associatethbtained at the two wavelengths. The nuclear scattering
spin density wave, and therefore a modulation of the ferrotengths used were 0.841%A0 '2 cm and 0.81850
magnetic structure resulting in incommensurate Bragg peaks< 10712 ¢m for uranium and germanium atoms, respec-
However, different calculation$* predict different nesting tively. The refinement led to a crystallographic weighted re-
directions, and therefore these extra peaks, if they exist, argdual factorR,,(F?)=5.25% (Ref. 22. This refinement in-
not obvious to find experimentally. cluded a Becker-Coppens Lorentzian correction of the
In this paper, we investigated in more details the magnetiextinction?® This correction turned out to be rather weak
structure of UGg at ambient pressure, where the extrapo-(less than 10% of the most concerned reflectiarsi led to
lated Ty value is close to 30 K. We therefore tested whetheran extinction coefficieng of 14822) rad * corresponding to
a significant modulation of the magnetic structure occursy crystal mosaicityp=6.55(97) [ 7= 1/(2yrg)]. Results
even at a pressur@=0. If such a modulation exists, it is, are presented in Table | and Fig. 1 shows a view of the JGe

however, expected to be very weak since it has not beegyystallographic cell with the thermal motion ellipsoids at
detected by powder neutron scattering measurentghts. gg k.

Our study has been realized by the diffraction of unpolarized
neutrons. In addition, using the polarized neutron scattering

te_chn_lque,_ we decided to mvgsngaté &rbital and spin con- Il MAGNETIC STRUCTURE STUDY
tributions in order to determine more exactly the nature of
the electronic magnetism. Two data sets, at 5 and 30 K, have been collected on the

The paper is divided into four parts. The next section isD23-CEA-CRG instrument of the ILL at a wavelengkh
dedicated to the low-temperature nuclear structure refine=1.285 A. 108 reflections have been measured at each tem-
ment needed for both the magnetic structure study which iperature. The refinements performed are in good agreement
described in Sec. Ill and the polarized neutron measurementgith a ferromagnetic structure, with the uranium moments
depicted in Sec. IV. These latter measurements have begmwinting along the easy magnetization a&ify?=2.05 and
performed both in the ferromagnetit €6 K) and the para- 1.46; R, (F?)=11.72% and 11.45% for data obtained at 5
magnetic T=60 K) phases. Conclusions are drawn in Sec.and 30 K, respectively The magnetic moment on the ura-

V. nium sites areu’=1.48(2)ug at 5 K and 1.29(2)s at 30

All the experiments have been carried out on the samé.
single crystal prepared by the Czochralski technique under a We have also measured the temperature dependence of
purified argon atmosphere. Further details on the samplthe integrated intensity of the magnetic reflecti@ 0 1).
preparation can be found in Ref. 16. The sample had a cyFhe result is presented in Fig. 2.

lindrical shape 1.9 mm in height and-1.5 mm in diam- Between 0.9& T and T, the integrated intensity fits a
etep with the a easy magnetization axis parallel to the cyl- law (1—T/T¢)?# corresponding to a magnetization variation
inder axis. M(T)=(1—T/T¢)#, with Tc=53 K (Fig. 2. The refined

The magnetic moment at saturatiop¢) of this sample value of the critical exponens of 0.361) is in good agree-
has been determined with a SQUID magnetometer: it reachaaent with the 3D nature of this systeth.
1.50(2)ug/f.u. Moreover it has been checked that under In order to shed light on a possible modulation of the
pressure, this sample has a behavior consistent with the pubragnetic structure, we have first realized a refinement of the
lished phase diagram:*® (0 0 1) Bragg reflection with a Gaussian indicating that its
full width at half maximum(FWHM) does not change sig-
nificantly with the temperaturéFWHM~0.032(1) r.l.u].
We have then performed seve@kcans along the high sym-
The nuclear structure refinement has been realized on thmetry axesa*, b*, andc*, of the reciprocal space in the
D15-CEA-CRG(Collaborating Research Groumstrument ordered (at T=5 K) and paramagnetidat T=60 K)
of the ILL (Institut Laue-Langevin, Grenoble, Franda a  phases. The differences performed between the higher and
four-circle geometry. In order to characterize precisely thdower temperature associated scans indicate a zero magnetic
extinction of the sample, two sets of data at 6Q(iK the  contribution for nonintege® value whatever the considered
paramagnetic phasevere collected at two different wave- direction. One of these scans and the associated difference
lengthsh =1.174 and 0.854 A. 416 and 355 reflections wereare presented in Fig. 3. They correspond to measurements
measured respectively, corresponding to 154 and 136 indeealized along the* axis.
pendent reflections. Experimental data have been corrected Thus, our measurements confirmed neither the nesting at
for absorption (linear absorption coefficient, u around Q~(0.45<2m/a,0,0) indicated by LDA-U
=0.0048 mm1). A \/2 correction has also been applied to approach’, nor the nesting instability predicted along the

Il. NUCLEAR STRUCTURE REFINEMENT
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TABLE |. Atomic positions and thermal anisotropic factorg th UGe, (space grouglCmmn). The
Debye-Waller factor is defined as dxm@7?(ha?)U;+ (k¥/b?) Uyt (12/c?)Uss]} and Beg,= (872
3)(U;1+ Uyt Uszq). These values are deduced from the neutron scattering measurements realized at 60 K.

Atoms Site Positions U (A? Bequi (A%
U 4] Oyu. by Uy,=0.00101(23) B,=0.12(3)
yu=0.14094(3) ,=0.00116(23)
Uss=0.00244(24)
Ge 4i (0yea,0) Uy, =0.00095(25) Boe,=0.22(3)
Yea=0.30779(4) J,=0.00483(26)

Uss=0.00240(27)

Ge, 2a (0,0,0 U,,=0.00185(33) Boe,=0.15(4)
Uss=0.00241(33)

Ges 2c (.0d) Uy;=0.00029(34) Boe,=0.22(4)
U,,=0.00290(33)
Uss=0.00518(36)

c-axis direction by another relativistic augmented plane wave * andl ~ of a Bragg reflection, for an incident polarization
calculation? of the neutron beam respectively parallel and antiparal-

All these features confirm the ferromagnetic order injel (—) to the applied field direction. This technique takes
UGe;,. Nevertheless, taking into account both the backgroungdvantage of an interference term in the cross sections be-
amplitude and the magnetic contribution to tBeD 1) reflec-  tween the magnetic and nuclear sign@isovided that they
tion, one can reasonably estimate that if an antiferromagnetigccyr at the same point of the reciprocal spadeis well
cont_ributipn opcurs.atapropagation vector situated along thﬁdapted to the study of ferromagnetic, ferrimagnetic and
studied directions, it would be less than Q6 paramagnetic systems and its sensitivity to small magnetic
contributions is much larger than the conventional unpolar-
ized beam method. Details of this technique can be found in
Ref. 25.

The flipping ratio measurements have been carried out on

The classical polarized beam method consists in measuthe D23-CEA-CRG diffractometer of the ILL with a wave-
ing the ratio, called the flipping ratio, between the intensitiedengthx =1.285 A provided by an Heusler alloy monochro-

mator [polarization rate of the incident beanp
2062 =—0.956@5); flipping efficiencye=0.981(4). Two series
‘ of measurements at respectively 6(krromagnetic phage

IV. DETERMINATION OF THE MAGNETIZATION
DISTRIBUTION BY POLARIZED NEUTRON
DIFFRACTION
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FIG. 2. Temperature dependence of the normalized integrated
intensity of the magnetic reflectidi® 0 1). Experimental points are
drawn as full black circles. Refinement using a{T/T¢)%? law

FIG. 1. View of the UGe structure with thermal ellipsoids at 60 between 0.98 T and T, with 8=0.36(1) andT-=53 K, is
K. presented in solid gray line.
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FIG. 4. Projections of the magnetization distribution and of the
unit cell of UGe along the crystallographic axis a, andb. Posi-
tive contour lines, drawn as full lines, correspond to values from
0.05 to 0.3%g A2 with a step of 0.1 A2 and from 0.35 to
1.85ug A2 with a step of 0.205 A 2. The negative contour
line (dashed lingcorresponds to-0.05ug A 2.
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hypothesi&’ and taking into account the magnetization value
that corresponds t&,,(0 0 0)=4X u5*=6.00(8)ug (since

FIG. 3. Upper panel: (0 0 Q scans realized at 5 and 60 K. we have four formula units in the crystallographic ﬁ:elli .
Lower panel: Difference of the associat®dscans realized at 5 and . we can conclude from these maps that 'the magngtlzatlon
60 K. The peaks af0 0 1) and (0 0 2 are due to the known IS esse_ntlally I_oca!lze(_d on the uranium sites. l\_lo 5|z_eable
magnetic contribution is detected on the germanium sites. A
small negative contour line is present on these maps. It could
be ascribed to spurious oscillations of the magnetization dis-
tribution due to the finite number of reflections used for the
reconstruction. Similarly, the first positive contour line can
be also ascribed to these truncation effects and gives a quan-
fitative idea of the uncertainties in the reconstructions.

ferromagnetic structure. No additional peaks are seen.

and 60 K(paramagnetic phasbave been performed under a
magnetic fieldB.=4.6 T applied along the easy magneti-
zation axisa. 116 and 120 flipping ratios have been collected
at 6 and 60 K, leading to 38 and 40 independent magneti
structure factors f(h k I) up to singA=0.5 A1,

The Ry (h k1) are the Fourier components of the magne-
tization distribution. To recover this distribution, one has to

solve the inverse Fourier problem for which several methods In order to quantify the magnetic contributions observed
can be used: with the MaxEnt technique, we have realized a least-squares

refinement of the magnetic structure factors, using the Cam-
bridge Crystallography Subroutine Librai.
A. Fourier analysis using the three-dimensional maximum This refinement was done within the dipolar
entropy (MaxEnt) technique approximatiort® In this approximation, the uranium form
. . . . . . H U — /i \U i \U H
This technique gives the most probable magnetization disfactor can be written as=(h k1)=(jo)"+C; (j2)~ with
tribution map compatible with the measured structure factoréjo)"” and(j,)" the radial integrals, for a uranium ion with
and their experimental uncertaintiés?® It is much more either the configuration 8 or 4+, tabulated in Ref. 32.
powerful than the classical Fourier synthesis since it does ndt,= u/u" is the ratio between the orbital and total ura-
make any assumption concerning the unmeasured Fouri@um magnetic moments. We have also tried to refine a con-
components and it takes into account the experimental urtfibution on the germanium sites assumingdifdrm factor
certainties. (jo)®® (Ref. 33. The choice of a Ge-® form factor instead
The magnetization distributions deduced from data setsf a Ge-4 one is justified by the sharp decrease as a func-
measured in the paramagnetic and ferromagnetic phasdésn of siné/\ of the 4p electron form factofFig. 5). Indeed,
were found to be equivalerivith a different overall ampli- the Ge-4 form factor is very localized in reciprocal space
tude. Figure 4 shows the projections of this magnetizationimplying a diffuse 4 magnetic contribution in direct space.
distribution @ 6 K along the three crystallographic axa, At 6 and 60 K, no sizeable magnetic contributions on the
andc. These maps have been obtained using a flat startingermanium sites have been found. At 6 Ky®2

B. Model refinement
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FIG. 5. Radial integralgj,) of the electronic shellsgand 3 0.2
of the germanium atonfconfiguration:[Ar] 3d'° 4s? 4p?) (Ref.
pob— 1.
33. 00 02 04 06

=—0.004(10ug/Ge, w®2=0.018(13ug/Ge,, uC% sin B/ (A7)

= —0.009(15ug/Ge;, in agreement with the result obtained  FIG. 6. Uranium form factor multiplied by.Y, as a function of
with the MaxEnt technique. We have therefore fixed the Gesing/\. Measurements have been performed on U&te6 K and
contributions to zero and the final refinements are presente4lé T. Points correspond to experimental data. The fit, assuming a
in Table II. In this table, the total magnetizatiop§" at 6  U3* configuration, is drawn with a full line. The magnetic moment
and 60 K are indicated. These values have been determingd“ which reaches its saturation valuesg) is also indicated.

by magnetization measurements with a SQUID magnetome-

ter. We point out that at 6 Ky reaches the magnetization  Figures 6 and 7 present the uranium form factonsilti-
value at saturation:**=1.50(2)ug/f.u. Polarized neutron plied by the U magnetic moment valyesbserved at 6 and
scattering results are also indicated: for both temperaturego K, respectively, together with the associated calculated
and U Configurations, the refined values of the uranium Magdones assuming ald configuration. Due to the minor differ-
netic momentu" and of the orbital uranium momept;’ are  ences between the form factors of Uand U'*, the refine-
given. From these results, we can deduce the valugs,of ments performed for these two states are completely equiva-
=uluY and R=C,/(C,—1)=— u/ud together with the  lent and do not allow a determination of the uranium
diffuse magnetic contributiop.®"%= 4~ Y C, and R valency.

experimental values should be compared to the free-ion val- The U-5f orbital to spin moments ratios for both+3and

ues C;C and F{C calculated within the intermediate coupling 4+ configurations are systematically reduced compared to
(IC) schemée the free-ion valuegRef. 34. It has been shown in previous

TABLE Il. Summary of the different results obtained from magnetization and polarized neutron scattering
measurements in UGat 6 and 60 K with an applied magnetic field of 4.6 T aleand he magnetic moment
values are expressed jpg /f.u. Theoretical free-ion values calculated in the intermediate coupling scheme
are taken from Ref. 34.

T=6 K T=60 K
UGe, Ut ust U4+ s+
Magnetization measurements
Utk 1.502) 0.792)
Neutron experiments
Y 1.462) 1.452) 0.794) 0.794)
wp 2.374) 2.624) 1.227) 1.357)
Deduced values
C, 1.623) 1.81(4) 1.5412) 1.71(12)
R =—ulud 2.60(15) 2.2410) 2.84(55) 2.41(37)
puoond=  butk_ U 0.043) 0.053) 0.005) 0.005)
Free-ion values o (5f2) Ut (5£9)
Cy 1.42 1.63
RC 3.36 2.60
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1.0 netic signal. No changes in the nature of thé @ave func-
UGe, tions are thus detected between the ferromagnetic and
T=60K B, =46T paramagnetic states.
0.8 ? ik The difference between the uranium magnetic contribu-
A tion deduced from these measurements and the total magne-
tization is very weak whatever the temperature and the U
configuration[ ~0.05(3)ug at 6 K and~0.01(5)ug at 60

0.6}
K]. No sizeable diffuse contributionu(®"% is thus observed.

04l V. CONCLUSIONS

We have presented unpolarized and polarized neutron
scattering measurements performed on a single crystal of
UGs, in both the paramagnetic and ferromagnetic states. The
unpolarized neutron scattering study has confirmed the
nuclear and magnetic structures already determined on pow-

A T der. The different scans we have performed in the reciprocal
06 02 04 06 space do not indicate the presence of any additional peaks
sin@/4 (A that could be a signature of a modulated phase. If such a
modulation exists, its amplitude is less than u@éf.u. The
polarized neutron scattering measurements allowed the deter-
ination of the 5 electron orbital and spin contributions in
e paramagnetic and ferromagnetic phases. Thevave
function nature does not seem to change between the phases.

polarized neutron scattering studies, that the delocalizationN€ ratios i between orbital and ,Spig moment values, are
of 5f electrons induces a drop of the Ratio compared to Sytematically lower than the free-ion°U or U™ values,
the free-ion value¢Ref. 35. Our result is thus in agreement Whatever the phase. This feature is the signature of the hy-

with the itinerant ferromagnetism behavior concluded eithePridization of 5 electrons, despite the fact that neither a
from band structure calculations or from previous experi-magnet'c contribution localized on the Ge sites, nor a diffuse

ments. magnetic contribution have been detected. We point out that
Moreover, we notice a rather good agreement between odfiS Situation differs from the one encountered in the weak
experimental U-5 orbital to spin moments ratio of 2.guy) ~ Paramagnet UGein which a positive induced magnetization
assuming a & configuration and the one of 1.96 calculated distribution at the Ge site has been foufid.
by Shick et al® with a U-5f state occupation number of
2.81, i.e., close to a8 valence state.
Between 6 and 60 K, Rvalues remain unchanged within ~ We would like to warmly thank R. Ballou, J."Paut, G.
the error bargthe measurements carried out in the paramagVenturini, and C. Wilkinson for fruitful discussions, and for
netic phase has a larger uncertainty due to the smaller maghe kind help they provided us.

uU * U form factor (ug)

021

FIG. 7. Uranium form factor multiplied by.V, as a function of
sin 8/\. Measurements have been performed on J&e50 K and
4.6 T. Points correspond to experimental data. The fit, assuming %:
ust configuration, is drawn with a full line. t
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