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Fermi surface of UGe2 in the paramagnetic phase
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We measured the two-dimensional angular correlation of the positron annihilation radiation on a single
crystal of UGe2 in the paramagnetic phase. The results of the Lock-Crisp-West transformation, yielding a
projection of the electron-positronk density, are compared to band-structure calculations in local-density
approximation treating the U 5f electrons asitinerant, fully localizedor according to the assumption thattwo
of the three 5f electrons are localized. The fully localizedmodel shows the best agreement with the experi-
ments.
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I. INTRODUCTION

The recently observed coexistence of magnetic order
superconductivity, and heavy fermion behavior in some ra
earth and actinide intermetallic compounds has emerged
central topic of solid-state physics.1,2 In the past, these thre
phenomena were always considered antagonist. For exam
it was assumed that in a heavy fermion the Kondo eff
would lead to the vanishing of the magnetic moment as
result of the fluctuations~spin flips! caused by the interac
tions between thef-like electron localized at the rare ear
site and the conduction electrons.1 Concerning magnetism
and superconductivity, the effect of applying a magnetic fi
to a standard Bardeen-Cooper-Schrieffer~BCS! supercon-
ductor, with destruction of superconductivity, is a we
known result. Surprisingly, one can find a large class
heavy ~or moderately heavy! fermions where the strongly
correlated state coexists with the magnetic ordering. A
table example is the archetype dense Kondo lattice sys
CeB6; other compounds are CeAl3 , CePd2Si2 , CeRh2Si2 ,
UGe2, URhGe, U(Ni,Pd)2Al3 , ZrZn2, and CeIn3.3 Of these
systems, several have also displayed the fascinating inte
tion between superconductivity and~anti!ferromagnetism.
Indeed, the fact that superconductivity is observed in a n
row interval of pressure, just about the point of disappe
ance of magnetic order, and not at higher pressures, sug
that these two phenomena are intimately related.2 Among the
compounds mentioned above, UGe2, URhGe, and ZrZn2 are
probably the most interesting, owing to their ferromagne
order which may sound more antinomic to standard B
superconductivity. In these systems, the superconduc
phase is found within the ferromagnetic phase and dis
pears in the paramagnetic region. In light of these finding
has been argued that a spin triplet magnetically media
interaction should cause superconductivity.2 A natural conse-
quence of this conjecture is that the electrons carrying
magnetic moments should be itinerant at the onset of su
conductivity. This paper aims at clarifying this issue in t
archetype ferromagnetic superconductor UGe2. Its Sommer-
feld coefficientg and Curie temperatureTC ~at atmospheric
pressure! are 30 mJ/(K2 mol) and 52 K, respectively. By
0163-1829/2003/68~24!/245118~6!/$20.00 68 2451
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raising pressure,g increases steeply near 11kbar, to rea
.110 mJ/(K2 mol). The Fermi surface~FS! has been stud-
ied extensively in the ferromagnetic phase and under ap
cation of pressure via the de Haas–van Alphen~dHvA!
technique.4–6 In agreement with magnetization, resistivit
and magnetoresistance measurements at ambient and
pressure,7,8 the dHvA experiments separate two magnetica
ordered phases in the temperature-pressure diagram, de
by the authors of Ref. 5 as strongly polarized phase~SPP!,
for p,pc* (T), and weakly polarized phase~WPP!, for
pc* (T),p,pc(T).5 The dHvA measurements in the SP
were interpreted according to band-structure calculati
which treat the 5f electrons as itinerant.4 Indeed, it was sug-
gested that the distinct decrease in the value of the mom
between the paramagnetic state (me f f.2.7mB) and the fer-
romagnetic state (ms.1.4mB) is consistent with band
magnetism.6 However, it is worth recalling that~i! the low
ratio me f f /ms in UGe2 is typical in uranium compounds,9,10

regardless of the itinerancy or localization of the 5f elec-
trons;~ii ! to our knowledge, crystal-field effects, which us
ally decrease the value of the saturation moment have
been taken into account, as yet.

Furthermore, in the WPP and paramagnetic phase@i.e., for
p.pc* (T)] the agreement betweenf-band calculation and
dHvA experiment is lost.4 In this regard, it is worth mention-
ing the LDA1U band-structure calculation of Shick an
Pickett11 where U is varied empirically until an agreeme
between total magnetic moment~orbital plus spin! and ex-
perimental one is found. The calculated FS~in the ferromag-
netic phase! shows a nesting feature, i.e., a quasi-two-
dimensional shape along planes perpendicular to the e
axis of the magnetization„spanning vector Q'(0.45
32p/a,0,0), wherea is the lattice constant along the@1,0,0#
direction…. Shick and Pickett11 and other authors2,12 suggest
that the nesting should promote strong magnetic interact
between carriers with parallel spin located periodically
space at distanceL52p/uQu, in support of a magnetically
mediatedp-wave triplet pairing. This hypothesis is consiste
with magnetoresistance experiments which suggest the e
tence of open orbits perpendicular to theb axis.13
©2003 The American Physical Society18-1
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The purpose to investigate the FS of UGe2 via the two-
dimensional angular correlation of the positron annihilat
radiation~2D-ACAR! experiment in the paramagnetic pha
~at ambient pressure! is twofold: ~i! since the measuremen
are performed with a weak magnetic field (B,2 T) we can
avoid the perturbation due to the strongB fields applied in
the dHvA experiments, which may hinder the detection
the unperturbed FS owing to Zeeman effect and poss
magnetic breakdown;~ii ! as it will be shown, an essentia
difference in one cylindrical FS manifold, calculated via t
standard local-density approximation~LDA ! method or other
models, concerns the electronlike or holelike character
this FS sheet. Whereas dHvA is unable to detect these
ferences, a 2D-ACAR experiment, by probing all the ele
tronic states, can provide a clear cut evidence in favor of
or another model.

In detail, by measuring the distributionN(ux ,uy) of the
deviation angles from anticollinearity of the annihilationg
rays, the experiment determines a two-dimensional~2D! pro-
jection @r2D

ep (px ,py)# of the 3D electron-positron~ep! mo-
mentum density,rep(p).14 The contribution torep(p) from
the conduction bandsl is discontinuous at pointspFl

5(kFl

1G), whereG is a reciprocal-lattice vector andkFl
are the

reduced Fermi wave vectors in the first Brillouin zone~BZ!.
The standard Lock-Crisp-West~LCW! transformation,15 ex-
tensively used in the data analysis of the 2D ACAR spec
reinforces these discontinuities by folding the moment
distributionrep(p) back onto the first BZ by translation ove
the appropriate vectorsG. If the summation is performed
over a sufficient portion of momentum space the result is16

rLCW
ep ~k!5(

n
u~EF2ek,n!E uck

n~r!u2uf~r!u2gk
n~r!dr.

~1!

Heref denotes the positron wave function,ek,n is the energy
eigenvalue of the electron from bandn with Bloch wave
vector k and wave functionck

n . The factorgk
n(r) accounts

for the ep correlations.17 In general, although the mapping o
the FS is facilitated when the overlap integral in Eq.~1! is a
weakly varying function ofk, the FS discontinuities@marked
by the step function of Eq.~1!# are not shifted by thisk
dependence. If, as in the present case, the LCW transfo
tion is applied to a projection ofrep(p), the result of Eq.~1!
yields a projection of the electron-positronk-space density in
the BZ and, consequently, information on the Fermi volum
In this work, we present the results of 2D-ACAR measu
ments over few single crystals of UGe2 for various crystal-
lographic orientations. The measurements are compleme
by ab initio band-structure calculations obtained via the f
potential linearized augmented plane-wave~FLAPW!
method18 within the LDA. The calculations treat the 5f elec-
trons with different starting assumptions. We discuss our
sults in the light of previous dHvA experiments and calcu
tions.
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II. EXPERIMENTAL PROCEDURES AND DETAILS OF
THE CALCULATIONS

The crystal structure of UGe2 is orthorhombic ~space
group Cmmm), with lattice constant a54.018 Å, b
515.083 Å,c54.098 Å.8 The 2D-ACAR experiments were
performed on single crystals grown according to the pro
dure described in Ref. 8. Three single crystals~s1, s2, s3!
were utilized for the measurements. Crystals s1 and s2 w
~001! plates,~of sizes 53530.5 mm3 for the @100#, @010#,
and @001# directions, respectively! whereas s3 was a~100!
plate~of sizes 0.53535 mm3). Due to the geometry of ou
spectrometer, in the latter case the easy axis of the mag
zation (a5@100#) was parallel to the direction of the 1.8
focusing magnetic field. The sizes of the crystals were lar
than the image of the22Na positron source onto the samp
(.4 mm2). Moreover, a 12-cm-thick tungsten collimato
shielded the detectors from any radiation not emitted dire
from the samples.

The measurements were carried out with a setup base
a pair of Anger cameras, described in detail in Ref. 19. T
very long b axis ~with the consequent reduction of the B
along @010#! suggested to acquire the angular correlat
spectra with integration direction parallel to@010#. The spec-
tra were acquired at the temperature of 60 K in a vacuum
131026 torr. Moreover, the sample s2 was measured als
room temperature, to investigate any instability due to
vicinity of the low-temperature acquisition to the Curie tem
perature (TC552 K). Each spectrum accumulated'3
3108 raw coincidence counts in a (2923292) matrix with a
bin size of (0.0230.02) a.u.2. The estimated overall experi
mental resolution, obtained by combining the intrinsic ang
lar resolution with the intrinsic sizes of the positron-sour
spot at the sample and the thermal motion of the posit
(;0.03 a.u., at 60 K!, was (0.08,0.13) a.u. at 60 K for thepz
and py directions, equivalent to 10% and 17% of the pr
jected BZ, respectively. The spectra were subjected to
usual correction procedures and deconvoluted accordin
the Van Citter–Gerhardt algorithm.20 In the 2D-ACAR stud-
ies it is common practice to perform a preliminary analy
of the anisotropyA(px ,py) of the angular correlation spec
tra. This is defined as

A~px ,py!5r2D
ep ~px ,py!2r2D

ep ~Apx
21py

2!, ~2!

where r2D
ep (px ,py) is the experimental spectrum an

r2D
ep (Apx

21py
2) represents its angular average.21 Beyond

checking the integrity and proper symmetry of the da
A(px ,py) gives information on the FS topology whenev
the anisotropy of the projected electron-positron moment
density,r2D

ep (px ,py), is mostly caused by the discontinuitie
of the electron momentum density of the conduction band
the kF1G points. These discontinuities occur along dire
tions which have the BZ, rather than the radial symmetry

Figure 1 shows the anisotropy part of the~010! projection
of UGe2. The amplitude variation corresponds to.7% of
the maximum, equivalent to;18 times the statistical uncer
tainty of the maximum. It is worth noticing the almost fou
fold symmetry, due to the similarity of the lattice constantsa
8-2
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FERMI SURFACE OF UGe2 IN THE PARAMAGNETIC PHASE PHYSICAL REVIEW B68, 245118 ~2003!
andc. Nevertheless, at higher momenta the departure fro
C4v symmetry appears quite clearly@see, for example, the
conjugate pairs~1.2, 0.4! a.u. and~0.4, 1.2! a.u.#.

The reproducibility of the results was tested by compar
the spectra obtained from the aforementioned three si
crystals, s1, s2, s3, having plate axes parallel to@001# ~s1,s2!
and@100# ~s3!, respectively. Since in all cases the integrati
direction wasb5@010# the anisotropies of s1 and s2 we
identical, and rotated 90° with respect to the anisotropy
s3, according to the expectations.

Since the temperature of our measurements (T;60 K)
was rather close toTC (TC552 K), the two 2D-LCW spec-
tra of sample s2, collected at room temperature and at 6
were inspected for possible differences. The analysis sho
that, apart from the modest degradation in the experime
resolution due to the positron motion (;20%), no tempera-
ture effect attributable to low-temperature magnetic fluct
tions was observed.

After the analysis in momentum space, the LC
transformation15 was applied. For the s2 sample, the to
amplitude variation of the unsymmetrized experimen
LCW density was 5.4%, equivalent to;26 times the statis-
tical error of the maximum. The results from samples s1 a
s3, fully compatible with what established for s2, are n
shown. Further details of the data analysis can be foun
Ref. 20.

The band-structure calculation18 adopted three ways to
treat the 5f electrons of uranium.

~1! The 5f electrons were considered as ordinary ba
electrons (f band!.

~2! The 5f electrons were regarded as core states (f core!.
Whereas thef band method complied fully with the recipe o
the LDA, thef core calculation was accomplished by forcin
a U 5f 3 core configuration. The energy parameter for t
LAPW linearization of the 5f orbitals was set at very high

FIG. 1. Anisotropy of the measured electron-positron mom
tum distributionrep(p) of UGe2 for integration along the@010#
direction. The spectrum was smoothed with an equally weigh
smoothing array of (0.130.1)a.u.2 The borders of the projected firs
BZ in a repeated zone scheme are shown. In this and all follow
grey scale figures white corresponds to high intensity and blac
low intensity. 1 momentum a.u.57.331023m0c, wherem0 is the
electron rest mass andc is the speed of light.
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value (;2 Ry) thus excluding the Uf component from the
valence states.

~3! We treated only two 5f electrons as core electron
~dual 5f ), allowing band 5f states to be occupied, i.e., re
leasing the constraint of the energy parameter for thef
orbital adopted in the openf core treatment. By allowing a
dual behavior of the 5f electrons it was possible to interpre
successfully the dHvA experiments in UPt3 ~Ref. 22! and to
describe the 2D-ACAR results in UGa3.23 The coexistence
between itinerant and localized 5f states in UGe2 was pro-
posed by Yaouancet al. who measured the relaxation of th
positive muon spin acrossTC .24 A similar conclusion has
been drawn from magnetoresistance results, which reve
strong magnetic fluctuations atT* 5TC/2 K.8 This instabil-
ity suggested the onset of magnetic states of itinerant c
acter, coexisting with the 5f localized states.

For each calculation, the plane-wave expansion in the
terstitial region was truncated at the maximum wave vec
Kmax53 a.u. Inside the muffin-tin~MT! spheres~having MT
radii R52.6 a.u. andR52.5 a.u. for U and Ge, respectively!
we used spherical harmonics with angular momenta up
l max510 for the potential, the charge density, and the wa
functions. The irreducible part of the BZ was sampled us
150 special k points according to the linear tetrahed
method. The self-consistent calculation was performed
cluding spin-orbit coupling at each variational step. Havi
obtained the band structure and the Fermi level (EF), we
calculated the so-called electronic occupancy which cons
of the number of occupied bands in a rectangular mesh of
BZ ~an equivalent of 5800 mesh points for the nonprimiti
prism of sizes@0:2p/a#3@0:2p/b#3@0:2p/c# were uti-
lized!. This quantity was integrated along the projection
rection and compared torLCW

ep (k) defined in Eq.~1!, within
the approximation of ak-independent overlap integral.

Since the lattice structure of UGe2 contains two formula
units, the calculation yields compensated metals for eit
the f-band orf-core models. In both cases three bands cr
the Fermi level. As shown in Table I, the Fermi volum
fulfill the compensation requirements.

III. RESULTS AND DISCUSSION

The itinerancy or localization of thef electrons in heavy
fermion systems has intensively been investigated for alm

-

d

g
to

TABLE I. Fermi volumes expressed in percent of the BZ@FV
~BZ %!# of the three conduction bands obtained from thef-core and
f-band calculation. The increasing number of the bands refers to
increasing energy of the eigenstates.

Model Band no. Electron/hole FV~BZ %!

f band 43 Electron 30.0
f band 42 Hole 28.5
f band 41 Hole 1.5
f core 40 Electron 33.0
f core 39 Hole 33.0
f core 38 Hole 0.4
8-3
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two decades.3,25As mentioned above, there are many exce
tions to the so-called ‘‘standard heavy fermion behavio
which, in a nutshell, claims localization of thef electrons at
high temperature and hybridization withs,p,d states below
some characteristic temperature26 to account for the high val-
ues of theg coefficients and the vanishing of the magne
moment. Concerning UGe2, on the one hand, susceptibilit
measurements aboveTC yield an effective paramagnetic mo
mentme f f'2.7mB /U, which is lower than the free ion valu
of 3.6mB for the f 3 configuration, suggesting hybridizatio
of 5f electrons with conduction states~in the paramagnetic
phase!.2 On the other hand, the straight-line shape of
inverse susceptibility vsT curve~Curie-Weiss-like! is typical
of local unhybridized moments.2 As discussed above, the re
duction of the moment is not necessarily linked only to h
bridization phenomena.

With this caveat, we compare the electronic occupanc
of the f-core and thef-band models to the experimental r
sults. To this end, Fig. 2 shows two-dimensional line in
grals along the@010# direction of thef-core andf-band occu-
pancies@quarters 2~b! and 2~d!, respectively# compared to
the 2D-LCW folded data of the 2D-ACAR measurement
the same projection direction@quarter 2~a!#. The theoretical
results of Fig. 2 were convoluted with an experimental re
lution @~0.1,0.1! a.u.# since no deconvolution procedure a
plied to the experimental data can restore perfectly
‘‘true’’ data. The f-core model shows a fairly good agreme
with the experiment in the shape of the highs centered at
corners of the BZ and~to a lesser extent! in the central part
of the projected BZ. It is worth noticing that the forme
structure appears also in the anisotropy of the experime
r2D

ep (p) ~Fig. 1! at the corners of the first projected BZ. Co
versely, the main features of thef-band calculation are prac
tically opposite to the experimental ones. These features

FIG. 2. Quadrant~a! 2D rLCW
ep (kx ,ky) density of UGe2 obtained

from LCW folding the 2D experimental projectionrep(px ,py),
with pz along the@010# axis!. The contour level spacing corre
sponds to 0.4% of the maximum. Quadrants~b!, ~c!, and ~d!: pro-
jected FLAPW theoretical occupancies~see text!: ~b! f-core model,
~c! dual model~two 5f electrons in core!, ~d! f-band model. The
matrix sizes are equivalent to 2p/a32p/c. 1 Bloch wave vector
a.u.5 1 momentum a.u./\51/a051.89 Å21, wherea0 is the Bohr
radius.
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independent of small shifts ofEF ~5 mR! upward or down-
ward. Indeed, since in anf-band calculation the conductio
bands, having often highf-electron character, are usual
quite flat, small changes inEF could yield dramatic change
in the Fermi surface. However, in this case, the discrepa
with the experiment is not lifted by these moderate sh
~which, inevitably, lead to an incorrect Fermi volume!. We
also note that, whereas the discrepancy betweenf-band
model and experiment is too large to be caused simply by
electron-positronk-dependent overlap integral@as described
by Eq. ~1!# one cannot attribute the discrepancy betwe
f-core model and experiment either to a positron effect o
the consequence of an oversimplified band-structure calc
tion.

To investigate the latter possibility, we compared the e
periment to the dual-5f calculation, described above an
shown in quarter 2~c!. The dual-5f occupancy differs drasti-
cally from that of thef-band model but disagrees with th
experiment more than thef-core calculation. We have tenta
tively tried to reduce further the hybridization of the valen
states with the 5f orbitals by increasing the occupancy of th
5 f core state to the noninteger number of 2.5 electrons/U27

However, although the partialf charge of the valence state
in the U spheres decreased noticeably~from 0.78 to 0.48
electrons! there was no improvement in the comparison w
the experiment. Altering slightly the position ofEF did not
lead to clear improvement in the comparison with the exp
ment.

It is worth pointing out that the highs~lows! at the corners
of the projected BZ produced by thef-core (f -band! model
are mostly caused by the electronlike columnar structu
from band 40~holelike columnar structures from band 42!.
Figure 3 shows the calculated cylindrical FS’s at issue.

Although thef-band columns@see Fig. 3b!# are somewhat
more irregular, the extremal cross-sectional areas lead
dHvA frequencies (ydHvA) which do not differ substantially
from those yielded by thef-core model. We get~for B paral-
lel to @010#! ydHvA'83107 G within 10% for both models.
Therefore, we claim that in this system the dHvA experime
is not appropriate to address the question over localizatio
itinerancy of the 5f electrons, which is revealed mostly b
the electronlike or holelike characters of the FS’s shown
Fig. 3. Indeed, the general features of the electronlikef-core
occupancy are reflected clearly in the 2D-ACAR data. W
also note that the columnar structures of thef-core model
show much more distinct nesting features than thef-band
ones. However, unlike Shick and Pickett who propose~in the
ferromagnetic phase! nesting along the easy axis of the ma
netization (a5@100#),11 the spanning vectorQ detected here
is parallel to @001# „Q5@0,0,0.55(2p/c)#…. Figure 4~a!
shows in greater detail the nesting feature discussed.
structure persists for over.50% of 2p/b. Figure 4~b!
shows a corresponding slice of the holelike FS from band
which turns out to be in good agreement with Fig. 7 of R
4, captionband 20-hole. As discussed above, since the u
occupied states lie inside the dHvA orbits~dark region!, this
FS sheet is inconsistent with the 2D-ACAR experiment. A
though our results were obtained in the paramagnetic ph
8-4



-
i
-

ile
a
ri
i n
tra
a
o
ity
oo
ro

he
is
n
o

c
il

-
tial
-

g
t in
in
r of

ac-

2
his
J.
tal
J.

us-

e
i

he l

d
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this evidence may hint that thef electrons should not con
tribute directly to superconductivity. Indeed, some prelim
nary experiments belowTC indicate that the momentum den
sity is unaffected by the ferromagnetic transition. Wh
these results are waiting for further confirmation, we rec
that they are consistent with previous 2D-ACAR expe
ments on transition metals. For example, in the case of N
noticeable changes in the FS across the ferromagnetic
sition and in the span of several hundred kelnin w
reported.28 If the carriers of the magnetic moment were n
involved directly in the pairing causing superconductiv
one should wonder which electrons are left to form the C
per pairs in this class of materials. Recently, we have p
posed for the antiferromagnetic superconductor29 CeIn3 that
the indirect exchange interaction between thelocalized f
electrons, which is transmitted via the polarization of t
conduction electrons, could provide the pairing mechan
in an analogous manner to that provided by the phono
conduction-electron interaction in standard BCS superc
ductors. The nesting feature shown in Fig. 4~a!, which does
not involve f electrons, supports a similar mechanism.20 We
recall that in UGe2 the nearest U atoms are at a distan
greater than 3.9 Å, which is significantly larger than the H

FIG. 3. ~Color online! ~a! The electronlike cylindrical FS of
UGe2 from band 40 produced by thef-core model, discussed in th
text. To facilitate its visualization, the FS is shown in the nonprim
tive prism of sizes@0:2p/a#3@0:2p/b#3@0:2p/c#. ~b! Same as
~a! for the holelike cylindrical FS from band 42 produced by t
f-band model.
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limit 30 beyond which the directf -f overlap ceases. There
fore, it is conceivable that, in the absence of substan
hybridization of the 5f orbitals withs,p,d states, the above
mentioned mechanism takes place~in this case with a posi-
tive exchange integral, to account for ferromagnetic pairin!.

In conclusion, we have shown clear cut evidence tha
UGe2 the 5f electron itinerant description does not apply
the paramagnetic phase. The possibility that the characte
the 5f electrons does not change acrossTC should require
alternative explanations of the effect of the magnetic inter
tion on the onset of superconductivity.
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FIG. 4. ~Color online! ~a! Section of the electronlike cylindrica
FS of UGe2 from band 40 produced by thef-core model, discussed
in the text. The arrow connects the parallel profiles of the FS.~b!
Same as~a! for the holelike cylindrical FS from band 42 produce
by the f-band model.
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