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Fermi-surface topology of the heavy-fermion antiferromagnetic superconductor Celg
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A three-dimensional mapping of the Fermi surfad&S) of the heavy-fermion antiferromagnetic system
Celr in the paramagnetic phase was determined via measurements of the angular correlation of the electron-
positron annihilation radiation for five crystal orientations. The two equivolume FS sheets observed agree with
the predictions of our band-structure calculations regarding thef@dettrons as fully localized. Moreover, a
comparison of our results with the de Haas—van Alphen signals observed in the antiferromagnetic phase
suggests that thkeelectrons retain the local atomic character in the magnetically ordered phase.
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[. INTRODUCTION pound Lalry. However, since the results were not compared
to a band-structure calculation, it was not established
The interplay of heavy fermion behavior, magnetic order-whether these differences were due to itinerancy of fthe
ing, and superconductivitys.c) under application of pres- electrons or to the influence of the magnetic Brillouin zone
sure, which was observed recently in some rare-earth-baséBZ) boundaries of Celg More recently, the electronic
compounds, has arisen increased and widespread intdtest. structure of AF Celg was studied theoreticalfyThe calcu-
is well known that, since several heavy-fermion systems aréation, including thef electrons in the valence bands, yielded
located on the brink between a paramagnetic, Kondo-likea magnetic hyperfine field at the Ce site in reasonable agree-
and a magnetically ordered, Ruderman-Kittel-Kasuya-Yosidanent with the experimental valfeHowever, the resulting
(RKKY )-like, ground state, one can in many cases switctotal (spin plus orbital magnetic moment (0.17/4g) was
from one to another behavior by tuning the lattice constanmuch smaller than the experimental value of 065."
under alloying [see, for example, the system Moreover, the band structure of paramagnetic GeWth the
Ce(CyAu;_,)g, Ref. 2 or (conversely under application Ce 4f electrons regarded as corelike states was calculated by
of pressuré.On the other hand, one can find a large class oKioussiset al® However, up to now, no experimental or the-
heavy fermions (CeBbeing the archetype examplehere  oretical determination of the Fermi surfa@eS) in the para-
the magnetically ordered ground state coexists with themagnetic phase has been attempted. The two-dimensional
heavy-fermion behavior. These are the systems which havangular correlation of the electron-positron annihilation ra-
displayed the fascinating interaction between the often condiation (2D-ACAR) experiment, which can be performed
sidered antagonist phenomena of superconductivity(and aboveTy, is suitable to this purpose. Moreover, this tech-
ti)ferromagnetism. Indeed, the fact that superconductivity imique has the ability to sample the BZ of truly three-
CePdSi,, CeRhSi,, UGe,, Celny is observed in a thin dimensional systems in a Cartesian mesh providing unique
shell of pressure, just about the point of disappearance afxperimental images of the FS!
magnetic order, and not at higher pressures, suggests thatIn detail, by measuring the distributidd( 6, ,6,) of the
these two phenomena are intimately relatddowever, the  deviation angles from anticollinearity of the annihilatign
role played by the electrons carrying the magnetic momentgys, the experiment determines a two-dimensi¢28) pro-
to the onset of s.ddirect contribution to the formation of the jection of the 3D electron-positrofep momentum density,
Cooper pairs or othgrhas not been clarified. Whereas the pP(p).1? The contribution top®P(p) from the conduction
majority of these systems have a rather complex structurédyandsl is discontinuous at poinl|3‘,:|=(k,:|+G), whereG is

per primitive cell, Celn, cr)_/stallizing i_n the simple CUbiC. wave vectors in the first BZ. The standard Lock-Crisp-West
AuCuy-type structure, constitutes a unigue case for StUdyInQLCW) transformatiort? extensively used in the data analy-

thesz;: ph_? no(mten?. Its ﬁommerfelducoﬁlc;a;é aeru/izII%Meml— sis of the 2D-ACAR spectra, reinforces these discontinuities
perature Ty {at atmospheric pressyrare mJi™ mo by folding the momentum distributiop®®(p) back onto the

and 10.1 K, respectively. At ambient pressure Gebnders first BZ by translation over the appropriate vect@slf the

Irz itSImrple(l'ityﬁe dl ) nrgf%?ertr']c srt]rut?tulrle |vr\1/ he(jlr'eézgn)cfer_mo— summation is performed over a sufficient portion of momen-
ents are alighed antirerromagnetically in adja € tum space the result’fs

romagnetic planes. The FS of the antiferromagnéfi€)
phase was investigated experimentally via de Haas—van Al-

phen(dHvA) experimentS~ The angular dependence of the  ep K) = O(Ee— f N2 2 9"(r\d
dHVA frequency branches observed in Cgldiffered from pLCW( ) zn: (EBe=ewn) | [T [$0OI gie(ndr.
those observed for the isostructural nibelectron com- (D)
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Here ¢ denotes the positron wave functias,, is the energy (@ X (b) MR
eigenvalue of the electron from bamdwith Bloch wave
vectork and wave functionyy. The factorgy(r) accounts
for theep correlations™ In general, although the mapping of 0.2
the FS is facilitated when the overlap integral in Eb).is a
weakly varying function ok, the FS discontinuitiegmarked
by the step function of Eq(l)] are not shifted by thik
dependence. Actually, prior to applying the 3D LCW trans-
formation it is necessary to reconstruct tomographically the
3D p®P(p) on the base of its 2D projections.

In this work, we provide a topological description of the 0.2
FS sheets of Celn The results are compared &b initio
band-structure calculations produced by the coaen9g7 1
adopting the full potential linearized augmented plane-wave
(FLAPW) method within the local-density approximation -0.2 0.0 0.2
(LDA). Finally, from our estimates of the FS we simulate the (c) k[100] (a.u.) (d)
angular dependence of dHVA frequencies, suggest an inter- -
pretation of the dHVA experiment, and discuss these results FIG: 1. Quadrantsa) and (b): 2D p%, (ks k,) densities of
in relation to the AF-superconductive transition. Celrng obtained from LCW folding the 2D experimental projection
pP(px.Py), with p, along the/001] axis. The contour level spacing
corresponds to 0.8% of the maximum, equivalent to 14 times the
Il. EXPERIMENTAL PROCEDURES AND DETAILS OF statistigal uncertainty of the maximum. Lo(\:llver part: projected theo-

THE CALCULATIONS retical occupancieésee text Quadrantc) f-band model, quadrant

The crystal structure of Celpis the cubicL,, (space (d) f-core model. 1 a.&=1/ag=1.89 A1, wherea, is the Bohr

. . dius. The labeling d ibes th jected BZ high- t
group Pm3m), with lattice constania=4.69 A. The 2D- racius. The fabeling describes the projecte gn-Symmetry

ACAR experiments were performed on single crystals growrPomtS'
according to the procedure described in Ref. 9. The 2D- . .
ACAR experiments were carried out with a setup based on (Iialned we _calculated the so-called glectromc Joccupancy
pair of Anger cameras, described in detail in Ref. 17. TheWhICh consists of the numbe_r of occu.pled bands in a rectan-
five projections collected had integration directidgpsrpen- ggLar mesh_ of t_he BZ. Th'.s _quant|ty was cor_npared to
dicular to thep,=[001] axis) spanning uniformly the angle pL.CW(k) defined in Eq.(ll), within the approximation of a
comprised between tHa00] and the[110] axes. Each spec- k-independent overlap integral.
trum, acquired at the temperature of 60 K in a vacuum of
1x 10 ° torr accumulated=3x 10 raw coincidence counts
in a (288x288 matrix with a bin size of (0.02
X 0.02) a.l?. The estimated overall experimental resolution  The itinerancy or localization of the f4electrons in
was equivalent to=14% of the BZ size. The spectra were heavy-fermion systems is a long debated argument. As al-
subjected to the usual correction procedures and deconveeady mentioned, the calculation of Lalét al.® including
luted according to the Van Citter—Gerhardt algorithihe  the f electrons in the band, could not reproduce the experi-
electron-positron momentum densities were reconstructethental value of magnetic moment. In fact, the observed mo-
via the Cormack® and modified filtered-back-projection ment is rather consistent with the expectation value ofthe
(FBP) (Ref. 19 algorithms. Finally, the 3D-LCWRef. 13  duplet (0.71 ug) which is a possible ground state of the
transformation was applied. Further details of the data analymultiplet (with J=5/2) in a cubic crystal field® Therefore,
sis can be found in Ref. 9. The total amplitude variation ofsince no moment reduction attributable to the Kondo effect is
the resulting 3D-LCW densities provided by both reconstrucshown in Celn, a simple picture where tHedegree of free-
tion methods(Cormack, FBF, showing very similar fea- dom retains a localized, un-hybridized chara¢gerd conse-
tures, was 16%. quently anf-core model might be preferable. With this ca-
The band structure was calculated treating thieefec-  veat, we start our discussion by comparing the electronic
trons either as ordinary band electrorfsbfand or as core occupancies of thEband and thé-core model to the experi-
like states { core. In the interstitial region, the plane waves mental results. To this end, Fig. 1 shows two-dimensional
expansion was truncated at the maximum wave vectoline integrals of thd-band and-core occupancies along the
Kmax=2.7 a.u. Inside the muffin titMT) spheresthaving  [001]direction[Figs. 1c) and(d), respectively compared to
MT radii R=3a.u.) we used spherical harmonics with angu-the 2D-LCW folded data of the 2D-ACAR measurement for
lar momenta up td .= 10 for the potential, the charge the same projection directiaifrig. 1, upper pajt The theo-
density, and the wave functions. The irreducible part of theretical results were convoluted with a reduced experimental
BZ was sampled using 286 speciapoints according to the resolution[(0.06,0.06 a.u] since no deconvolution proce-
linear tetrahedra method. The self-consistent calculation wadure applied to the experimental data can restore perfectly
performed including spin-orbit coupling at each variationalthe “true” data. Thef-core model shows a fairly good agre-
step. After the band structure and the Fermi level was obment with the experiment in the central part of the projected

0.0

k [010] (a.u.)

Ill. RESULTS AND DISCUSSION
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FIG. 3. Angular dependence of the dHVA frequencies pertaining
to the FS sheets observed in this work. Labeling is the same as in
Fig. 23 of Ref. 5.

Since, within thef-core model, Celpn is a compensated
metal, the two FS’s enclose equal volumes. The 3D topology
of the FS deduced from our experiment and predicted by the
theory is shown in Fig. 2. Its upper pdRig. 2(a)] shows(in

half BZ) a 3D view of the isodensity surfaces, identified as
FS’s, selected at the loci of the largest amplitude variations
of pfgw(k). To select the threshold values of the LCW den-

sity we have followed the procedure described in Ref. 9. In
this case two maxima, corresponding to two FS manifolds,
were detected. The related Fermi volumes areq(25% and
(16=3)% of the BZ for theR-centered electronlike Fight
blue) and thel'-centered holelike F$orange, respectively.
These values are in good agreement with those obtained by
BZ. Orange: holelike FS. The unoccupied region lies between théhe f-core calculatiorfshown in F!g. )], yleldlpg 180{0 of
inner surface(d), centered af’, and the outer surfact). Light '€ BZ volume for the electronlike and holelike FS's. The
blue: R-centered electronlike F@). Letters e, d, a refer also to the ViSual agreement between experiment and theory is striking.
dHVA branches simulated in Fig. @) The two FS sheetorange,  IN particular, note the small necks of the holelike FS along
blue) predicted by thd-core calculation. The white arrows address the [111] direction, indicated by the white arrows, shown in
the necks of the holelike FS in tji¢11] direction described in the both figures. The largest discrepancy between theory and ex-
text. periment consists in the slightly different topology of the
holelike FS(orange nearby theX points. One can further
BZ (local maximum at(0,00 and minima at(0.15,0 a.u. testthese results by simulating the angular dependence of the
type) and in the shape of the highs centered at the MR pointgxtremal cross sectional areas expressed as dHVA frequen-
Conversely, the complex structure of thband calculation cies. The branches a, d, e, h, and j shown in Fig. 3 agree with
in the central part of the BZmaxima at(0.09,0.09 a.u. and those shown in Fig. no. 22 of Ref. 5 for paramagnetic kaln
minima at(0.15,0.15 a.u] is almost opposite to the experi- In particular, the black arrows address the existence of the
mental data. Therefore, since theore calculation approxi- necks of the holelike FS along tli¢11] direction discussed
mates the experimental data much better thari-tvend one, above.
we will refer only to the former model for further analysis of ~ As mentioned previously, the dHVA signals detected for
the experiment. Celns in the AF phasdFig. 24 of Ref. 5 were quite differ-
Although the results displayed in Fig. 1 allow us to esti-ent from those of Laln Of all the high-frequency branches
mate whichf model is more realistic, the direct access to the(greater than 10G) only a signal with weak angular depen-
3D topology of the FS, which makes our experiment a rathedence(near 2.6< 10" G) and no discontinuities in the whole
unique tool, needs 3D reconstructed densities. The banangular range of Fig. 3 remain. It is worth mentioning that,
structure, in good agreement with that calculated by Kioussign spite of the high magnetic field required to the dHvVA
et al.® shows that only two bands cross the Fermi level. Theexperiments to observe quantum oscillations in heavy fermi-
two resulting FS's consist of an electron like spheroidalons (typically 15 T), Celn, retains the AF stat&: We recall
pocket centered at tHe points and a hole like multiply con- that with the type-Il AF ordering(propagation vector
nected structure surrounding tepoints and thd™ point. =x/a[111]) the number of atoms in the unit cell is

FIG. 2. (Color) (a) Experimental FS’s for Cely) shown in half
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3.0x10 ———— ———— fermion state. In a way, this evidence indicates that fthe
W electrons should not contribute directly to s.c. Obviously, the
question of which electrons participate in the formation of
the Cooper pairs is essential to elucidate the s.c. mechanism
in this class of materials. For example, in the case of the
ferromagnetic system UGgeShicket al. propose that the s.c.
is originated byp-wave-type (triplet) pairing of electron
spins associated wittinerant 5f electrons’? However, con-
trary to their hypothesis, our measurements in the paramag-
netic and in the ferromagnetic phases indicate that the 5
ooxtg el electrons of UGg are mostly localized® This kind of be-
4 20 0 30 60 90 havior is typical of several magnetically ordered heavy fer-
[110] [100] [111] [110] . h h ted h out of tHe(dr 5f) el
Field Angle (Degrees) mions, where the expected wash out o e(dr 5f) elec-
tron magnetic moments below the Kondo temperature as a
FIG. 4. Angular dependence of the dHVA signal simulated afterr_ESUIt of the hybr_ldlzatlon betweehelectrons and conduc-
folding the experimentah®P(p) according to the AF cell. Labeling tion electrons is not observed (see, for example,
is the same as in Fig. 24 of Ref. 5. CeB;, CePgAl3, UPdAI;, CePdAl, CeSp In these cases,
it was proposed that a mechanism analogous to the electron-
phonon-type enhancement in ordinary metals, provided by
éhe electron-magnon interaction, could account for the mass
enhancements of the conduction electrshg/e conjecture
éhat the latter mechanism is responsible for the electron pair-
ing that leads to the s.c. In other words, the indirect exchange
sipteraction between thiecalized felectrons, which is trans-
rpwitted via the polarization of the conduction electrons, could
rovide the pairing mechanism in an analogous manner to
hat provided by the phonon-conduction electrons interaction
in standard BCS superconductors. This possibility is consis-

[111] directions which is observed in Ref. 5 as well. To un- tent with the narrow region of pressufaroundp,) where

derstand such a close agreement between dHVA signals ge?T-C' 1S confl_ned. Indeed, by increasing the pressure app\_/e
erated from band structures in two different phases onéhe interaction between thef &lectrons should lose its indi-

should realize that the FS manifold which produces branch gect character and therefore the ability to pair the conduction

is relatively far from the BZ borders. Therefore it is Iausible?lecnons' A somewhat similar_mechgnism has been proposed
y D n Ref. 25 for the heavy-fermion antiferromagnet YRL;,

that its shape is not affected by the para-AF transition. It ig ) . . . .
well known that the main changes in the band StructuréNhere s.c. is obtained without application of high pressure.

caused by the AF transition consist of band gaps opening 4t°" this system it was suggested that at least eekec-

the (new) BZ boundary. These gaps would certainly affecttrons are localized in the U state, while the remainingf5

the electronliker centered FS, whose diametef0.52 a.u) electron is itinerant due to a larger hybridization with the
is near the distance between the hexagonal planes of the Agonduction electron$: The authors propose that the mag-
BZ (0.61 a.u). Moreover, due to the folding, the FS sheets"€lic €xcitations resulting from the exchange interactions
labeled as a and e in Fig(& interfere, causing the high- P€tween the magnetic moments produce the pairing inter-
frequency signals to disappear. Further overlaps of the pactions .b(_atween the itinerant electrons which cause super-
manifolds should be the reason of the changes in branch §onductivity. .
from the paramagnetic phaggig. 3 to the AF phase, ob- In conclus_;lon, we have shown an unprecedented compari-
served in Fig. 24 of Ref. 5 and confirmed by our simulation,S°N: On @ pixel by pixel base, between theory and experi-
deduced from the paramagnetic phdBig. 4). It should be ~Ments of the multisheet FS of Celnin the paramagnetic
clear that our simulation and the consequent interpretation din@se. Moreover, our simulation of the dHVA signals sug-
the dHVA frequencies observed for Cglis valid only if the gests the persistence of an indirect interaction, RKKY-like,
magnetic structure of AF Celnis fcc. Indeed, of all the between localized electrons up to the onset of the s.c. tran-
RE-n, compounds, Cels which displays the largest differ- sition. This magnetic interaction appears to be a val!d Cand|-
ences in frequency branches with respect to those observgﬂte for the pairing of the conduction electrons which give
in Lalng, is the only one to show a type-{fcc) magnetic rise to s.c.
structure. Our analysis shows that these differences can be
understood without the need to invoke the itinerancy of the

4f electrons in Celp. Conversely, we propose that thé 4 We wish to thank G. Kontrym-Sznajd and J. Rusz for
electrons retain a localized character in the AF and heavsheir contribution to this work.

2.5x10

dHvA Frequency (Gauss

doubled, since the Ce atoms at positi@0,0 and (1,1,7)
are no longer equivalent. Therefore the AF periodic structur
is fcc with lattice constané;.. twice the original one &;..
=2a). Although our measurement was in the paramagneti
phase, we foldedo®P(p) according to the new cell and
looked for the isodensities surfaces at the loci of the highe
amplitude variations. The branch labeled as d in Fig. 4 is i
good agreement with the corresponding branch shown in Fi
24 of Ref. 5. Note beyond the absence of discontinuities
mentioned above, the slight maximum between[#@90] and
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