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The Two-dimensiona(2D) angular correlation of the positron annihilation radiation of the heavy-fermion
system CeRySi, was measured above the Kondo temperafliyeand compared to that of the reference
isostructural norf-electron system LaRSi,. The k-space densities of the two compounds, obtained via the
Lock-Crisp-West folding of the 3D-reconstructed electron-positron momentum densities, were very similar.
These results are in reasonable agreement with the band structure calculated feBiCeRung the local-
density approximatiorfLDA). Conversely, in the case of LaRsi,, a clear discrepancy between the LDA
calculation and the experiment appears unless the Fermi I&g#l i€ raised by~11 mRy. After theEg
adjustment the calculated Fermi surfaces are rather similar and in agreement with both experiments. The
implications of this similarity on the physics of the heavy fermions are discussed.
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. INTRODUCTION structural non-electron compound LaR8i,.
_ o The de Haas—van AlphefdHvA) experiments;® per-

The heavy-fermion(HF) compound CeRiSi; is often  formed at temperatures much lower tHBg, seem to indi-
considered the archetype system displaying stendard — cate that in CeRySi, the 4f states do contribute to the FS.
heavy-fermion behavidr® With an electronic specific-heat Thjs is suggested by a reasonable agreement between the FS
coefficient y=350 mJ/K mole (~300 times higher than cajculated within the local-density approximatiétDA) to
the y of simple metals, such as Mg or Cit shows neither  gensity functional theory, where the 4lectrons are treated
magnetic ordering nor superconductivity down to temperaxzg ordinary band electrorfse., itineran}, and the measured
tures of few mK. Indeed, the magnetic susceptibility deviategne5-7 Moreover, the dHVA experiments claim a change in
from the Curie-Weiss behavior at temperatufdewer than  the 4f electron character across the metamagnetic transition
the Kondo temperatur@y (Tx~20 K in CeRySk) ap- gt the critical fieldB,,~7.7 T. In the high-field region some
proaching a temperature dependence typical of Paulpy.-field dHvA frequencies are replaced by others, similar to
paramagnet$. The magnetic moment obtained from the those observed for LaR8i,, and some cyclotron masses
high-temperature region of the magnetic susceptibility cCurvgjecrease dramaticaffy’ Although the underlying mechanism
(mer=2.64ug for magnetic field perpendicular to the s not fully understood, the properties of the transition bear
axig’) is close to the value obtained applying Hund’s rules tosome resemblance with those of a magnetic ordering to be
Ce" atom (uq¢=2.53ug) and consistent with a localized ascribed to the # electrons. This would suggest that in the
4f electron description. On the other hand, the existence of magnetically ordered state the 4lectrons decouple from
paramagnetic ground state was explained assuming that thlee conduction electrons. Conversely, neutron diffraction
hybridization and consequent formation of the Kondo sin-experiment¥ and measurements of the static
glets between # electrons and conduction electrons pro- magnetizatiol' indicate that the itinerant character of the 4
duces narrow bandavith dispersionA~KkgTy) responsible electrons is unaffected by the metamagnetic transition.
of a high density of states &g and accounting for they These controversial findings suggest to pursue the inves-
value and the cyclotron masses observedaffy .>® At T tigation of this compound. In particular, the study of the
=Ty, the temperature excitations should cause theléc- electronic structure in the high-temperature regime with suit-
trons to decouple from the conductios, |p,d) electrons and able experimental techniques is essential to test the applica-
not to contribute to the Fermi surfad€S). Therefore, ac- bility of the “so-called” standard heavy-fermion behavior
cording to this conjecturt? the Fermi volume aff>T, that, in brief, implies itineracy of thé electrons aff <Ty
should decrease by one electron, resembling that of the is@nd localization at higher temperaturésThe test of the
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Fermi volume atT>Ty is precluded to the dHVA experi- ep correlations[as described by Eg$l.1) and (1.2)]. The

ments, due to the shortening of the electron mean free path iesults on CeRy5i, seem to indicatéunexpectedly that a

the cyclotron orbits with increasing temperature. The two-standard LDA calculatioimplying a zero temperaturean

dimensional angular correlation of the position annililationaccount for the electronic structure observed abdye

radiation(2D-ACAR) experiment, which is not restricted to However, the close similarity between the spectra of the two

very low temperatures, appears to be a valid tool to elucidateompounds and the results of the LDA calculations lead to

the issue. the conclusion that one is unable, on the base of LDA, to
This experiment, by measuring the distributingo, , 6,) give an univocal answer about the itineracy of thedectrons

of the deviation angles from anticollinearity of the annihila- in CeRySi, at any temperature.

tion y rays, determines a 2D projection of the 3D electron-

positron p) momentum density°"(p),** which can be ex- Il. EXPERIMENTAL PROCEDURES AND DETAILS
pressedin atomic unit$ as OF THE CALCULATIONS
occ 2 . .
, The crystal structures of CeR%i, and LaRySi, are body
— n
Pep(p)—nE’k J exp(—ip-N(N(rgrdrl . (1) centred tetragonalBCT), containing one molecule per

primitive cell. The space group ismmm
Here ¢, and ¢» denote the one-particle electron and positron  The single crystals were prepared by direct combination
wave function, respectively, and the summation extends ovesf high purity starting materiallCe, La, and Ru M, Si 6N],
all occupied electron states with Bloch wave vedtdrom  for a total weight of nearly 10 g. The raw elements were
energy bands of indemt The factorg(r) accounts for thep  melted in a water-cooled copper crucible heated with a high-
correlations:**°In periodic systemsy®P(p) is discontinuous ~ frequency generator under a purified argon atmosphere. The
at pointspg = (kg +G), whereG is a reciprocal lattice vec- melt was then introduced in a tri-arc furnace under inert gas,

tor andkg, are the reduced Fermi wave vectors in the firstequipped with a Czochralski pull&. The single crystals

Brillouin zone (BZ). The standard Lock-Crisp-We&tCW) were grown from the bulk stqrting.composit.ion using.single
transformatiort® extensively used in the data analysis of thecrystallme seeds_:. An x-ray dn‘fracno_n experiment, using _the
2D-ACAR spectra, reinforces these discontinuities by fold-O" Laue technique in back reflection, confirmed the final
ing the momentum distributiop®P(p) back onto the first BZ smgle_ crystallme state. Moreover, sampleg were annealed in
by translation over the appropriate vect@slf the summa- a resistive ultrahigh vacuum furnace during eight days at

o — 10 H
tion is performed over a sufficient portion of momentum 2gr?st§ntgndreerfir?e dval(jgitrj]m ;)f F?(ft:t/oel q t(r)(;r(;eggree I?rtgrc]:qe the
space the result, denoted herepd8,(k), is*’ ’ 9 P

powder, were a=4.197(2) A, ¢=9.801(4) A and a
=4.217(5) A, ¢=9.938(4) A, for CeRSi, and
pPu=3 0E— o) [ IHOFIS0OP90dr.  LaRuySp, respeciively.
n The 2D-ACAR experiments were carried out with a new
(1.2 setup based on a pair of Anger cameras and described in
Here ¢, is the energy eigenvalue of the electrhrfrom  detail in Ref. 23. The estimated overall experimental resolu-
bandn. In general, although the mapping of the FS is facili- tion was (0.08,0.13) a.u. for thg, andp, directions of the
tated when the overlap integral in EG..2) is a weakly vary-  spectrometer, corresponding to 12% and 20% of the shortest
ing function ofk, the FS discontinuitieemarked by the step size of the BZ (47/c), respectively.
function of Eq.(1.2)] are not shifted by thik dependencé Data were accumulated in a (28288) matrix with a bin
In practice, to obtain the 3D image of the FS, it is necessargize of (0.0 0.02) a.l?, at the temperature 660 K in a
to reconstruct the 3°P(p) from its 2D projections using vacuum of ~1x10 ® torr. The 3D p®(p) was recon-
tomographic techniques and then perform the 3D LCWstructed rotating the crystal about the fourf¢ld01] axis,

folding. which was normal to the integration directions. The five pro-
Positron annihilation experiments on the heavy fermionjections collected for both materials, each amounting to
CeCySi, (Ref. 19 indicated that even aff>Ty, an ~3X10° raw coincidence counts, spanned uniformly the

f-electron itinerant calculationf(band was in better agree- angle comprised between tHd00] and the[110] axes.
ment with the experiment than drelectron localized calcu- Moreover, to monitor temperature differences due to a
lation (f core. However, in that case only a small part of the change in the character of tlieelectrons, thg100] projec-
FS had been mapped by dHVA and found to agree mostlyion for CeRySi, was also collected at room temperature.
with the f-core calculatiort® The spectra were corrected for the distortions due to the fi-
In this work we report a comprehensive analysis of ournite angular field of view and the spatial variations in the
2D-ACAR experiments on CeR8i, and the isostructural single detector efficienci€. Finally, the van Citter—
reference norf-electron system LaR®i,. The measure- Gerhardt deconvolution alghorithm was applfédThis
ments are complemented b initio band-structure calcula- method combines the simplicity of the van Citfeiterative
tions obtained via the full potential linearized augmentedprocedure with the ability of not enhancing the noise. The
plane wave(FLAPW) method! within the LDA. The com-  reconstruction was performédn planes perpendicular to the
parison between theory and experiments is performed includnain symmetry axigp,=[001]) according to the Cormack’s
ing the effects of the nonuniform positron density and of themethod’ and to a modification of the filtered-back-
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FIG. 1. BZ of the BCT CeRySi, and LaRySi, in a repeated
zone scheme. The labeling describes the BZ high symmetry points. 05 \ |
projection method described elsewh&é° Both algorithms 1.0
exploit the crystal symmetry and can provide a faithful re- 4 T X Z T X P
construction ofp®P(p) from a small number of projections, )
depending on the amount of its anisotropy. In this case five (H);“_ZRUZSQ
projections proved to be adequate. Finally, the 3D-LCW < —
transformation was applied.Since the main features of the 20 i
k-space densityp; (k) provided by two reconstruction =
methods were rather similar, only the Cormack’s results will 1.5 .
be shown next.
Calculations ofp®P(p) were carried out using the self- ~ 1.0 1
consistent FLAPW methdd within the LDA. The experi- E
mental lattice parameters reported above were adopted. In g 05 1
the interstitial region, the plane waves expansion was trun- g /X\
cated at the maximum wave vectir,,,=3.3 a.u. Inside 0.0
the muffin-tin spheres, we used spherical harmonics with an-
gular momenta up td,,.,=6 for the potential and charge -0.5 ]
density, and up td,,5,=8 for the wave functions. The muf-
fin tin radii were Rce=3 a.u., Rg,=2.4 a.u., andRg; -1.0
z r X Z T X P

=2.1 a.u. The calculation of th& states was performed
within the exact BZ of the BCT structurshown in Fig. 1. FIG. 2. I. Energy bands of CeR8i, calculated with a self-
For the self-consistency iterations we used 300 independenpnsistent FLAPW calculation along high symmetry directions of
k points and the linear tetrahedra method. To fine tune th&he BZ. All the energies are referred to the Fermi level, set to zero.
Fermi level value and to determine the band occupancy ovdf- Same as | for LaRsBi,.

the BZ we performed a spline fit of the energy barios

terms of a Fourier series over direct lattice vectoasid then Ill. RESULTS AND DISCUSSIONS

we calculated the fitted bands over a 1&8esh points in the We start our discussion by showing in Fig. 2 the energy

BZ. The numerical accuracy of our Fermi level is es’gmatedb(,jlmjS for CeRySi, (including f electrons in the valence
to be of the order of 1 mRy. The momentum density Was,anqgg and LaRySi,, respectively. Figure 21 shows that in
calculated on a 13Omesh in the BZ. ~ CeRuySi, the flat 4 bands lie mostly abovEg. Neverthe-
Further information was gained by an LDA calculation ggg they contribute significantlyby about 50% within
(denoted as core that treated the # electron of CeRySi, LDA) to the high value of the density of statesE&t. The
as core states. This was accomplished by forcing a e 4 energy bands for LaR®i, (Fig. 2Il) are very similar to
core configuration. The energy parameter for tiieofbitals  those of CeRySi,. We can see important differences only
was set at very high value2 Ry) thus excluding the Ce  nearE. For both materials, the bands and the resulting five
component from the valence states. FS sheets are in good agreement with those reported in
The potential adopted for the positron wave function cal-Ref. 7.
culation was obtained by summing to the inverted crystal Figure 3 shows the positron density along high symmetry
Coulomb potential a term due to the electron-positron correplanes of the unit cell for CeRB8i,. A very similar picture
lations, within an LDA scheme suggested by Boronski andnot shown results in the case of LaR8i,. It appears that
Nieminen!* The electron-positron annihilation enhancement,the positron is sampling the unit cell rather uniformly, apart
g(r), was also included. The contribution of core levels, ex-from the nuclear regions where it is strongly repelled by the
pected to be rather small, was neglected. positive ionic charge. Therefore, it is expected that all the
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FIG. 3. Contour plots of the positron density in CeRiy, on
the (100 and (110 planes of the unit cell cutting the Ce atoms at
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This prediction is to some extent confirmed by the reason-
able amplitude variation of the 3D experimenil2,(k)
densities for both materials, notwithstanding the low crystal
symmetry, the small sizes of the BZ and the numerous fully
occupied bands. Indeed, the total amplitude variations of
prew(k) were 6.2% and 8.2% of their maxima for
CeRySi, and LaRySi,, respectively. Figure 4&) shows
one slice ofp;2,(k) for CeRySi, at k,=0 in a repeated
zone scheme. The most evident pattern consists of high-
intensity regions centered at the symmetry points of the
BZ. These structures, in the following denoted by are
visible in any slice ofp;&,(k) normal to thg 001] direction.

Moreover, two concentric low-intensity regions centred at
the Z points appear. The inner region, marked by the white (c)
arrow in Fig. 4(a) and in the following denoted bg, has a
roug_hly prolate ellipsoidal shap_e with full width at half CeRuySi, in a repeated zone scheme for the plige 0. The in-
maximum (FWHM) ~0.16 a.u. in th_EkZ:_o plane and tersection of the BZs with thie,= 0 plane is shown(a) Experimen-
FWHM ~0.19 a.u. along thg001] direction. Its Cross- 5 ;e (k). The black arrow indicates the contour surrounding the
sectional area through thle,=0 plane corresponds to a ; structures discussed in the text. The white arrow indicategthe
dHvA frequencyF g,A~9x 10° G. This value is approxi- structure(see text The contour level spacing corresponds to 0.6%
mately averaging the experiment}y, » for magnetic field  of the maximum.(b) peR,(k) obtained by LCW folding the theo-
parallel to[ 001], denoted by, and 3, in references;®and  retical p°P(p) calculated over the finite experimental field of view.
the corresponding hole-FS sectiofef very similar sizes  (c) Same agb) after shiftingEx downward of 5 mRy(d) Same as
calculated by us and othéréor LaRw,Si, and CeRuSi,. (b) after shiftingEg upward of 5 mRy. Il. Same as Fig. | for the
The related energy bands have mostlydlike character in  planek,=|TZ|/2. In this and all following gray scale figures white
LaRu,Si, and admixture of Célike and Rud-like character corresponds to high intensity and black to low intensity. The label-
in CeRySi,. Nevertheless, the topology predicted by LDA ing indicates the high symmetry points of the BZ. 1 &.lla,
for these FS sheets is very similar in the two compounds. =1.89 A™*, wherea, is the Bohr radius. The matrix sizes are

To compare appropriately our FLAPW calculation with equivalent to (4r/a) X (4/a) .
the 2D-ACAR experiments we calculatedP(p), according
to Eq. (1.1), over the finite field of view of the experiment Z-centered holelike FS’s. Moreover, the sparse high-intensity
[~(2x2.56 a.u.§] and applied the LCW folding. The re- zone surroundingl andI" (denoting the theoretical counter-
sult, for thek,=0 plane, is shown in Fig. 4b). In Figs. 4[c) part of the experimenta structure reflects the occupancy
and 4(d) the same procedure was applied after shifting theof the uppermost(fifth) conduction band. The&-centered
Fermi level of 5 mRy upward and downward, respectively.low-intensity regions are in fair agreement with the experi-
The low-intensity region centered at tEgpoints of the the- ment [shown in Fig. 4(a)]; conversely, the calculated
oretical panels of Fig. 4l is consistent with the four structures are much more extended than the experimental

0.0

k parallel to [010] (a.u.)

-0.5 0.0 0.5
k parallel to [100] (a.u.) (d)

FIG. 4. |. Experimental and calculatddspace densities for
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Field Angle (Degree) Er has the effect to shrink or swell the columnar struc-

0 30 tures, respectively, but does not change substantially the gen-
eral features of the resulting2,,(k). In Fig. 4i(a) the black
arrow selects a contour at the half maximum of thetruc-
ture. The correspondingqu,a, Fapoa=3.4x10" G, was
observed in CeRiBi, (Refs. 5—7 and not in LaRySi,. The
angular dependence of the extremal cross-sectional areas
(transformed intd 44, A frequencies for isodensities corre-
sponding to they and theB sheets discussed above is shown
__________ in Fig. 5. The functional angular dependence turns out to be
....... 1 ¥ -] rather insensitive to the values pf2,,(k) selected(once
r B T ] and for al) for the isocontour sections. The angular depen-
dence for theB sheet is in good agreement with the dHVA
experiments:® The 7 sheet was observed by dHVA only in a
small angular range nearby the (001) plaheHowever,

Fig. 7 of Ref. 7, predicts nonclosed orbits in {tt®1] direc-

10 0 a0 &0 'gol '90' oo '3'0' ' A tion, consistent with Figs.(4) and 5.

[001] [100] [110] [001] Figures @a) and &b) show a 3D view of the isodensity
surface selected at the half maximum of thexperimental

structures[highlighting thek loci of the largest amplitude

FIG. 5. Angular dependence of the dHVA frequencies pertainingvariation of pte,(k)] and the calculated electronlike FS
to the » and 8 FS sheets observed in this work for CeRij. sheet due to the uppermost conduction band for G8Ru
(the calculated holelike FS'’s resulting from the other four
ones. The agreement between experiment and theory inconduction bands, very similar to those of Ref. 7, are not
proves noticeably in other planes of the BZ. Fig. 41l showsshown). It appears that they structures observed in the ex-
the same comparisons as figure 41 for a plane equidistaqgeriment[Fig. 6a)] are limited to the columnar part of the
from I' and Z. The columnar structures centered atcalculated multiply connected electron FSig. 6b)]. The
~(0.4,0.4) a.u. appear clearly in experiment and theory andesults of thef-core calculation relative to the uppermost
the low-intensity regions at the center and at theconduction bands are shown in Figcp It appears that the
~(0,0.8) a.u.-type points are in reasonable agreement astent of the experimental high intensityy structures and
well. The shift in the Fermi level of 5 mRy below or above low intensityZ-centered regions are in better agreement with

—_
Q
-]

dHvA Frecuency (Gauss)
o

8 L

Field Angle (Degree)

LaRu2Si2

FIG. 6. (a) 3D view of the experimentah structures for CeRiBi, (see text (b) FS sheet pertaining to the uppermost conduction band
in CeRySi, calculated according to thieband modelsee text To facilitate the FS visualization, the top and bottom part of the Fermi
volume (few percent of 4r/c) are not shown. The labeling indicates the high symmetry points of the(@ZS sheet pertaining to the
uppermost conduction band in CefSi, calculated according to tfecore model(see text (d) 3D view of the experimentah, columnar
structures described in the text in the case of L#u (e) Same agb) for LaRw,Si,. (f) Calculated FS sheet pertaining to the uppermost
conduction band in LaR$i, after shiftingEg upward of 11 mRy(see text
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TABLE I. Fermi volumes in percent of BZ of the experimental FS’s and the five FS sheets resulting from
the FLAPW theory. For CeR®i, the results of thef-band andf-core calculationgsee main textare
reported. For LaRySi,, values obtained after the shift Er of +11 mRy are also shown. The experimental
FS’s were identified as the isodensity surfaces taken at the value of the half-maximum of the structures in
question(see text

CeRuySi, LaRw,Si,
FS sheet Expt Theory Theory Expt Theory Theory
(bandn®) f band f core AEg=0.) (AEE=+11 mRy)
Electron(15) 18+5 19.1 3.7 134 1.2 11
Hole (14) 20+8 14.9 41.7 2*5 48.7 35
Hole (13) 3.3 5.6 3.3 2.1
Hole (12) 0.7+0.5 1.3 3.1 1.3 0.5
Hole (11) 0.3 0.3 0.1 0.05

the f-band calculation. On the other hand, the low intensityl aRu,Si, give rather similar results.
of the experimentab;’2,,(k) in the (001 plane nearby th& A much greater surprise was provided by the measure-
point [shown in Fig. 6a)] is in better agreement with the ment of LaRySi,, which revealed columnar patterns in the
corresponding intensity of the calculateff,(k) according [001] directions, having very similar shape to thestruc-
to thef-core model.

Since the temperature of our measuremefits- 60 K)

was rather close tdx (Tx~20—-30 K), the two 2D-LCW 3
spectra of the projection along thel0Q] direction for 8
CeRuySi,, collected at room temperature and at 60(d€e = I
Sec. ), were inspected for possible differences. The analysis 8
showed that, apart from the modest degradation in the ex- =
perimental resolution due to the positron motion40%), 0.4 0.2 0.0 0.2 0.4
no temperature effect attributable to a change in the character () k [100] (a.u.) (@
of the f electrons was observed.
Since the agreement between experiment and either cal- ~
culation (f band,f core was not complete we thought it 3
appropriate to complement the measurements on g®iRu :._.' I
with those of the isostructural ndnrelectron system =3
LaRw,Sk,. In this case, according to LDA, the flat bands g
having high 4 electron character are2.5 eV aboveEg '
(see Fig. 2I). Therefore, this measurement should clarify 'o-?c) 0.2 i [mg-]o(a.u.) 0.2 (‘3.4
uncertainties concerning the contribution of fredectrons to N
the Fermi volume in CeRiSi,. —
The main differences between the FLAPW calculations g
for the two compounds are due to the fact that whereas = 1
CeRuySi, is a compensated metal, with equal volumes en- §
closed by electronlike and holelike FS’s, LafSiy has one - 3

hole carrier per formula unit. Consequently, the large multi- ; 3
ply connected electron FS sheet calculated for G&Ru -0-?10) -0.2 k[wg.]o(a.u-) 0.2 (3.4
shrinks, in LaRySi,, into eight small disconnected ellipsoids ep
[see Figs. ) and Ge)]. Moreover, the holelike FS due to , F'G- 7- Quadrantsa) and (c) always refer to the 2Dprew(K)

the 4th conduction band swells considerably. A surprise o ensities obtained frpm the eXpe.”memal projections along the
the calculation was that the Fermi volume of the uppermos 010] axis for CeRySi, and LaRyS, respectively. The contour

. . evel spacing corresponds to 0.3% of the maximum, equivalent to
0
.band of LaRySl, (correspondlng t0 1.2% of the B.Z volupe seven times the statistical uncertainty of the maximum. The various
is about three times smaller than what obtained for th

. L . &alculations reported in quadrar{ty and(d) result from the inte-
equivalent band by thecore calculation in CeR&i, [cOM- g ation of the 3D theory along tH@10] direction and its convolu-

pare Fig. 6) with Fig. 6(c)]. We attribute this difference to {ion with the asymmetric experimental resolutioth)I Theoretical

the critical shapes of the conduction bands in these systemg.space densityoccupancy for CeRySh,. (d) same as(b) for
This example shows that conclusions on the character of theary,si,. 11(b) Calculatedp®®, (k) for CeRySi,. (d) same agh)

f electrons drawn on the base of calculations of the isostrudor LaRw,Si,. Il (b) pR,(k) obtained by LCW folding the"(p)
tural non{-electron systems may be incorrect. Neverthelessgalculated over the finite experimental field of vied) the same as
the full comparison between the Fermi volumes yielded by(b) for LaRu,Si, but hereEr was shifted upward of 11 mRy. The
the calculations, listed in Table |, shows that fheore cal- labeling describes the projected BZ high symmetry points. The ma-
culation for CeRySi, and the standard LDA calculation for trix sizes are equivalent to ¢&a) X (2/c).
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TABLE Il. Wave-function orbital character of CeRbi, inside the Ce spheres for tvkopoints located on
theI" plane[ k,=(m/2a,m/2a,0)] and inside they structureq§ k,=(w/a,w/a,w/c)]. Bands 14 and 15 refer
to the two uppermost conduction bands. The last column denotes the energy eigenvalue referred to the Fermi

level, Eg.
State (bandn®) s p d f EEr (MRy)
ky 14 0.000 00 0.01967 0.12104 0.152 00 -7.3
ky 15 0.000 00 0.004 32 0.147 62 0.180 30 -1.0
ky 16 0.000 00 0.001 92 0.008 63 0.734 86 +9.1
ko 14 0.000 00 0.00155 0.01080 0.02773 —36.9
ko 15 0.000 00 0.043 30 0.069 94 0.088 77 -19.9
ko 16 0.000 00 0.00001 0.000 27 0.963 27 +16.0

tures of CeRySi,. Figure 6d) shows an isodensity surface account in Figs. 7(b) and 7I(d), showing the projected
selected at the half maximum of these coluntinsthe fol-  p;&(K). It can be noticed that in Fig. 78) the intensity of
lowing denoted byy, ). Their full width at half maximumin  pFR, (k) along theXX-I" Z direction is lower than the elec-
the ZXZ direction (FWHM=0.26 a.u.) is only slightly tron occupancyFig. 71l(a)] in the same direction.

smaller (~9%) than the corresponding width for CefSi. These results can be better understood by looking at the
On the purely experimental point of view, the similarity be- grpjtal characters,p,d, ) of the wave functions of two rep-
tween Fig. 6a) and Fig. 6d) would indicate that thé elec-  resentativek points, belonging to th& plane ;) or to the
trons do not play a major role in the determination of the,,, cojymns k,), respectively. Table Il reports the characters
Fermi volume, unlike th”‘t suggested by the rea;onablg)f k; andk, inside the sphere of the Ce atom for bands 14th
agreement between experiment and LBand calculgﬂon. up to 16th(where 14 and 15 denote the two uppermost con-
Nevertheless, the clear discrepancy between experiment a%‘gction bands Since the contribution of theorbitals ink,

calculation in LaRySi, [compare Fig. &) and Fig. Ge)] L . o
demands a study of the stability of the experimental results_c.)f bands 14 and 15 is higher thank the localization ok,

To prove that this discrepancy is neither related to posii¢réases at theeexpen§es of tp matrix elements and,
tron wave-function effects nor due to an insufficient experi-conseauently, opfey(k) in the " plane. In fact, as the pos-
mental resolution, nor to artifacts due to the reconstructiodtron resides prevalently in the intersticesee Fig. 3 anni-
procedure, we comparedw projected datao the calcula- hilations with electron states characterized by a large inter-
tion suitably processed. To this end, Fig. 7 referptojec-  Stitial character of the wave function are favored at the
tions along the[010] direction, which is particularly suitable €xpenses of states more localized, i.e., more confined nearby
to appraise the extent of the and 5, columns. Therefore, the ionic centrestypically unhybridizedd like or flike).
we show next the 2D-LCW folded data of the 2D-ACAR Concerning LaRySi,, Fig. 7Il(d) shows no substantial
measurements. The remarkable similarity of the 2D spectr&hange with respect to Fig. (6 (electronic occupangy
of CeRySi, and LaRySi, [shown in quarter$a) and(c) of  along theP P-XX direction.
Fig. 7, respectivelyalong theX X-P P direction confirms the Figs. 71li(b) and 71li(d) were obtained by applying the
existence of the columnar Structures,and I, shown in 2D-LCW transformation to a projection of the calculated
Figs. 8a) and &d). Although the experimental spectra were p°?(p) which included only the finite field of view of the
subjected to our deconvolution procedure, the projections ofPectrometer.
the various calculationfshown in quartergb) and (d) for The two-dimensional analysis of the LDfAcore calcula-
CeRySi, and LaRySi,, respectively were convoluted with ~ tion for CeRySi, (not reported hepeshows structures cen-
the asymmetric experimental resolution. The additionafred at theP P points, rather similar to those produced by the
smearing was meant to assess whether a slight overestimgtandard LDA calculation for LaR&i,, which are inconsis-
tion of the resolution could prevent to observe the interruptent with either experiment.
tion of the electron cigars along thi@01] direction shown in Moreover, Fig. 71l{d), showing a much better agreement
Fig. 6(e). Figures 7(b) and 7(d) show the projected electron beween experiment and calculati@mompare Fig. 7lilc) and
occupancies, confirming the features present in Figs) 6 Fig. 71ll(d)], was obtained by shifting the Fermi level up-
and Ge): for CeRySi,, the high intensity of the occupancy Wward of 11 mRy (-0.15 eV). The main effect of the shift is
along theXX-PP directions is consistent with the experi- to fill k states of the uppermost conduction band nearby the
ment[quadrant(a)]. However, unlike the experimental case, k,=0 andk,=|I"Z| plane, causing the small cigars shown in
the contour lines show a protrusion toward th& point  Fig. 6(e) to swell and connect in thi®01] direction (see the
[consistent with Fig. @)]. The most interesting result con- energy bands of Fig. 21l along the directiaiP). A 3D view
cerns LaRwSi, [Fig. 7I(d)]: even an overestimated experi- of the FS sheet produced by the uppermost band after the 11
mental resolution is not smearing sufficiently the high-mRy shift of Er in LaRw,Si, is shown in Fig. ).
intensity regions centred at th®P corners, in clear It is somewhat surprising that such a modest shift, within
discrepancy with the experiment. the order of the adjustments often operated to bring theory
The effect of the nonuniform positron density is taken intoand dHVA experiment into closer agreem&hproduces such
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1 Nevertheless, states with different orbital character may need
different self-energy corrections, leading to modifications of
the LDA band structurésee Ref. 31 for the limiting case of
oxideg. This is certainly the case akFderived bands nearby
Er such as those produced by the fRurt also La and Oed
states in LaRySi, and CeRuSi,.

Figure 8 shows slices of the 3D-reconstructed experimen-
tal (quadrantsa) and calculatedquadrants,c,d) p;&u/(K)
density in thek,=0 (part ) andk,=|T"Z|/3 (part Il) planes
for LaRw,Si,. As for Fig. 4, we calculate@®P(p) over the
finite field of view of the experiment and applied the LCW
folding. Whereas quadrantb) refers to the unchanged
FLAPW calculation, quadrantg) or (d) were obtained shift-
ing Eg upward of 11 mRy. As for Fig. 71{d), after the
energy shift the columnar structures appear at any section of
the BZ normal to thd001] axis, in agreement with the ex-
periment.

A summary of the Fermi volumes obtained from experi-

-0.5 0.0 0.5 ments and calculations is shown in Table |. The theoretical
(c) k [100] (a.u.) (d) values were obtained from the occupancies of each conduc-
1I tion band. The experimental values were yielded by the vol-
k=T2/3 (b) umes included by isodensif[y surfaces selected at the half
: maxima of the structures discussed above. It can be noted
that the small closed surface denotegBas CeRySi, could
not be resolved in LaRS$i,, possibly because of its small
sizes. Owing to the numerous bands contributing to the FS
and the modest experimental resolution, the experimental un-
certainty is rather high. Nevertheless, we note a reasonable
agreement between experiment afddand calculation for
CeRuySi,. Conversely, in the case of Lak%i, the discrep-
ancy is much larger, of one order of magnitude for the up-
permost conduction-band Fermi volume and of a factor 2 for
the fourth-band Fermi volume. It should be noted that owing
to the large extent of they experimental structure in the
[001] direction, a holelike FS centred &t cannot possibly
occupy the volume predicted by the theory. After the shift of
Er the discrepancy between theory and experiment is soft-

: ened at the expense of an incorrect total Fermi voldexe

-0.5 0.0 0.5 pected to correspond to one electron per formula)unit
() k parallel to [100] (a.u.) (d) We completed our analysis by testing the effect of shifting
the Fermi level upward of 11 mRy in the case of CeBipias

FIG. 8. I. Experimental and calculatddspace densities for well. We should point out that the operation of shifting the
LaRu,Si, in a repeated zone scheme for the plape 0. (@) Ex-  Fermi level(which is linked to the correct number of elec-
perimentalp;\(k). The contour level spacing corresponds to 0.8%trons per ce)l should actually be replaced by shifts of the
of the maximum (b) p{gy(k) obtained by LCW folding the calcu- bands relative to each other, in such a way as to simulate the
lated p°P(p) limited to the experimental field of viewc) and(d)  (unknown self-energy corrections of the different electron
Same asb) after shiftingEr upward of 11 mRy. Il. Same as Fig. | states. Bearing this in mind, we can briefly summarize the
in the planek,= |FZ|/3 The labeling indicates the high symmetry resu|ts(not shown herkas follows.
points of the BZ. The matrix sizes are equivalent tom(d) (1) As is the case of LaR®i, the occupancy of the up-

X (4mla). permost(electronlike conduction band increases and that of
the lower (holelike) conduction bands decrease noticeably.
a remarkable effect. While this shift is somehow arbitrary, The resulting occupancy is strongly deviating from the ex-
we should remember that there is no guarantee that LDAverimental one.
eigenvalues reproduce correctly the quasiparticle excitations (2) These large discrepancies with the experiments are
of the system. For example, it is well known that in semi-somewhat reduced after the insertion of the electron-positron
conductors LDA yields a large error in the band gaplf- matrix elements that, as discussed at length in the two-
energy correction sometimes giving a semimetallic band dimensional analysis, are smaller in theplane than along
structure for small gap insulators. The electronic propertieshe XP directions. We surmise that this positron wave-
of ordinary metals are usually better reproduced by LDA function effect reduces the sensitivity of the experiment to

k [010] (a.u.)

0.5

0.0

k parallel to [010] (a.u.)
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subtle changes in the electronic structure. based on an electron itinerant description seemed to yield a

Recently*? we have proposed a method to estimate thepetter agreement with the experiments. Our resultsT at
density of states at the Fermi energy(Eg), and, conse- >T,, complemented by the measurements on L&Ruy
quently, the electronic specific-heat coefficientfrom the  suggest a different interpretation.

2D-ACAR data.N(Eg) is defined as (1) The similarity of the two experimental spectra
(LaRwSi,, CeRySiy) supports the nonitineracy of thie
N(Eg) = if E 3.1) electrons in CeRyBi, at T>Ty . This result may not seem
473)s| Vel surprising, as it confirms the standard heavy fermion behav-

) i 212 ior conjectures. However, the distinction of our results ap-
where the integral is over the FS ane=N(Ef)7°Kg/3. AS  hears by comparing the experiments to tatate of the ajt

Eq. (3.1) shows,N(Eg) depends on the FS, experimentally | pa calculations.

available, and on the gradient of the energy functiokgst (2) The FS similarities attained by the calculatidesm-

Ve, which is |nacce55|ble. to the 2D-ACAR experiment. pare figures @), 6(c), 6(f)] after the modest aforementioned
One 9OUId adopt fgtkal: (|)"the free electron model &X" " shift in the Fermi energy suggest that the agreement between
pression K.Vk€|:h ke/m), (i) the average .gradlent at an f electron itinerant description and previous experiments
E(ksz) tﬁb;aln'%i(f:l;]oel”g ngei‘rr:g'smléggreetga:‘ceﬂa“Ofg;mions OwgatT< Tk) in CeRySi, may be coincidental. Indeed, the Ru
ing to thepfl)vell—known inabiﬁg/ of standard \Il_yDA to rep;o- d part of the LDA bands produces most of the features which

duce the y values. Therefore, we limit ourselves to characterize the FS of both materials. Owing to thaesio-

LaRwSi,, adopting the average energy gradients calculateldic@! features of the bands, LDA seems to be unable to
by our FLAPW method. The calculation yields an overall €lUcidate the issue at stake.

density of states at the Fermi levg} (before the shift irEg The unexpected results obtained here by comparing the
discussed aboVeN(Eg) = 42 StategRy cell), corresponding 2D-ACAR experiments on CeR8i, and LaRySi, suggest
t0 Yeaie=7.1 md/(mole R). to complement the early 2D-ACAR measurements Tat

From the experiment, the FS sheet attributed to 4he > Tk 0n CeCuSi,,** which supported afrband calculation,
structures[Fig. 6(d)] yields y=(2.9+0.6) mJ/(mole K) with a corresponding investigation of the La&i, system.
and N(Eg)=(17=4) StategRy cel) (using |Ve| An unsatisfactory result of our findings for Lag&i, is
=2.7 eVla.u.), whereas for the hole like structure centredhat the Fermi volume obtained by experiment and theory
at Z (see Table )l we obtain y=(3.7+1.) mJ/(mole K) (after the shift in the Fermi eneryis inconsistent with what
and N(Ep)=(22+7) StategRy cel) (using |V e expgcted for a noncompen;ated metal. .
=3.7 eV/a.u). The overall y value [Yeyp=(6.6 Finally, one must takg into accpunt_ the previous dHVA
+1.2) mJ/(mole R)] is remarkably close to the experimen- Measurements on LaRsi, that claim differences with re-
tal value obtained with the traditional calorimetric measure-Spect to the CeRii, case, in support of aftelectron itin-
ments[ y=6.5 mJ/(mole K)].3® Owing to the uncertainties €rant description in CeRB8i,. However, no dHVA frequency
in the extent of the FS determined experimentally and in th&onsistent with the FS sheet predicted by LDA for the upper-
appropriate values dW¥e| such a close agreement is prob- most conduction band of LaR8i, [small electron cigars
ably fortuitous. Nevertheless, it is worth emphasizing thatshown in Fig. )] was ever observed. The dHVA frequen-
although the experimental FS differs from the theoretical onéies consistent with the small holelike Kthree lowest con-
(prior to the Eg shift), it is not incompatible with the most duction bands are almost the same as those seen in
relevant thermodynamic measurements. CeRLQSI2 Therefore, the whole belief in tretandard heaVy'

One may wonder whether the existence of thand 7, fermion behavioris based in the observation of only one
structures can be suggested by other measurements. A ratfiegquency(denoted as in Refs. 5 and ¥, ascribed to the FS
indirect evidence was provided by the measurements of thgheet of the fourth band calculated by LDA for LafSiy and
magnetoresistance in Cef8i, and LaRySi, by Onuki  never observed in CeR8i,. Taking into account that dHVA
et al® By investigating the angular dependence of the mag€experiments cannot locate the extremal FS cross sections in
netoresistance in CeR8i, the authors inferred the existence the BZ and in the light of our proposed measurements, we
of open electron orbits along theaxis, consistent with our believe that thestandard heavy—fermion behavidescription
measurements. The absence of an angular dependence of thd>ased on insufficient premises. At this stage, it not clear
magnetoresistance in Lawz led the authors to the conclu- whether the ConcepFS Of itineracy an-d Iocalization-uti”SEd in
sion that no open orbit could be present in that system. Howthe standard LDA limit are appropriate to describe heavy
ever, no dHVA frequencies which could be attributed to closdermions. In this regard, among the realig@b initio) band-

orbits in the cigars shown in Fig.(® were detected in Structure calculations recently implemented, the self-
LaRw,Si,.® interaction correction, known to increase the localization of

the one-electron spatial wave functiol{s?® the “LDA +U”
method, which aims at accounting for the strong on-site
atomiclike correlation effects of thef4electrons?® or the

Up to now, much of our understanding of the heavy fer-dynamic field theory, which adopts the single impurity
mion behavior was based on the archetype compoundnderson model imbedded in an effective medium deter-
CeRuySi, where, unlike other heavy fermion systems, an FSmined self consistentf/, could be employed to describe ap-

IV. CONCLUSIONS
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