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We report a critical analysis of the electronic structures and de Haas—van AlgHgA) quantities of the
heavy-fermion superconductors CeCgl@eRhlri, and Celrlg. The electronic structures are investigasdy
initio on the basis of full-potential band-structure calculations, adopting both the scalar- and fully relativistic
formulations within the framework of the local spin-density approximatib8DA). In contrast to another
recent study, in which a pronounced change of the Fermi surface due to relativistic effects and therefore the
importance of relativistic interactions for the superconductivity was claimed, we find only minor relativistic
modifications of the band structure in our calculations. &beinitio calculated dHvVA quantities are in good
agreement with experimental data for CeGoand Celrl, when we adopt the delocalized LSDA description
for the Ce 4 states. For CeRhinhowever, a better agreement with experiment is obtained when thé Ce 4
electron is treated as a localized core electron. The implications for an emerging picture of the localization
behavior of the 4 electron in these materials are discussed. We furthermore compare our calculated dHVA
guantities with other recent relativistic calculations and discuss the differences between them.
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I. INTRODUCTION ture, the 4 electrons are responsible for the magnetism
A new group of fascinating heavy-fermion superconduct-Wh'Ch could, for example, through spin degrees of freedom,

ors that crystallize in the HoCoGatructure was discovered 91V€ TiS€ {0 an unconventional pairing interaction. .
a few years agh.To the superconductors of this group that, d€ Haas—van Alphen measurements in connection with
have received wide attention belong CeGol@eRhin, and band-structure calculations are a very useful tool to analyze a
Celrln, (Refs. 1-3. CeColn, and Celrlg are superconduct- multiband situation with a complicated Fermi surface. Such
ors at ambient préssu?é with T,=0.4 and 2.3 K, respec- studies have been performed for the three Ce-115 com-
tively, whereas CeRhinbecomes a superconductawith pounds in question by several groups with contradictory re-
T =21 K) under pressurbAt ambient pressure CeRhlor- sults, however. In the case of CeCglthe authors of Ref. 13

c T : . . : found a reasonable agreement of the calculated dHVA data
?;lrz;gwiggn&%%??g;ﬂg&g%?ﬂéngc %ngfnsgr?rtﬁesgw_sm\?vith the measured valué$!®having in their band structure

; . . . th ing the Fermi surf Iso Ref. 18A
tanglement of heavy-fermion behavior, antlferromagnetlsmt ree bands crossing the Fermi surfgsee also Ref. 18

S : ) imilar agreement was found for the superconducting com-
and superconductivity seems to point to an unconventlonazound Celrlg (see Ref. 1% Conversely, another recent

pairing mechanlsrﬁ? Unambiguous evidence for unconven- g,4y19 claimed an important influence of relativistic effects
tional spin-singlet-wave superconductivity in CeRhjmnd o the electronic structure of these two compounds, leading
CeColn, was recently provided by a number of to a fourth band crossing the Fermi surface which would
experiments-® The nature of the pairing mechanism, how- give rise to additional dHVA frequencies. If relativistic ef-
ever, could not yet be established. fects are important then this would obviously affect the mi-
An important issue which has become intensively debatedroscopic understanding of the superconductivige, e.g.,
is the role of the Ce #ielectrons and their degree of local- Ref. 20 and possibly of the pairing mechanism, which re-
ization. The high specific heat coefficiehisof about mains an unresolved issue. Another controversy was already
300 to 750 mJ/mol K for CeColny and Celrlg, respec- noted and concerns CeRjlwhich is antiferromagnetic at
tively, indicate at least somef4delocalization at ambient ambient pressure. The authors of Ref. 10 interpreted its
pressure. The fdlocalization has been studied in some detaildHVA data by a nonmagnetic itinerant band structure calcu-
by de Haas-van AlphetdHvA) experiment$;” in which lation treating the #electrons as valence states and stating a
especially CeRhln received attentiofi;*? Although the reasonable agreement. On the contrary, the localized nature
dHVA data of pure CeRhinwere initially interpreted using of the 4f electrons in CeRhinwas proposed in Ref. 15 on
an itinerant band-structure calculation with delocalized 4 the basis of a comparison to the dHvA data of LaRhIn
electrons'® subsequent measurements of the dHVA quantitiet ocalization of the 4 electron was also reveafédy dHVA
of CeglLa,_Rhins indicated! that the Ce # electrons remain investigations of Cg a,_,Rhling, but no corresponding band-
localized for allx. The rather low specific heat coefficient structure calculation was performed up to now.
y~50 mJ/mol K at ambient pressure would corroborate lo-  Taking into account the apparent similarity within the
calized 4 behavior in CeRhlg Even in the localized pic- electronic structure of all three compounds, a comparative
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FIG. 1. (Color onling The energy bands of
nonmagnetic CeColncalculated using the fully
relativistic FPLO method. The bands 131, 133,
and 135 that cut the Fermi energy are highlighted
by the colors.
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and critical analysis of the electronic structures and de Haassite-centered potentials and densities we used expansions in
van Alphen quantities is highly desirable. Also, performing aspherical harmonics up tq,,,=12. The number ok points
complete theoretical analysis of the dHVA data Fdiic of  in the irreducible part of Brillouin zone was 726, but some
the three Ce-115 compounds using the same numericgivotal calculations were made also with higher numbets of
method(as will be presented herallows one to critically points. The Perdew-Zung@r parametrization of the
assess the reliability of former calculations. Comparingexchange-correlation potential in the local spin-density ap-
scalar-relativistic and fully relativistic calculations will an- proximation(LSDA) was used.
swer the discussion concerning the importance of relativistic The dHVA cyclotron frequenc¥—which is proportional
contributions, started in Ref. 19. In addition, comparing theto the Fermi surface cross section—and the cyclotron mmass
Co and Ir compounds on one side with the Rh compound ownf the extremal orbits are calculated numerically by discretiz-
the other sidgtreating the 4 electron as core electron or ing the Fermi velocities ok points along the orbit and by a
not) may possibly prove whether the 4lectrons are local- subsequent Romberg integratith.
ized or not.

For our study we use the full potential local orbital
(FPLO) method'?? for all three compounds CeCaln ll. BAND STRUCTURE
CeRhln, and Cglrlrg. We calculqte the extremal Fermi'sur- The compounds Qélns (M=Co, Rh, and I
face cross sections and effective masses and restrict our
selves toH|lc for which most experimental data exist. We
compare scalar-relativistic and fully relativistic calculations
and, in the case of CeRhjrthe localized and the delocalized nonmagnetic band structure calculations for  the

dSeSCI’IE)tIOHZ of Che fﬂ;etl;_actrons.. Aft(?rtﬁresent:?g Ogr n:jetr:od experimental lattice parameters, which @reatomic units:
Luros(Soc. i) we.describe he extromal orbits n Sec. Iv, 2-0-714% and c=14.264z, (CeColn), a=8.791a,
(Sec. Il " .and ¢=14.252a, (CeRhlr), and a=8.818a, and

The critical comparison with former calculations and experi-c_14 2053, (Celrlny). For the one special In position we
mental resultgSec. Vj allows us to draw our conclusions in =~ 3o Ms). ™ P P
also adopted the experimental values.

Sec. VI The band structure of CeCglrtomputed with the fully
relativistic scheme is presented in Fig. 1. The band structure
of CeColn; obtained with the scalar-relativistic scheme, as
well as the band structures of nonmagnetic CeRfdnd

We performed band-structure calculations using both th&€elrins are only slightly different and therefore not presented
scalar-relativistic and the fully relativistic versions of the full here. We find for each of the Ce-115 systems using either the
potential local orbital minimum-basis band-structure scalar-relativistic or fully relativistic scheme three bands
method??2 In these calculations, the following basis setswhich cross the Fermi surface. These bands are denoted as
were adopted for the valence states: tHe Bsbpbd; 6s6p  bands 131, 133, and 135, according to their number in the
states for Ce when thef 4re treated as valence states, whilevalence band complex of the fully relativistic calculation
for Co, Rh, Ir, and In we useds3p3d; 4s4p, 4s4p4d; 5s5p, counted from below. Following the linE-M in Fig. 1 the
5s5p5d; 6s6p, and 4; 5s5p, respectively. The high lying crossing points of bands 131, 133, and I8bthat ordey
5s and 5 semicore states of Ce, which might hybridize with with the Fermi level are clearly visible. The influence of
the & valence states, are thus included in the basis. Theelativistic effects is most pronounced along theZ line,
compression parameters were optimized for each basis where the upper two bands 133 and 135 remain degenerate
orbital separately by minimizing the total energy. For thein the scalar-relativistic calculation. However, the fully rela-

rystallize in the tetragonal structure, space group
P4/mmm (space group number 1p3and are built of
alternating stacks of Cejnand MIn,. We performed

Il. COMPUTATIONAL METHOD
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FIG. 2. (Color onling The energy bands of
CeRhlIn; calculated with the Cef4 electron
treated as a core electron. The important bands
131-135 are colored as in Fig. 1.
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tivistic effect alongl’-Z and at other places in the Brillouin upper bandgbands 133 and 135 in the fully relativistic case
zone(BZ) have only minor influence on the Fermi surface. give rise to closed orbits centered Mt which are of pre-
We find only small differences in the extremal Fermi surfacedominantly In % character and present Bt irrespective of
cross sections which will be discussed in the next section. the treatment of the Cef4lectrons. However, the areas are
Also, the differences in the band structures calculated fodifferent. The same is true for the two, electronlike bands,
the three compounds CeCgJnCeRHIn, and Celrlg are  centered around th& point. In the present study, we did not
small. For example, in the fully relativistic calculation of try to interpret the dHvA data of CeRhnwith a band-
CeRhlny, band number 133 does not cross the Fermi levektructure calculation taking into account the correct low-
betweenA andR in variance to Fig. 1, where it just crosses temperature antiferromagnetic order of that compound.
the Fermi level. As a result, the two extremal orlgfte HIlc) Let us shortly compare our band-structure results with
of band 133 which are centered around thepoint for  those published already in the literature. We find that our
CeColry are no longer closed orbits for CeRRlirinstead, FPLO result agrees best with the FLAPW band struéfure
one finds for CeRhlnicorresponding orbits which are closed published for Celrlg. This agreement also concerns the cor-
around other points ik space, however. responding Fermi surfaces and, for CeGatrholds as well
CeRhlin differs in its physical properties from the other (see Refs. 13 and 15The relativistic linear augmented-
two compounds and a debate concerning the localization gilane-wave (RLAPW) calculations published in Ref. 19
the Ce 4 electron has emergéf!1°Below we will see that show in contrast to our results a fourth band crossing the
the agreement between calculated and measured dHvVA fré&ermi surface. The corresponding band in our calculation
quencies is indeed significantly worse for CeRhlim com-  can be seen in Fig. 2 at about 0.4 eV ab&yeat theM point
parison to the Co and Ir compounds$ we treat the Ce #  and it consists mainly of Infpcharacter. It could drop below
electrons itinerantly. Therefore, we present the result of ahe Fermi level due to the use of a nonoptimal basis set. The
fully relativistic band-structure calculation for CeRblin  nonrelativistic band structure of CeCglpublished in Ref.
Fig. 2, where its Ce flelectron was treated as a core electron18 shows a rough agreement with our results with respect to
(4f-c schemg By comparison with Fig. 1 one can easily the band characters, but considerable differences due to rela-
conclude that the seven nearly dispersionless bands in Fig. fiyistic effects exist neaEg. For instance, due to the lack of
situated at about 0.5 eV are of Cé gharacter. These bands spin-orbit splitting, the # band complex is much narrower
are especially clearly visible above the Fermi levehand  there!® Finally, band-structure results and the corresponding
M, but they are mixed with other bands elsewhere and th&ermi surface of CeRhkwere reported in Ref. 10. Whereas
lowest one drops below the Fermi level betwéeandX. By  the band structure is quite similar to our results, there exist
calculating additionally the atomic character within eachsome differences in the calculated dHVA data as well as in
band(not shown we have found that the bands which crossthe assignment of the measured dHvA frequencies.
the Fermi level in Fig. 1 have a consideralfleharacter as
well. Especially pronounced is thlecharacter at the Fermi IV. EXTREMAL ORBITS
energy betweeiX andT’, as well as betweeR andZ. Con-
siderablef character below the Fermi energy exists only at Based on the band-structure results, we calculated the
the high-symmetry pointZ andR. Other states which con- dHVA frequencies and effective masses for all extremal or-
tribute significantly at the Fermi energy are the Im &rbit-  bits with Hllc. The most relevant calculations were per-
als. This is especially true for the bands centered around thermed in the fully relativistic scheme for which a complete
A andM points. If we compare the energy bands in Figs. lanalysis has been performed and which are compared with
and 2 betweerM andT’, or betweenM and X, we find in  the scalar-relativistic calculations. The individual extremal
both cases three bands crossing the Fermi energy. The twbits were already shown in Fig. 5 of Ref. (Ske also Refs.
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TABLE I. Calculated dHVA frequencieB (in KT) and effective  (orbit g) and around (orbit h). These two orbits are holelike
massesm (in mg) for CeColry with Hilc. The calculations were and they are present in all three compounds. Band 133 cre-
performed treating the Cef4lectrons as delocalized and adopting ates the electronlike orbj#, aroundM, and also two orbits,
either the scalar-relativistic or the fully relativistic approach. Thelg2 and ¢, around theA point which are electronlike and

notation of the extremal orbits can be found in Ref. 14. holelike, respectively. The two distinct kinds of orbits around
A may be understood from the band struct(fey. 1), since
F (KT) m (M) band 133 crosses the Fermi level twice along each of the
Central Band high-symmetry direction&-R and A-Z, respectively.
Symbol Point  No. Sc-rel. Rel. Sc-rel. Rel. The most important orbits are;, a,, and a3, which are
connected with band 135. These orbits are the ones that are
9 T 131 0809 0.761 -0661 -0.814 gt clearly visible in experimeltl? (together with 3s)
h X 131 0460 0438 -0.669 -0.974 gnd, in addition, they were observed in all three compounds.
B1 M 133 12910 12.680 2279 2314 They correspond to a cylindrical Fermi surface sheet along
B A 133  6.312 6.295 1.232 1.474 the M-A axis in the BZ. Orbitag is centered around tha
c A 133 13.496 13.113 -3.178 -3.645 point, orbit &, around M point, and orbita; is centered
@ Aiois 135 5399 5352 1543 1621 around a point in betweeh andM. These three orbits are all
«o Mooas o oaseo aarsogrrosse S0 ORI T KO e calculaton of Celdin
“3 A 135 4069 4060 1155  1.3L7 all other cases it breaks up into two orbifer which we
& z 135 1280 1.264 1445 1536 nyroduced the notation®,; and a,) which are centered
a R 135 1186 1.136 0909 0946 aroundz andR, respectively, and which are electronlike.

To explain the peculiarities of the three compounds sum-

13 and 15 which we therefore not repeated here. For thelrg\?vzlnzgd in Tables |-l some comments are given in the fol-

S?"e of cla_r|_ty we ?ISO use the same notdﬁqaxcept for one In the case of CeRhin(Table Ill), the orbit 8, is an
minor modification: in some cases the oraitloes not exist . L L
extremal orbit around thé point in the scalar-relativistic

and is broken into two other orbits which we then denote asscheme as well as in the4 scheme. In the fully relativistic
a; and a,. The band numbers in Tables I-lll refer to the : y

valence bands in the fully relativistic scheme counted fromCooc? the corresponding ortfit has an extremal cross sec-
) ully ; ; ion atk,=0.25(denoted byA’) and it disappears for larger
below as introduced in the previous section. In the case o

values ofk, including theA point.
CeRhIrg we alsp present some dH.VA data for the most For CeRhlIg (Table Ill), the extremal orbit is centered
prominent Fermi surface sheets which we calculated using o CdA in the scalar-relativistic scheme. but has an ex-
the 4f-c scheme. We did not, however, attempt to identify aIItrernal cross section around’ with k.=0 2’7 in the fully
the experimentally observed orbits. Lastly, we note that SOME, ~tivistic case z
orbits in either the scalar- or fully relativistic scheme are not |

presented because they do not exist as a closed, extremal In the 4.f-c schemeonly re'e"af‘t for CeRhlg) Table b
orbit one can find more extremal orbits than given in the table.

. . .. Only those extremal orbits are presented which have a clear
Let us now characterize the various extremal orbits in

: . ; . correspondence in the fully relativistic scheme. Also, there
more detail. Band 131 gives rise to two small orbits arolind are extremal orbits in the fully relativistic calculation which

have no correspondence in th&e scheme.
As was already noted, the orlztexists only in the fully
relativistic calculation for Celrlg (Table Il) but breaks up

TABLE II. Calculated dHVA frequencieB and effective masses
m for Hilc in Celrlns.

F (KT) m (mg) into two orbitsa; anda, in the scalar-relativistic calculation
for that compound as well as for the other Ce-115 com-
Central Band pounds

Symbol  point No.  Sc-rel. Rel. Sc-rel. Rel.

ﬁ 1;( 121 gzgi 8'222 _8?32 "8'22§ V. DISCUSSION AND COMPARISON
By M 133 12.086 12.106 1.957 2.226 In Table IV we compare our calculated dHVA frequencies
B, A 133 6083 5963 1.062 1156 Tor CeColnto the available experimental data. Our values—

o A 133 13175 12772 -2.860 -3.386 calculated assuming delocallzetﬁls4—agre_e \1/§ry well Wlth
. the theoretical results reported by Setdial*> (who give,
1 Azo1s 135 4994 4984  1.387 1694 however, not all frequencies that ejisThe two published

ap M 135 4148 4017 0929 1.026 experimental data séfs'3 agree reasonably well with one
a3 A 135 3877 3929 0998 1324 another, too, and with the theoretical values. The experimen-
a z 135 1.418 open 1.903 open tal data of both grougs$*®complete each other to some ex-
a, R 135  1.262 open 1.150 open tent. Taking all results together, only orbitsa;, anda, were

a A 135 open 15011 open -4.527 heverobserved. It might be that orhitis not split in reality

and, consequently, it should be expected at a high frequency.
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TABLE lll. de Haas—van Alphen frequenci€sand effective massems calculated for CeRhinwith Hilc.
The presented dHVA quantities were calculated treating thefGxettrons as delocalized, adopting either
the scalar-relativistic or the fully relativistic scheme, as well as with the 4cheme, in which the Cef4
electron is treated as localized.

F (KT) m (mo)
Central Band
Symbol point No. Sc-rel. Rel. 4-c Sc-rel. Rel. 4-c
g r 131 0.848 0.821 -0.645 -0.807
h X 131 0.544 0.537 -0.666 -0.899
B1 M 133 12.759 12.201 10.250 2.007 1.994 0.629
Bo A 133 5.808 open 6.073 1.080 open 0.551
Bo A‘,<22025 133 6.534 1.484
A 133 12.976 open -2.707 open
A 027 133 15.684 -5.970
ay A{::(,.lg 135 5.383 4.567 1.535 0.549
a T\/I 135 4.371 4.213 3.928 0.894 0.952 0.467
as A 135 4.052 3.899 3.483 0.997 1.203 0.472
ay z 135 1.414 1.312 1.310 1.524
a, R 135 1.140 1.051 0.836 0.955

In general, it is increasingly difficult to detect high frequencyto the calculatedunenhancedorbital masses. This experi-
orbits with good precision. This difficulty of the dHVA tech- mental observation understandably reflects the heavy fer-
nique could also be the reason why orbithas not been mion behavior of Celrlg which has a specific heat
detected. coefficient of about 750 mJ/mol K A similar mass en-
The situation is similar for Celrin(see Table V. The  hancement exists for CeCgligsee Ref. 18 The mass en-
agreement of our data with the FLAPW restflis excellent. hancement is connected with thé éharacter of the bands.
The correspondence with the experimental data is also grati- The compound CeRhinexhibits a remarkably different
fying. Nearly all the predicted orbits were experimentally behavior. The dHvA experiments performed in the antiferro-
observed. Only the orbitg, a, andc are missing. The later magnetic stat@!> detected a multitude of low-frequency
ones belong to the more difficult to detect high-frequencybranches in addition to the main branch®s «;, and a, 3.
orbits, butg is a low-frequency orbit. It could be that experi- Here, our focus is not to describe this multitude of low-
mentally the two orbitg) andh could not be separated or that frequency orbits, for which most probably the correct anti-
the intensity ofg was too low. The orbits3, and a; dis-  ferromagnetically ordered structure has to be taken into ac-
played some splitting in the experiméfitDespite the good count in the band-structure calculation. In addition, in the
agreement achieved for the dHVA frequencies, the experiexisting experiments only the main branches could be unam-
mental cyclotron masses are extremely enhanced comparéiguously assignet. In Table VI we therefore compare only

the experimental and theoretical results for these main
TABLE IV. Comparison of several experimental and theoretical pranches.

dHVA frequencied= (in kT) for CeColn.

TABLE V. Comparison of experimental and theoretical dHVA

TheoryF ExperimentF frequencies and masses of Ceirln
Symbol Symbol
Refs, 18 and 14 Rt 12 Present Ref.13 Ref.12 Ref 13 Symbol TheoryF Exp. F Theorym Exp.m
R 13.11 13.30 Ref.14 Present Ref. 14 Ref.14 Present Ref. 1Ref.14
B1 12.68 13.00 12.00 a 15.01 15.20 4.53 4.89
Bo Fe 6.30 6.45 7.535 7.50 c 12.77 12.80 3.39 3.95
ay Fg 5.35 5.43 5.401 5.56 B1 12.11 12.40 12.00 2.23 3.32 32
ay Fy 4.48 4.53 5.161 4.53 B> 5.96 6.18 6.11-6.59 1.16 1.33 21-30
a3 Fs 4.06 3.90 4.566 4.24 ay 4.98 5.00 5.07-5.56 1.69 1.89 17-25
ay 1.26 ay 4.02 4.03 4.53 1.03 1.15 29
a, 1.14 a3 3.93 3.65 4.24 1.32 1.37 10
g F, 0.76 0.411 g 0.68 0.70 0.63 0.64
h Fy 0.44 0.267 h 0.22 0.14 0.27 0.69 1.04 6.3
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TABLE VI. Comparison of theoretical and experimental results
for the dominating dHVA frequencies in CeRblrn our calcula-
tions (denoted “presenj’the Ce 4 electrons are treated either as
delocalized(4f-val.) or localized(4f-c).
TheoryF (kT) Exp. F (kT) g
=R
Present 3
Symbol Symbol P
a b 4f-val. 4fc P a b c g
Bo Fg 6.53 6.07 6.878 6.13 6.12 6.256 E
ay 538 457 5562 4.67 4.686 <§
ay F’ 421 393 4331 3.67 3.60 3.605 %
a3 F 390 348 3951 3.67 3.60 3.605
aRef. 15
bRef. 10
‘Ref. 9 :-:.*‘: oot SaSogafideo ‘
]9100 60 30 081 30 60 90(0) 45
; ; iac i [110] [001] [001] [110]
If we start our interpretation of the dHVA frequencies in Field Angle (Degrees)

CeRhln treating the Ce flelectrons as valence electrons in

the fully relativistic scheme, then we immediately observe an  FiG. 3. (Color online Measured angular dependence of dHVA
important difference with regard to both CeCpgl@and  frequencies in CeRhiopen points, from Ref. J5n comparison
Celrlns: whereas the experimental data are slightly lafger  to the theoretical ones, calculated with the fully relativistic FPLO
to 1099 than the theoretical values for the later two super-scheme and treating the Cé 4lectron as core electro(filled
conducting compounds, they are up to 1G%bhaller for  symbols.

CeRhin. In contrast, the results obtained with thé-¢!

scheme fit much better in the general chemical trend. SinCge characteristic angular dependence of the various branches
there is no 4 contrlbupon at the F_erm| level the volume 5 well reproduced. The calculated splitting of thgand as
enclosed by the Fermi surface shrinks and so does, consgranches is larger than the experimentally observed splitting.
quently, the corresponding areas of extremal orbits. As a rerpe reason for this remains an open question at the moment.
sult the theoretical values are n@mallerthan the measured Tpe related compound LaRhJmisplayed also a larges,
ones in accordance with the general trend in the seriesa3 splitting 5 If we would have displayed the results calcu-
CeMins. It should be noted, however, that the absolute dejateq treating the fielectrons as itinerant, then the theoretical
viation from the experimental values is not significantly im- panches would lie higher than the experimental ones and the
proved. _ agreement would be worse. Thus, our calculations support
As far as the effective masses are concerned, these afige picture of reasonably localized #ehavior in CeRhlg
enhanced in CeRhiras well, but only moderately. The €x- gt variance with the much more delocalizefi Behavior in
perimental value for the mass/my, of orbit B, is 6.1£0.3  ceColn and Celrlg. In Fig. 3 one can also see the multitude
(Ref. 10 or 6.5+0.8(Ref. 9, respectively, whereas theoreti- ¢ low-frequency orbits, the origin of which could be re-

cally it was found to be 1.48n the fully relativistic scheme  solved only by band-structure calculations taking the antifer-
or 0.55(in the 4f-c schemg see Table Ill. The correspond- omagnetic ordering into account.

ing values for orbita, are experiment: 4.6+1.(Ref. 10 or
4.8+£0.4(Ref. 9 and theory: 0.95rel.) or 0.47 (4f-c). Al-

though the inclusion of f40rpita|s into the valgnce—band VI. CONCLUSIONS
complex enhances the effective masses even in LSDA, that
does not necessarily advocate delocalizBd. 4nstead, it can Our investigation of the electronic structures and dHvA

be expected that the dominating mass enhancement iguantum oscillations in the Ce-115 corroborate the following
CeRhln, occurs because of a strong interaction between corpicture of these materials. In CeCgland Celrlg the Ce 4
duction electrons and magnetic fluctuations, which is noglectrons appear to be rather delocalized. Therefore, treating
taken into account in our calculation, however. Under presthe 4 electrons in these two compounds as itinerant states,
sure the antiferromagnetic order disappears in CeRin  we obtain a good description of the measured dHvA frequen-
the spin fluctuations and their interaction with the conductiorcies. However, the experimental effective masses of the ex-
electrons intensify, as suggested by the pronounced increag@mal orbits are considerably enhanced over the band-
observed for the effective dHVA massés’ structure effective masses. In spite of the substantial many-

To confirm our interpretation of localized 4ehavior, we  particle enhancement of the masses in the proximity of the
calculated in addition the angular dependence of the dHvAeavy fermion state, it is surprising how well the Fermi sur-
frequencies of the main branches treating thelctrons as face cross sections are described by the band-structure cal-
core states. The results are shown in Fig. 3. As can be seegylations.
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The behavior of CeRhldiffers from that of CeColgiand  perature of CeRhi(Ty=3.8 K) suggests that all three com-
Celrlns. In order to provide an explanation of the main pounds could be close to antiferromagnetic ordering. This
dHVA branches of CeRhin also taking into account the gives an indication of what the pairing mechanism of the
chemical trend in the series CeCpgl@elring, we find that it  unconventional superconductivity could be. Most likely
is better to treat the Cef4lectrons as localized. This finding significant antiferromagnetic spin fluctuations are present in
is in agreement with some of the observed differences beall three compounds at low temperatures, the strength of
tween the Rh compound and the Co and Ir compounds, awhich depends delicately on the Ce-interplane distaheg
e.g., the lower specific heat and the antiferromagnetic ordehe c/a ratio). The c/a ratio apparently also has a pro-
of the Rh-115 compound. The antiferromagnetic structuréiounced influence on the localization degree of the €Ce 4
leads additionally to a multitude of low-frequency dHvA States. If the antiferromagnetic interaction is not strong

branches that are not detected for the other two Comlooundgnough to achieve antiferromagnetic ordering the next favor-

an explanation of which would require a careful study of theable order parameter is superconductivity, which might still

Fermi surface of the antiferromagnetically ordered Com_benefit from the antiferromagnetic fluctuations present. The

pound fact that the superconducting order parameter has unconven-

The mass enhancement observed within the Ce-115 serid@nal ta-y2 Symmetry might aiso correspond to an uncon-
ventional pairing mechanism, however, it has been shown

is most likely d_ue to spin fluctuat_lons as well as charge fluc-that this must not always automatically beZo.
tuations, but it comes about in a different manner for

The discussion of the origin of the unconventional super-
CeRhin. The moderate enhancement of the latter Ce-11%,,,ctivity also touches upon the importance of relativistic

compound occurs due to spin fluctuations on top of the “ff0ects as claimed in Ref. 19. In the later work, substantial
zen” magnetic state. The appreciable mass enhancement dfyferences between the Fermi surfaces computed with the
CeColn and Celrlg, on the contrary, seems to be related togca|ar- and fully relativistic approximations were reported. In
the more itinerant # electrons, which have a substantial contrast, we find in our investigation that the results of the
weight near the Fermi energy and, in addition to being rescalar- and fully relativistic schemes are very similar for all
sponsible for the fluctuating spin polarization, charge flucthe Ce-115 compounds. In particular, no fourth band crossing
tuations of the #s can also contribute to the mass enhancethe Fermi level is found. Therefore, there is apparently not a
ment now. compulsory reason for a fully relativistic description of the
Another mystery is why the deviating behavior occurs forelectronic structure of the Ce-115 compounds.
the Rh compound and not, for example, for the Ir compound.
It was noted earlier that small changes in the lattice param- ACKNOWLEDGMENTS
eters of the Rh compound already lead to a physical behavior This work was supported financially by the Egyptian Min-
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not provide a microscopic explanation. The small Néel tem-German Sonderforschungsbereich 463, Dresden.
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