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The de Haas—van Alphe@HvA) effect in the heavy fermion system CeBg was studied by magnetic
torque measurements in magnetic fields up to 28 T at low temperature. A clear magnetic torque anomaly
observed aBB,,~10 T applied along the crystallographéc axis indicates a metamagnetic transition. The
transition also manifests itself by a sharp drop of the magnetoresistance at low temperature. The dHVA
oscillations observed above the transition reveal six different frequencies in the basal plane with the corre-
sponding effective masses frormg to 23m,. Comparison of the angular dependence of the dHVA frequencies
with the theoretical band-structure calculations implies that theldctrons are itinerant rather than localized
inside a magnetically ordered state. One frequency is split into two close satellites, which most likely originate
from the up and down spin bands, whose effective masses differ by a factor of 2. The spin splitting gives rise
to an apparent anomalous field dependence of the effective mass obtained from the experiment.

DOI: 10.1103/PhysRevB.67.094420 PACS nuni®er71.18+y, 71.27+a, 75.30.Kz

. INTRODUCTION that of the lanthanum-based analogs (LaAlaln, LaBs,
or LaRhSi,, respectively. In the well-known case of
At zero pressure R=0), the tetragonal heavy-fermion ceRysSi,, which is at zero pressure already just on the para-
material CePgSi, belongs to the class of long-range mag- magnetic verge of the quantum critical pointP(
netically ordered Kondo compounds. Below its ordering_ _1q kbar) at low fieldi.e., below its metamagnetic cross-
temperaturéTy~10 K, antiferromagnetism appears with a ger field B,,=7.2 T), the 4 electrons are itinerant, while

sg?_:_atlcle {nfgne:|zat|on710=0.6u3 _]f‘t rllowt temperature taboveBm the detected dHVA frequencies correspond to the
(T/Ty<1)." Low-temperature Specilic hea measurezrr;en ﬁ_aRquiz case. However, full determination of the FS is far
reveal a large Sommerfeld coefficiept- 100 mJ/K mol*

A . ; from being achieved since the measured FS areas are far too
quite similar to that found in other cerium-based Kondo an- . o
tiferromagnets such as CeAlRef. 4 or Celn,.? small to account for the still large contribution of the elec-

H 3 19,20 H
The appearance of superconductivity in CgBlglnear its :Lonlc sE[)ecmtc r:‘etﬁty.K dThF?tr.et'Ca: argug?entsé)ased on
guantum critical point P.~27 kbar), first discovered by € treaiment of the Rondo 1atlice at oné dimensiar on

Mathur et al.® is now well established for pure samples the continuity in the Andersen lattice as the on-site repulsion

where the clean limit is achieved, i.e., the electronic meand increase¥ have led to the conclusion that thé dlectrons

free-pathl, is larger than the superconducting coherenceMUst appear as itinerant on both sidesPef. On the other
length &,.”"'* The unconventional superconductivity seemshand, in magnetically ordered Kondo compounds, the mo-
to be mediated by magnetic fluctuations. However, a precistecular field acting on the #electrons is often comparable to
determination of the boundary between magnetic, supercorthe €lectronic bandwidth, which is, in turn, related to the
ducting, and paramagnetic phases is still missing. single ion Kondo temperatu®, and thus to the e tem-

An important issue for heavy-fermion systems is the de{eratureTy. A strong shift of the electronic levels from the
termination of the Fermi surfad€S), since there are debates paramagnetic state can be expected, which leads to an appar-
on the localization of the # electrons on both sides ¢f,  ent localization of the # electrons. Furthermore, for the
(Ref. 12 related to low dimensionality and even the super- rather high magnetic fieldB=12 T) required to observe
conducting staté* At very low temperature, the FS can be quantum oscillations in CeR8i,, the magnetic polarization
determined from the de Haas—van AlpheltivA) effect or  itself is already strong, as can be concluded from the suscep-
other quantum oscillation effects observable in magnetidibility and neutron diffraction measurements at zero and low
field (B) sweep experiments. The extrapolation of the FS tdield.! A strong magnetic polarization also leads to the local-
zero field becomes difficult when the magnetic field itselfization of the 4 electrons. By contrast, above the quantum
modifies the magnetic correlations and thus, by feedback, thesitical point, the FS observed for CefSi, at low field (i.e.,
electronic structure, i.e. the FS topology, effective masseweak magnetic polarizations that calculated with itinerant
and even their dependence on the spin orientation. There a#d electrons. The question of the localization of thieelec-
many examples of magnetically ordered Kondo systems suctions is, therefore, not so straightforward. So far, there are no
as CeA),'® Celny,'® CeB;,! or CeRhSi,,'® where the 4  full calculations taking into account molecular and magnetic
electrons are claimed to be localized since the FS topology ield effects.
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The main aim of this work is to present quantum oscilla-the usual Lifshitz-Kosevich formula. However, there is no

tion data on CePsbi, by comparison to band-structure cal- general theory foiM| in heavy fermion systems. Nonethe-
culations realized with two hypothesis: localization or itin- |ess, it is believed that its general form will closely resemble
eracy of the 4 electrons. We will also focus on the field that of normal metals, modified by the strong electron corre-
dependence of the effective mass as well as on the differenggtions. Model calculations by Wasserman, Springford, and
between majority and minority spin carriers. Hewsorf® and by Rasdf seem to confirm this assumption.

Il. EXPERIMENTAL DETAILS

. D IIl. RESULTS AND DISCUSSION
All the high magnetic field measurements reported here

have been performed on the same single crystal that had beenA. Metamagnetic transition and magnetic phase diagram

previously studied in the_high pressure expgrim@rﬂetails_ Few studies of CeR&i, in high magnetic fields exist.
of the sample preparation and characterization are giveRpq ot 5125 presented magnetization at 4.2 K with the mag-

elsewhegé. The sample dimensions are 68050 g field applied along both andc crystallographic axes.
X 70 um®, with its a and ¢ axes parallel to its length and gq poth orientations of the magnetic field, the magnetization
width respectively. was found to increase continuously without showing any
The magnetoresistance was measured by a standard 8fomaly up to 28 T. Heusest al2® measured the specific
technique with a lock-in detection. The current of 108 at  heqt of a polycrystalline sample at 0, 13, and 28.9 T. At 28.9
a frequency of 11.7 Hz was applied along the length of ther the antiferromagnetic transition was found to be broad-
sample, being 3parzallel to i axis. The measurements were gneq with both the peak in the specific heat and the transition
performed in a’He/"He dilution refrigerator at 100 mK and - mjgpoint suppressed to lower temperatures though the onset
4.2 K; the magnetic fields up to 16 T parallel to the san#le yiq not shift.
axis were generated by a superconductjng magnet. Recently, specific heat measurements on G8Rdin
The measurements of the magnetic torque were pefyagnetic fields up to 16 T were reporte@ihe measurements
formed at the M6, M9, and M10 Bitter magnets of the yere performed on a single crystal much bigger than that we
Grenoble High Magnetic Field Labor_atory. For th_ese Meay;sed in this study. The crystal, however, was grown by a
surements, the sample was mounted in a top-loading dilutiogitferent technique and was very similar to that reported in
refrigerator equipped with a system allowing the sample (et 1. Compared to our sample, it showed significantly
be rotatedn situ. In most of the measurementsaxis of the higher residual resistivity g,~20 #Q cm instead ofpg
sample was parallel to the rotation axis. Since the rotation_ 1 Q cm herg and lowerTy=9.3 K compared to 10.2 K

axis was perpendicular to the field direction, this allowed theq, oy crystal. The antiferromagnetic transition was found to
magnetic fields up to 23 or 28 T to be tilted in the samplegpif 15 |ower temperatures when a magnetic field was ap-
basal plane. Some sweeps were also done up to 18 T app"%‘Red along the crystallographi axis, while a field applied

in the ac plane. __ parallel to the tetragonal axis did not affect the transitioh.

A torque technique was used for the quantum oscillation)¢ \ya5 aiso found that the low-temperature term of the spe-
mea_surement§. In this technique, a sample is mounted ON&ic heat, vo, Shows a maximum arour=6 T. Both the
cantilever, which represents also the upper plate of a capacly,nression of the antiferromagnetic transition temperature
tor. When a magnetic fiel® is applied, the sample experi- and the appearance of a maximum yg observed in the
ences a torqu@ =M X B, whereM is the magnetization of specific heat measuremehtse consistent with the results of
the sample. The torque acting on the sample bends the caa-recent magnetization studyperformed on a sample from
tilever and the capacitance varies. For a small deformation dhe same batch as Ref. 3. The differential susceptibility was
the cantilever, the capacitance variations can be assumed #msind to show a rather broad, but still well-defined maxi-
proportional to the torque. Thus, the measurements of thenum at about 6 T. The position of the maximum was almost
capacitance variation provide a measure of torfigéven by  temperature independent up to 8 K. These observations sug-

gest the existence of an additional transition inside the anti-
T=M,BYV, (1)  ferromagnetic state, presumably of the metamagnetic nature.

hereM  is th | tizati t Here we report convincing evidence of the presence of a
wherelM, IS Ine sample magnetization componen perpen'metamagnetic transition, although we find it at a higher field

dicular to the magnetic field and is the sample volume. than that suggested by the previous sttics will be dis-

Eor the materials with an aruso_trgplc Fermi surface, thecussed later. Figure(8 shows the field dependence of the
oscillatory part of the magnetizatiohl has a component magnetic torque for different directions of the magnetic field

perpendicular to the magnetic field, which is given by with respect to the axis in the basal plane. The magnetic
torque increases rapidly at low field, then showing a distinct
Y :l fm 2 kink [indicated by arrows in Fig. (&)] at about 10 T. The
LTFEg0 anomaly in the magnetic torque found here is quite similar to

N that observed in URAI; at 18 T2 where it is well estab-
whereM is a parallel componenE is the dHVA frequency, |ished to correspond to a metamagnetic transition. Biar,
and 6 is the orientation of the Fermi surface with respect tothe kink in the magnetic torque corresponds to a sharp mini-
the applied filed. In a normal meta] | would be given by mum of the magnetoresistance measured at 0.1 K, as shown
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The above observations combined with some preliminary

FIG. 1. (a) Field dependence of the magnetic torque for severaresults of the ac specific heat study of our sanffédlow us
given orientations of the field in the basal plane. The arrows indit0 sketch the magnetic phase diagram of G&®d The
cate the anomalies corresponding to the metamagnetic transitiophase diagram is shown in Fig. 3 for the magnetic field ap-
The inset shows angular dependence of the magnetic field at whigplied along thea axis. In agreement with the previously re-
the anomaly occurs in the basal plafie. Normalized magnetore- ported results(also shown in Fig. B the antiferromagnetic
sistance defined here aR=R(B) — R, as a function of the mag- transition temperatur€, decreases with magnetic field. This
netic field applied along the crystallographacaxis is shown for  suggestsTy to be eventually suppressed to zero at higher
T=100 mK and 4.2 K. For both temperatures, a sharp drop of thgjeld as schematically indicated by the gray line in Fig. 3. A
magnetoresistance manifests the metamagnetic transition also seffetamagnetic transition between two antiferromagnetic
as an anomaly in magnetic torqugpper pangl phasegdenoted as AF1 and AF2 in Fig) & found atB,,

~10 T at low temperature. The transition shifts to lower

in Fig. 1(b). At 4.2 K, the minimum shifts to a slightly lower field when the temperature increases.
field remaining are, however, quite robust. The origin of The field dependence dfy we find here does not match
smaller anomalies at higher field~13 T at 0.1 K and exactly that of Ref. 3. Moreover, the metamagnetic transition
~11 T at 4.2 K is not clear. They might be related to the field By, turns out to be higher than the field range, where the
reorientation of magnetic domains, since the magnetoresidow-temperature Sommerfeld coefficient and the differential
tance was only measured with the magnetic field appliegusceptibility showed a maximum in the previous studies.
along[100] direction, i.e., away from the easy magnetic axis The discrepancies may be due to differences in the properties
([110] direction. The shape of the resistivity curves closely
resembles that reported for URGi,,%° where a complex 12 . . . . . .
three-step metamagnetic transition is found in the field range 10 Paramagnetism |
35-40 T. We, therefore, argue that a metamagnetic transition
occurs in CePgBi, at B,,~10 T, when the magnetic field is 8
applied along the crystallographécaxis. The field at which
the metamagnetic transition occurs has a weak angular de-
pendence when the magnetic field is tilted in the basal plane,
as can be seen in the inset of Figa)l However, when the
magnetic field is inclined in thac plane, the metamagnetic
transition shifts to higher f_ields as 1/c@svx_/here0 ig the 0 5 10 15 20 25 30 35
angle between the magnetic field and thexis (see Fig. 2.
This implies that only fields parallel to the basal plane can

trigger the metamagnetic transition, while a field applied g 3 Magnetic phase diagram of CeBg is sketched for
along thec axis does not produce any effect. This is COnSiSp) 4 pased on the magnetic torg(epen circle, magnetoresistance
tent with staggered magnetic moments aligned in the basafjied triangles, and AC specific heaffilled squares measure-
plane, along th¢ 110] direction. In a good agreement, the ments. The antiferromagnetic transition temperaiyeas a func-
antiferromagnetic transition moves to lower temperatures fofion of magnetic field from the previous stutlis also shown as
Bla, and does not shift when a field is applied along the open squared.y decreases with magnetic field, suggesting its even-
axis. The existence of a strong magnetic anisotropy is a comual suppression to zero at higher field as schematically indicated by
mon feature of rare-earth-based compounds. the gray line. The lines are guide for the eye only.

T(K)
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FIG. 4. Typical dHVA oscillatory signalupper panegland its Field Angle (deg)
Fourier spectrumower panel observed with magnetic field ap- FIG. 5. Angular dependence of the dHVA frequencies obtained
plied at 12.5° fron( 100] to [110]. The frequencies denoted 5, from both theoretical band-structure calculation in the itinefant
v, and{ are fundamental. Note the splitting of tgefrequency. electron modelsolid line) and the experimentopen circles See

of the samples used for the present and the previous studid€Xt for the explanation.

It is already known that only very pure sample . .
y y Ly plepo ( For the analysis of the effective masses, we assumed the

=2 uQ cm) of CePdSi, show the emergence of supercon- = ~ ey .
ductivity near the preszsure-induced guantum critical point.valldlty of the standard Llf_shltz-Kosewch theory, fr_equently
This is understood in terms of unconventional superconduc‘-Jsed for other heavy fermion compounds. Theoretical model

i 023,241t i
tivity (presumably mediated by antiferromagnetic quctua-CaICUIat'ong justify such a usage. The cyclotron effective

tions), which is very sensitive to the presence of even non nasses were determined from the temperature dependence of

magnetic impurities. However, the microscopic origin of thetheld'_hr/]A 3r|3p'IA|tude.lAcggdlpg ]EO tge Llfsh|t|zf-KoseV|ch for-
differences in the magnetic properties, i.e., the values anf'u!a: the dHvA amplitudé of a fundamental frequency can

dependence ofy andB,,, of different quality samples is not e written as follows:

clear at present and deserves more systematic study. 1

S| am* T/B
1/2] *
B. Angular dependence of the dHVA frequencies AxB K2 ‘ sint(am? T/B) exp(—amg Tp/B),
All the observed dHVA oscillations were detected above ©)
the metamagnetic transitioB{=10 T), where the sample
is in an intermediate antiferromagnetic stéd¢-2). Figure 4 2m%ckg
shows typical dHVA oscillations and the corresponding FFT *T T eh ~14.69 TK, “)

(fast Fourier transformspectrum for the field angle of 12.5°

from [100] to [ 110] direction. The FFT peaks denoted &y ~Where mg is the cyclotron effective mass anly, is the

Z, v, and B are fundamental. Dingle temperature, inversely proportional to the quasiparti-
We show in Fig. 5 the angular dependence of the dHvAcle lifetime 7 (Tp=%/2mkg7). Figure 6 shows the so-called

frequencies; each dHVA frequenéyis proportional to the mass plot obtained from Ed3). From the slope of linear

extremal cross-section area of the Fermi surfa€e, fitting, we determined the cyclotron effective masses, rang-

=Sific/2me. The open circles in Fig. 5 represent the experi-ing from 6.8n to 23m, at B=24.6 T for the field angle of

mental results, while the solid lines show the results of thel2.5° from[100] to [110] direction.

band-structure calculation described later. Due to the strong Although the cyclotron mass is found to vary with field as

magnetic anisotropy, we were able to detect the dHvA signatliscussed later, we estimate the Dingle temperature from the

only for the field directions fronf100] to [110], using the field dependence of the dHVA amplitude, where we assume

present torque technique. Branghs observed for all orien- the mass to be constant as a function of field. The Dingle

tations of the magnetic field, while the other branches;, temperature can be obtained from the slope of the plot of

and y, suddenly disappear at certain field angle, indicatingn[ABYsinh(an T/B)] versus 1B according to Eq(3). For

the existence of open orbits. the field angle of 12.5°, the Dingle temperatures are 0.5 K

094420-4
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z T T T T TABLE |. Experimental and calculated dHvVA frequencies and
EE CePd,Si, effective masses for three orientations of the magnetic field in the
£ H//12.5 from [100] basal plane. Branch assignments refer to Fig. 5.
£ 6.8 my, Branch Experiment Calculation
;SQ g F (KT) m* /me F (KT) my, /M,
g , a BJ[[100]
= 5 8.6m, b 0.52 9.8
] my,
K K 1.02 3.7
< 33 mg a 1.03 0.77
= ! ! I ! ! B 0.99 10.2 1.16 1.2
0 0.1 0.2 0.3 0.4 0.5 0.6 7 3.44 117 551 20
Temperature (K) s 3.48 6.1 2.57 2.0
FIG. 6. Mass plot for the same orientation of the magnetic field® 4.66 9.4
as in Fig. 4. The slope of the lines allows for the determination ofC 6.11 19.1
the effective mass, which is found here to vary fromng,80 3 11.4 5.5
23m,. BJ|7.5° from[100] to [110]
K 0.93 0.84
and 2.0 K for the branche8 anda, respectively. From the 2 0.81 7.3 1.01 3.5
following simple relations: Sp=mk2, #Zke=mfvg, | o 1.05 0.80
=ve7, We roughly estimate the mean-free-paths 660 A ¢ 3.65 7.9 2.57 21
for the branchg and 320 A for the branch. a 4.78 10.1
As can be seen in Fig. 4, one of the fundamental peaks i§ 11.6 5.9
split into two satellitest and ¢’ with frequencies 3.87 and B||12.5° from[100] to [110]
3.79 KT, respectively. This splitting can be resolved onlyg 0.75 6.8 0.86 0.77
when analyzing the data up to 28 T, and is not visible overx 1.01 3.4
the field range up to 23 T. Furthermore, the difference bex 1.08 0.86
tween the split frequencies depends on the average field of 2.72 23.0
the field range chosen for the analysis. This distinguishes thg 3.87 77 263 21
situation observed for the field angle of 12.5° from ¢haxis 4 4.96 8.6
from that for small angle¢0 and 2.5°). At small angles, the ¢ 12.0 6.8

£ orbit is also split into two frequencidslenoted; and ¢,

in Table ), but this splitting can be seen in fields up to 23 T
and does not depend on the average field of the interval. We
believe, therefore, that the splitting we observe at low angles For CePdSi, and LaPdSi,, the band-structure calcula-
corresponds to that obtained in the band-structure calculatiotions were carried out by using a full potential linearized
nearB|[[100] (see Fig. % and is due to a small warping of augmented plane waELAPW) method with the local den-
the corresponding FS. On the other hand, the two close sasity approximation(LDA) for the exchange correlation po-
ellites observed at 12.5° most likely originate from the spintential. For the LDA, the formula proposed by Gunnarsson
splitting of the Fermi surface into the up and down spinand Lundquist* was used. For the band-structure calcula-
bands. For a spin splitting, two sheets of the Fermi surfacéion, we used the program codessPACE (Ref. 35 and

with opposite orientation of the spins usually have similarkANSAI-99. The scalar relativistic effects are taken into ac-
shapes and topologies, and thus close values of the effectig@unt for all electrons and the spin-orbit interactions are in-
mass. In our case, however, the effective mass correspondiduded self-consistently for all valence electrons as in a sec-
to the /' peak, 1én,, is more than two times higher than ond variational procedure.

that of the other satellitésee Fig. 6. This is especially sur- The space group of CepSi, is [4/mmm (#13®3/). The
prising as the difference between the split frequencies is veriattice parameters used for the calculation are4.2231 A
small (AF/F=0.02) implying that the two corresponding and c=9.8962 A, andz=0.3800 for 4 positions of Si
Fermi surfaces have almost the same size. A similar unusuakoms®® The same lattice parameters are used for LSBd
situation has been recently observed in BiPbwhere the in which the localized picture is expected. Muffin-KT)
effective masses of up and down spin oscillations were foundadii are set as 0.404l1for Cgla), 0.279@& for Pd, and

to be very different, up to a factor of 2, although the frequen-0.267@& for Si. Core electron§Xe-core minus §?5p® for

cies were also very close to each other. This remarkable dif€e(La), Kr-core minus 4° for Pd, and Ne-core for $iare
ference, while not easy to understand, might be related to thealculated inside the MT spheres in each self-consistent step.
puzzling situation in some othérelectron compounds, e.g., 5s?5p°® electrons on Cga) and 40° on Pd are calculated as
CeB;,%>3% where the oscillations from only one spin state valence electrons by using the second energy window.

were observed. Indeed, this would be the case if the other The linearized augmented plane wa{eAPW) basis
spin channel had too large effective mass to be observed. functions were truncated gdk+ G;|<4.85x2m/a, corre-

C. Theoretical band structure calculation

094420-5
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FIG. 7. Calculated band structure along the symmetry axis for
CePdSi,. The Fermi level is denoted Wy .

sponding to 567 LAPW functions at tHé point. The 369 &
samplingk points, which are uniformly distributed in the band27 electron band27 electron
irreducible 1/16th of the Brillouin zoné&ivided by 16, 16,

and 8, are used both for the potential convergence and forrh
the final band structure. The calculated band structure ang
the density of states are shown in Figs. 7 and 8, respectively0

FIG. 9. Calculated Fermi surfaces of CgBg and LaPgSi,.

e calculations were made for a paramagnetic ground state. For

ePdSi, in the antiferromagnetic ground state, the modified Bril-

uin zone(shown by dash-dotted linés about two times smaller
than the paramagnetic one. Also shown the orlgdenoted by

D. Comparison to the band structure calculation Greek lettersthat give rise to the corresponding dHvVA frequencies

In this section, we will compare the experimental resultsShown in Figs. 5 and 10.
with the results of the band-structure calculation. The solid
lines in Fig. 5 represent the calculated angular dependence @ients were performed at different temperatures. According
the dHVA frequencies based on thé-#inerant band model to the neutron scattering experiménte magnetic propaga-
in the paramagnetic state. Experimental and calculated freion vector in CePsSi, is k=[1/2, 1/2, 0 and the magnetic
quencies and effective masses are also shown in Table | fohoment is oriented along tHel10] direction in the antifer-
three orientations of the magnetic field, for which measuréiomagnetic state. Therefore, compared to the paramagnetic
Brillouin zone, the corresponding magnetic one shrinks in
size and its volume becomes half of the volume in the para-
magnetic state. The dashed line in Fig. 9 shows schemati-
cally the magnetic Brillouin zone in the antiferromagnetic
300 ] state. The real Fermi surfaces also shrink into smaller ones,
- . although relatively small Fermi surfaces situated around the
200 - i d I" point can be the same as the original ones. Furthermore, if
the antiferromagnetic gap energy is small enough compared
to the distance between the Landau levéls., a magnetic
100 7 breakdown can occur and the original Fermi surface in the

- J paramagnetic state can be observed even in the antiferromag-

L) s netic one. In such a case, the observed dHVA amplitude is

smaller than that in the paramagnetic state, because the cy-
clotron motion is scattered by the magnetic breakdown on
FIG. 8. Calculated density of states for CeBg. The Fermi  the antiferromagnetic gap.

level is denoted byEr. The f components of Ce are indicated in ~ As can be seen in Fig. 5, the experimentally obserged
gray. branch agrees well with that of the calculations. This branch

CePd;Sin E
00 T T

Density of States (States/Ry)

%.O 0.1 02 03 0.4 05 06 0.7 08 09 10 1.1 1.2
Energy (Ry)

094420-6



HIGH MAGNETIC FIELD STUDY OF CePdSi, PHYSICAL REVIEW B 67, 094420 (2003

corresponds to the arm-shaped Fermi surfaces stretching [rTrT T
along the 110] direction, as shown in Fig. 9. Because of the
small size of this sheet of the Fermi surface and its position
in the Brillouin zone, branclB in the antiferromagnetic state

is most likely to be the same as that in the paramagnetic one.

Branch{ of the experiment is shifted up from the theo-
retical one, while brancly of the experiment is shifted down
from the theoretical one. This might be attributed to the
small shift of the Fermi energy, because branchesnd {
originate from band 26-hole and band 27-electron Fermi sur-
face, respectively.

For brancha, there seems to be no corresponding theoret-
ical branch in Fig. 5. This might be due to the small size of
the magnetic Brillouin zone. Although the dHVA frequency
of brancha is smaller than the allowed maximum frequency [
of 14 KT in the magnetic Brillouin zone, the Fermi surface i °°
located at the zone boundary may be modified by the band I
folding. Therefore, tha branch might originate from branch
¢ in the calculation, which corresponds to the multiple-
connected Fermi surface, as shown in Fig. 9.

In the experiment branches and « were not observed. ) J)| PR R NN B R B B
This is most likely due to the unfavorable curvature factor [19100] 60 30 [081] 30 60 [180] 30[“0]
from the shape of Fermi surface, i.62Sg/9k? is small for Field Angle (deg)
these branchd€q. (3)].

Next let us consider the cyclotron effective masses. The FIG. 10. Angular dependence of the dHVA frequencies obtained
ratio of the cyclotron mass to the band mas3/m,, is 8.5,  from the theoretical band-structure calculation for Lgig The
5.9, and 3.05 for branche, ¢, and{’, respectively, when open circlegsame as in Fig. brepresent the experimental results.
the magnetic field is applied alof00] direction(see Table
). On the other hand, for the same orientation of the magC€ePdSi,, while the electron band no. 27 Fermi surface of
netic field, the ratio of the experimental specific heat coeffi-CePdSi,, which is modified from four cylindrical Fermi
cient to the calculated oneg/y,, is 17, where the value of  surfaces of LaPg5i, at the band no. 27, is connected at the
is equal to 110 mJ/Kmol at 15 T[3] and the value ofy, is  T' point. Comparing the theoretical angular dependence of
equal to 6.2 mJ/Kmol. In general, since the many-body the dHVA frequencies in LaR8i, with the experimental one
effect cannot be fully taken into account in the band calcu-observed in CeP®i,, there is no dHVA branch in LaR8i,
lation, the band mass is smaller than the experimental oneorresponding tg3 branch of the experiment. Furthermore,
Furthermoremy /my,, should be equal tg/y,, because both the existence of the branchin the experiment cannot be
values indicate the same mass enhancement. The discrepareplained by the calculation in LaR8l,. Therefore, the ex-
of the present mass enhancement is likely to indicate thgberimental results on CeRSi, are not consistent with the
some parts of the Fermi surface corresponding to heavietf-localized band model. This leads to the conclusion that
masses remain unobserved in the present study. Most prothe f electrons of CePi, appear to be itinerant rather than
ably, we have observed only one spin state for most of théocalized even in high magnetic field. An open possibility is
bands, while the other spin state corresponding to a largei partial localization of thef electrons, i.e., the situation
effective mass and having very close frequency remain hidwhere a certain fraction of thfeelectrons does not contribute
den. The big difference between the effective masses ab the FS volume. Such a situation is realized, for example,
branches and{’ supports this assumption. in CeB; where the FS volume obtained from the experiment
is only 10% larger than that of LaB* This observation led
to the conclusion that about Oflelectrons contribute to the
FS volume and therefore can be considered as itinerant, the

We show in Fig. 10 the calculated angular dependence Qjther~0.9 4f electrons are thus localiz84The actual situ-

the dHvA frequencies in LaB8i,. The corresponding Fermi  atjon in CePgSi, will be clearer when more dHVA frequen-

electrons, these Fermi surfaces correspond to the theoretical
ones that are based on the localize@lectron model in
CePdSi,, wheref electrons do not contribute to the Fermi
surface. Since the number of electrons that contribute to the To study the field dependence of the effective mass, we
band in LaP¢Si, is smaller than that in CeR8i,, the vol-  have performed field sweeps at different temperatures in the
ume of electronhole) Fermi surface in LaPgbi, is smaller  range from 30 to 480 mK and up to 23 T applied alongahe
(largep than that in CePgbi,. For example, the hole band axis and at 7.5° from it, and up to 28 T applied at 12.5° from
no. 25 Fermi surface of LaB8i, is larger than that of thea axis. The cyclotron masses were determined by fitting

dHvA Frequency (kT)

E. Iltinerant versus localized electrons

F. Field dependence of the effective mass
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T ' ' tive masses, which differ from each other. In this case, the
10k { ¢ = 7.5° from [100] ] dHVA oscillation of a fundamental frequency is given by:
! ] 27F, ami(B
- JI ﬁ{ D(B,T)=AT(B,T)Sin( =1 Tz( )9 +¢T)
= o }} ﬁ }{ -
¢ i _[2mF, wm}(B)g )
&ﬁiii# +Al(B,T)S|n( 5t td.
8 f : :
10 o, . ®)
- % s @ HereA, andA| denote the amplitude of the oscillations from
9 % .’ s ; . the up and down spin electrons, respectively. For each direc-
= §§ o’ T tion of the spin, the amplitude is given by E), where the
< 8r L : ] Dingle temperature is now different for different orientations
€ [ of the spin, and the cyclotron effective mass depends both on
T ] magnetic field and orientation of the spin. The second term
6 | . . . o ] in the oscillation phase arises from the so-called spin-
12 16 20 24 splitting factor cosrm*g/2), and the last term is the field-
B (T) independent phase.

To compare our experimental results with the theoretical
FIG. 11. Field dependence of the cyclotron effective mas8for model given by Eq(5), we first extracted only the oscilla-
applied at 7.5° fronj 100] to [110] obtained from the experiment tions within a narrow frequency window around 3600 T from
(upper paneland from the simulationflower pane), as described all the data obtained with the magnetic field applied at 7.5°
in the text. from the a axis. We then generated simulated oscillations
according to Eq(5) trying to reproduce the extracted experi-
the observed temperature dependences of the oscillation amyental data. We assumed the effective mass rmgia&mf
plitude to the Lifshitz-Kosevich forrfEq. (3)]. The effective =0 48 to be the same as for 12.5°. Both effective masses
mass associated with the 3.6 KT orbit that giVeS the Strongewere Supposed to fo”ow the same f|e|d dependence as the
Signal has been calculated over 1 T field intervals Centereﬁ)w_temperature Sommerfie|d Coefﬁci&ﬂ'he |atter was ex-
aroundBpean, the average magnetic field of the intervals. trapolated to higher fields, using the formula proposed by

BmeanWas shifted from 12 to 2828) T in steps of 0.5 T. Wassermaret al* for the field dependence of the effective
For all three orientations of the magnetic field, we foundmass:

an anomalous field dependence of the effective mass, which

does not agree with the existing theoretical models. The re-

sult obtained for the magnetic field tilted by 7.5° from the m*(B)=my
axis is shown in the upper panel of Fig. 11. A gradual de-

crease of the effective mass is clearly observed froml&t In this expressionm,, is the band mass,[2 is the unrenor-
125 T to 8.In, at 16 T. Above 16 T, the effective mass malized conduction band widtm; is the mean occupation
increases with magnetic field up to 21 T, where it passesiumber of the level, g is the electrorg factor, ug is the free
through a broad yet well pronounced maximum. Such a peelectron Bohr magnetorT,« is the Kondo temperature, and
culiar behavior of the effective mass has been already obN=2J+1 is thef level degeneracy. The field dependence of
served in another heavy fermion compound C&Ru*® In  the low-temperature linear term of the specific heat from Ref.
that case, such a behavior of the effective mass was due ®and those of the effective mass of up and down spins used
the existence of two close frequencies that could not be refor the simulation are shown in Fig. 12.

solved over small field intervals. This also accounts for our Following the above procedure, we have succeeded in
data obtained with magnetic field applied along the crystalobtaining a good simulation of the experimental data for all
lographica axis; at this orientation, there are two close fun-temperatures. We then calculated the field dependence of the
damental frequencies originating from different Fermi sur-effective mass for the simulated oscillations, using the same
faces. However, for the magnetic field applied at 7.5° fromprocedure as for the original data. The result is shown in the
the a axis, the observed behavior is rather due to the spifower panel of Fig. 11. One can see that the peculiar form of
splitting of the fundamental frequency, as discussed aboven* (B) obtained from the experiment is qualitatively repro-
The effective masses of the up and down spin bands arguced by simulations based on the model described above.
considerably different and seem to be field dependent.

In order to get further, quantitative insight into the nature
of the anomalous field dependence of the effective mass, we
have performed a wave-form analysis similar to that used by In summary, we performed magnetic torque measure-
Takashitaet al2® for the case of CeR®i,. We have sup- ments to study the de Haas—van Alphen effect in the heavy
posed the existence of two close frequencies originatindermion system CeB&i,. A distinct anomaly observed in
from the up and down spin states with field-dependent effecthe field dependence of the torque at about 10 TBfa

1

2D JgugB) 2
N ( Oug ) ®)

T NksTx KeTx

IV. CONCLUSIONS
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0.14 . T performed for the paramagnetic state. Taking into account
B //[100] the modification of the Brillouin zone in the AF state and the
corresponding change of the Fermi surfaces, the observed

PR angular dependence of the dHVA frequencies favors the re-
X . .

) sults of the band-structure calculations performed for itiner-
_% 010 antf electrons. On the other hand, it is difficult to reconcile
o the experimental results with those of the band-structure cal-

culations for LaPgSi,, which would correspond to the lo-
calizedf electrons. Therefore, thfeelectrons seem to remain
itinerant even abovB,,,, which is very unusual for Ce-based
heavy fermion compounds. It is also possible, however, that
a certain fraction of the #electrons are localized and do not
contribute to the FS. To clarify the situation, further measure-
ments at higher, probably pulsed, fields are required to detect
more dHVA frequencies.
Let us stress that in CeRS8li,, the Fermi surface does not
present a low-dimensional character in contrast to the case of
10 15 20 25 the new 115 cerium series: CeRhJn Celrlng, or
B(T CeColn.*=*° It was previously suggested that the low ex-
ponent 6~ 1.2) found in the temperature dependence of re-
FIG. 12. Upper panel: field dependence of the low-temperaturssistivity, p=po+AT", of CePdSi, close toP., is due to the
linear term of the specific heat from Ref. 3. The line is a fit by Eq.low dimensionalityD of the magnetic correlatiorfs=rom the
(6) corresponding to the theoretical field dependence of the effecshape of the Fermi surface, however, one can guess that in
tive mass from Ref. 23. Lower panel: field dependence of the efCepgSi,, also in contrast to the 115 cagéso-dimensional
fective mass of the up and down spin bands used for the simulatiO(‘QD)], the correlations have mainly a 3D character. In the
of the oscillatory signal. See text for the explanation. two cases of CeR&i, and CeRBSiz,ls the Fermi surface
does not contain low-dimensional characteristics. The main
manifests a transition between two magnetic states. The trawhifference is that in the magnetically ordered Kondo phase,
sition is also seen in the magnetoresistance measurementise latter seems to correspond to LaBh. Let us point out
where a sudden drop of the resistivity was observed at ththat in CeRRSi,, the pressure-induced transition to a para-
same fieldB,,~10 T at 100 mK. The transition moves to a magnetic ground state seems to be first order at low tempera-
slightly lower field atT=4.2 K implying a rather weak tem- ture, whereas for CeR8i, the picture of a smooth collapse
perature dependence Bf, at low temperature. Based on the of Ty and thus of a second-order transition at its quantum
above data and those of the preliminary study of the ACcritical point is well respectetf
specific heat, we have sketched the magnetic phase diagram One of the fundamental dHvVA frequencies is found to
of this compound foB||a. The phase diagram contains both split into two close satellites at high field. Except for very
the antiferromagnetic and metamagnetic transition lines. Thiow angles neaB||[ 100], the satellites are likely to originate
value of the magnetic fiel@,, at which the metamagnetic from the up and down spin bands. The effective masses cor-
transition occurs is found to have a weak angular dependenesesponding to these bands differ by a factor of about 2, and
when the magnetic field is tilted in the basal plane. On theboth seem to be field dependent. A wave-form analysis of the
other hand, when the magnetic field is inclined in the oscillations suggests that this spin splitting is responsible for
plane,B,, increases as 1/c@swhered is the angle from the the peculiar shape of the field dependence of the effective
basal plane. Thus, only a field component parallel to thenass observed in the experiment. The difference of the ef-
basal plane can drive the transition. fective masses with spin orientations is well known in band-
Above the metamagnetic transition, in the intermediatestructure calculations of ferromagnetic metals, where the ma-
AF state, six different dHVA frequencies were detected wherjority and minority spin Fermi surfaces are also very
the magnetic field is applied in the basal plane. The corredifferent. Here, however, the dHvA frequencies correspond-
sponding effective masses range from®to 23m,, which  ing to different spin orientations are very close to each other,
is consistent with a moderate value of the linear specific heatmplying quite similar Fermi surfaces. The theoretical pre-
coefficient reported for this compound. The experimentallydiction that the effective mass is large and spin dependent in
observed angular dependence of the dHVA frequencies wam almost localized Fermi liquid close to the metamagnetic
compared with the theoretical band-structure calculationsransitiorf® seems more plausible.
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