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High magnetic field study of CePd2Si2
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The de Haas–van Alphen~dHvA! effect in the heavy fermion system CePd2Si2 was studied by magnetic
torque measurements in magnetic fields up to 28 T at low temperature. A clear magnetic torque anomaly
observed atBm;10 T applied along the crystallographica 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 from 6me to 23me . Comparison of the angular dependence of the dHvA frequencies
with the theoretical band-structure calculations implies that the 4f electrons 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.
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I. INTRODUCTION

At zero pressure (P50), the tetragonal heavy-fermio
material CePd2Si2 belongs to the class of long-range ma
netically ordered Kondo compounds. Below its orderi
temperatureTN;10 K, antiferromagnetism appears with
sublattice magnetizationm050.6mB at low temperature
(T/TN!1).1 Low-temperature specific heat measureme
reveal a large Sommerfeld coefficientg;100 mJ/K2 mol2,3

quite similar to that found in other cerium-based Kondo a
tiferromagnets such as CeAl2 ~Ref. 4! or CeIn3.5

The appearance of superconductivity in CePd2Si2 near its
quantum critical point (Pc;27 kbar), first discovered by
Mathur et al.,6 is now well established for pure sample
where the clean limit is achieved, i.e., the electronic me
free-path l e is larger than the superconducting coheren
length j0.7–11 The unconventional superconductivity seem
to be mediated by magnetic fluctuations. However, a pre
determination of the boundary between magnetic, superc
ducting, and paramagnetic phases is still missing.

An important issue for heavy-fermion systems is the
termination of the Fermi surface~FS!, since there are debate
on the localization of the 4f electrons on both sides ofPc
~Ref. 12! related to low dimensionality13 and even the super
conducting state.14 At very low temperature, the FS can b
determined from the de Haas–van Alphen~dHvA! effect or
other quantum oscillation effects observable in magn
field ~B! sweep experiments. The extrapolation of the FS
zero field becomes difficult when the magnetic field its
modifies the magnetic correlations and thus, by feedback
electronic structure, i.e. the FS topology, effective mas
and even their dependence on the spin orientation. There
many examples of magnetically ordered Kondo systems s
as CeAl2,15 CeIn3,16 CeB6,17 or CeRh2Si2,18 where the 4f
electrons are claimed to be localized since the FS topolog
0163-1829/2003/67~9!/094420~10!/$20.00 67 0944
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that of the lanthanum-based analogs (LaAl2 , LaIn3 , LaB6,
or LaRh2Si2, respectively!. In the well-known case of
CeRu2Si2, which is at zero pressure already just on the pa
magnetic verge of the quantum critical point (Pc

5210 kbar) at low field~i.e., below its metamagnetic cross
over field Bm57.2 T), the 4f electrons are itinerant, while
aboveBm the detected dHvA frequencies correspond to
LaRu2Si2 case. However, full determination of the FS is f
from being achieved since the measured FS areas are fa
small to account for the still large contribution of the ele
tronic specific heatg.19,20 Theoretical arguments based o
the treatment of the Kondo lattice at one dimension21 or on
the continuity in the Andersen lattice as the on-site repuls
U increases22 have led to the conclusion that the 4f electrons
must appear as itinerant on both sides ofPc . On the other
hand, in magnetically ordered Kondo compounds, the m
lecular field acting on the 4f electrons is often comparable t
the electronic bandwidth, which is, in turn, related to t
single ion Kondo temperatureTK , and thus to the Ne´el tem-
peratureTN . A strong shift of the electronic levels from th
paramagnetic state can be expected, which leads to an a
ent localization of the 4f electrons. Furthermore, for th
rather high magnetic field (B*12 T) required to observe
quantum oscillations in CePd2Si2, the magnetic polarization
itself is already strong, as can be concluded from the sus
tibility and neutron diffraction measurements at zero and l
field.1 A strong magnetic polarization also leads to the loc
ization of the 4f electrons. By contrast, above the quantu
critical point, the FS observed for CeRu2Si2 at low field~i.e.,
weak magnetic polarization! is that calculated with itineran
4 f electrons. The question of the localization of the 4f elec-
trons is, therefore, not so straightforward. So far, there are
full calculations taking into account molecular and magne
field effects.
©2003 The American Physical Society20-1
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The main aim of this work is to present quantum oscil
tion data on CePd2Si2 by comparison to band-structure ca
culations realized with two hypothesis: localization or iti
eracy of the 4f electrons. We will also focus on the fiel
dependence of the effective mass as well as on the differe
between majority and minority spin carriers.

II. EXPERIMENTAL DETAILS

All the high magnetic field measurements reported h
have been performed on the same single crystal that had
previously studied in the high pressure experiments.9 Details
of the sample preparation and characterization are g
elsewhere.7 The sample dimensions are 6303150
370 mm3, with its a and c axes parallel to its length an
width respectively.

The magnetoresistance was measured by a standar
technique with a lock-in detection. The current of 100mA at
a frequency of 11.7 Hz was applied along the length of
sample, being parallel to itsa axis. The measurements we
performed in a3He/4He dilution refrigerator at 100 mK and
4.2 K; the magnetic fields up to 16 T parallel to the sampla
axis were generated by a superconducting magnet.

The measurements of the magnetic torque were
formed at the M6, M9, and M10 Bitter magnets of th
Grenoble High Magnetic Field Laboratory. For these m
surements, the sample was mounted in a top-loading dilu
refrigerator equipped with a system allowing the sample
be rotatedin situ. In most of the measurements,c axis of the
sample was parallel to the rotation axis. Since the rota
axis was perpendicular to the field direction, this allowed
magnetic fields up to 23 or 28 T to be tilted in the sam
basal plane. Some sweeps were also done up to 18 T ap
in the ac plane.

A torque technique was used for the quantum oscillat
measurements. In this technique, a sample is mounted
cantilever, which represents also the upper plate of a cap
tor. When a magnetic fieldBW is applied, the sample exper
ences a torqueTW 5MW 3BW , whereMW is the magnetization o
the sample. The torque acting on the sample bends the
tilever and the capacitance varies. For a small deformatio
the cantilever, the capacitance variations can be assume
proportional to the torque. Thus, the measurements of
capacitance variation provide a measure of torqueT given by

T5M'BV, ~1!

whereM' is the sample magnetization component perp
dicular to the magnetic field andV is the sample volume.

For the materials with an anisotropic Fermi surface,
oscillatory part of the magnetizationM̃ has a componen
perpendicular to the magnetic field, which is given by

M̃'5
1

F

]F

] u
M̃ i , ~2!

whereM̃ i is a parallel component,F is the dHvA frequency,
andu is the orientation of the Fermi surface with respect
the applied filed. In a normal metal,M̃ i would be given by
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the usual Lifshitz-Kosevich formula. However, there is
general theory forM̃ i in heavy fermion systems. Nonethe
less, it is believed that its general form will closely resemb
that of normal metals, modified by the strong electron cor
lations. Model calculations by Wasserman, Springford, a
Hewson23 and by Rasul24 seem to confirm this assumption

III. RESULTS AND DISCUSSION

A. Metamagnetic transition and magnetic phase diagram

Few studies of CePd2Si2 in high magnetic fields exist
Abe et al.25 presented magnetization at 4.2 K with the ma
netic field applied along botha andc crystallographic axes
For both orientations of the magnetic field, the magnetizat
was found to increase continuously without showing a
anomaly up to 28 T. Heuseret al.26 measured the specifi
heat of a polycrystalline sample at 0, 13, and 28.9 T. At 2
T, the antiferromagnetic transition was found to be broa
ened with both the peak in the specific heat and the transi
midpoint suppressed to lower temperatures though the o
did not shift.

Recently, specific heat measurements on CePd2Si2 in
magnetic fields up to 16 T were reported.3 The measurement
were performed on a single crystal much bigger than that
used in this study. The crystal, however, was grown by
different technique and was very similar to that reported
Ref. 1. Compared to our sample, it showed significan
higher residual resistivity (r0;20 mV cm instead ofr0
51 mV cm here! and lowerTN59.3 K compared to 10.2 K
for our crystal. The antiferromagnetic transition was found
shift to lower temperatures when a magnetic field was
plied along the crystallographica axis, while a field applied
parallel to the tetragonalc axis did not affect the transition.3

It was also found that the low-temperature term of the s
cific heat,g0, shows a maximum aroundB56 T. Both the
suppression of the antiferromagnetic transition tempera
and the appearance of a maximum ing0 observed in the
specific heat measurements3 are consistent with the results o
a recent magnetization study27 performed on a sample from
the same batch as Ref. 3. The differential susceptibility w
found to show a rather broad, but still well-defined ma
mum at about 6 T. The position of the maximum was alm
temperature independent up to 8 K. These observations
gest the existence of an additional transition inside the a
ferromagnetic state, presumably of the metamagnetic na

Here we report convincing evidence of the presence o
metamagnetic transition, although we find it at a higher fi
than that suggested by the previous study,3 as will be dis-
cussed later. Figure 1~a! shows the field dependence of th
magnetic torque for different directions of the magnetic fie
with respect to thea axis in the basal plane. The magnet
torque increases rapidly at low field, then showing a disti
kink @indicated by arrows in Fig. 1~a!# at about 10 T. The
anomaly in the magnetic torque found here is quite simila
that observed in UPd2Al3 at 18 T,28 where it is well estab-
lished to correspond to a metamagnetic transition. ForBia,
the kink in the magnetic torque corresponds to a sharp m
mum of the magnetoresistance measured at 0.1 K, as sh
0-2
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HIGH MAGNETIC FIELD STUDY OF CePd2Si2 PHYSICAL REVIEW B 67, 094420 ~2003!
in Fig. 1~b!. At 4.2 K, the minimum shifts to a slightly lowe
field remaining are, however, quite robust. The origin
smaller anomalies at higher field (;13 T at 0.1 K and
;11 T at 4.2 K! is not clear. They might be related to th
reorientation of magnetic domains, since the magnetore
tance was only measured with the magnetic field app
along@100# direction, i.e., away from the easy magnetic a
~@110# direction!. The shape of the resistivity curves close
resembles that reported for URu2Si2,29 where a complex
three-step metamagnetic transition is found in the field ra
35–40 T. We, therefore, argue that a metamagnetic trans
occurs in CePd2Si2 at Bm;10 T, when the magnetic field i
applied along the crystallographica axis. The field at which
the metamagnetic transition occurs has a weak angular
pendence when the magnetic field is tilted in the basal pla
as can be seen in the inset of Fig. 1~a!. However, when the
magnetic field is inclined in theac plane, the metamagneti
transition shifts to higher fields as 1/cosu, whereu is the
angle between the magnetic field and thea axis ~see Fig. 2!.
This implies that only fields parallel to the basal plane c
trigger the metamagnetic transition, while a field appli
along thec axis does not produce any effect. This is cons
tent with staggered magnetic moments aligned in the b
plane, along the@110# direction. In a good agreement, th
antiferromagnetic transition moves to lower temperatures
Bia, and does not shift when a field is applied along thc
axis. The existence of a strong magnetic anisotropy is a c
mon feature of rare-earth-based compounds.

FIG. 1. ~a! Field dependence of the magnetic torque for seve
given orientations of the field in the basal plane. The arrows in
cate the anomalies corresponding to the metamagnetic trans
The inset shows angular dependence of the magnetic field at w
the anomaly occurs in the basal plane.~b! Normalized magnetore
sistance defined here asDR5R(B)2R0 as a function of the mag
netic field applied along the crystallographica axis is shown for
T5100 mK and 4.2 K. For both temperatures, a sharp drop of
magnetoresistance manifests the metamagnetic transition also
as an anomaly in magnetic torque~upper panel!.
09442
f

is-
d

e
on

e-
e,

n

-
al

r

-

The above observations combined with some prelimin
results of the ac specific heat study of our sample30 allow us
to sketch the magnetic phase diagram of CePd2Si2. The
phase diagram is shown in Fig. 3 for the magnetic field
plied along thea axis. In agreement with the previously re
ported results3 ~also shown in Fig. 3!, the antiferromagnetic
transition temperatureTN decreases with magnetic field. Th
suggestsTN to be eventually suppressed to zero at high
field as schematically indicated by the gray line in Fig. 3.
metamagnetic transition between two antiferromagne
phases~denoted as AF1 and AF2 in Fig. 3! is found atBm
;10 T at low temperature. The transition shifts to low
field when the temperature increases.

The field dependence ofTN we find here does not matc
exactly that of Ref. 3. Moreover, the metamagnetic transit
field Bm turns out to be higher than the field range, where
low-temperature Sommerfeld coefficient and the differen
susceptibility showed a maximum in the previous studi
The discrepancies may be due to differences in the prope
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FIG. 2. Angular dependence of the metamagnetic transition fi
Bm for the field inclined in theac plane. Solid line corresponds t
theBm0 /cosu dependence withBm059.8 T, andu being the angle
from the @100# direction. The small deviation of the experiment
points from the calculated curve at high inclination angles is due
the bending of the cantilever.

FIG. 3. Magnetic phase diagram of CePd2Si2 is sketched for
Bia based on the magnetic torque~open circle!, magnetoresistance
~filled triangles!, and AC specific heat~filled squares! measure-
ments. The antiferromagnetic transition temperatureTN as a func-
tion of magnetic field from the previous study3 is also shown as
open squares.TN decreases with magnetic field, suggesting its ev
tual suppression to zero at higher field as schematically indicate
the gray line. The lines are guide for the eye only.
0-3
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of the samples used for the present and the previous stu
It is already known that only very pure samples (r0
&2 mV cm) of CePd2Si2 show the emergence of superco
ductivity near the pressure-induced quantum critical po
This is understood in terms of unconventional supercond
tivity ~presumably mediated by antiferromagnetic fluctu
tions!, which is very sensitive to the presence of even n
magnetic impurities. However, the microscopic origin of t
differences in the magnetic properties, i.e., the values
dependence ofTN andBm , of different quality samples is no
clear at present and deserves more systematic study.

B. Angular dependence of the dHvA frequencies

All the observed dHvA oscillations were detected abo
the metamagnetic transition (Bm.10 T), where the sample
is in an intermediate antiferromagnetic state~AF2!. Figure 4
shows typical dHvA oscillations and the corresponding F
~fast Fourier transform! spectrum for the field angle of 12.5
from @100# to @110# direction. The FFT peaks denoted bya,
z, g, andb are fundamental.

We show in Fig. 5 the angular dependence of the dH
frequencies; each dHvA frequencyF is proportional to the
extremal cross-section area of the Fermi surface,F
5SF\c/2pe. The open circles in Fig. 5 represent the expe
mental results, while the solid lines show the results of
band-structure calculation described later. Due to the str
magnetic anisotropy, we were able to detect the dHvA sig
only for the field directions from@100# to @110#, using the
present torque technique. Branchb is observed for all orien-
tations of the magnetic field, while the other branches,a, z,
and g, suddenly disappear at certain field angle, indicat
the existence of open orbits.

FIG. 4. Typical dHvA oscillatory signal~upper panel! and its
Fourier spectrum~lower panel! observed with magnetic field ap
plied at 12.5° from@100# to @110#. The frequencies denoteda, b,
g, andz are fundamental. Note the splitting of thez frequency.
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For the analysis of the effective masses, we assumed
validity of the standard Lifshitz-Kosevich theory, frequent
used for other heavy fermion compounds. Theoretical mo
calculations23,24 justify such a usage. The cyclotron effectiv
masses were determined from the temperature dependen
the dHvA amplitude. According to the Lifshitz-Kosevich fo
mula, the dHvA amplitudeA of a fundamental frequency ca
be written as follows:

A}B1/2U]2SF

]k2 U21/2
amc* T/B

sinh~amc* T/B!
exp~2amc* TD /B!,

~3!

a5
2p2ckB

e\
'14.69 T/K, ~4!

where mc* is the cyclotron effective mass andTD is the
Dingle temperature, inversely proportional to the quasipa
cle lifetimet (TD5\/2pkBt). Figure 6 shows the so-calle
mass plot obtained from Eq.~3!. From the slope of linear
fitting, we determined the cyclotron effective masses, ra
ing from 6.8me to 23me at B524.6 T for the field angle of
12.5° from@100# to @110# direction.

Although the cyclotron mass is found to vary with field
discussed later, we estimate the Dingle temperature from
field dependence of the dHvA amplitude, where we assu
the mass to be constant as a function of field. The Din
temperature can be obtained from the slope of the plo
ln@AB1/2sinh(amc* T/B)# versus 1/B according to Eq.~3!. For
the field angle of 12.5°, the Dingle temperatures are 0.5

FIG. 5. Angular dependence of the dHvA frequencies obtain
from both theoretical band-structure calculation in the itineranf
electron model~solid line! and the experiment~open circles!. See
text for the explanation.
0-4
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HIGH MAGNETIC FIELD STUDY OF CePd2Si2 PHYSICAL REVIEW B 67, 094420 ~2003!
and 2.0 K for the branchesb anda, respectively. From the
following simple relations: SF5pkF

2 , \kF5mc* vF , l
5vFt, we roughly estimate the mean-free-pathl as 660 Å
for the branchb and 320 Å for the brancha.

As can be seen in Fig. 4, one of the fundamental peak
split into two satellitesz and z8 with frequencies 3.87 and
3.79 kT, respectively. This splitting can be resolved on
when analyzing the data up to 28 T, and is not visible o
the field range up to 23 T. Furthermore, the difference
tween the split frequencies depends on the average fiel
the field range chosen for the analysis. This distinguishes
situation observed for the field angle of 12.5° from thea axis
from that for small angles~0 and 2.5°). At small angles, th
z orbit is also split into two frequencies~denotedz1 andz2
in Table I!, but this splitting can be seen in fields up to 23
and does not depend on the average field of the interval.
believe, therefore, that the splitting we observe at low ang
corresponds to that obtained in the band-structure calcula
nearBi@100# ~see Fig. 5! and is due to a small warping o
the corresponding FS. On the other hand, the two close
ellites observed at 12.5° most likely originate from the sp
splitting of the Fermi surface into the up and down sp
bands. For a spin splitting, two sheets of the Fermi surf
with opposite orientation of the spins usually have simi
shapes and topologies, and thus close values of the effe
mass. In our case, however, the effective mass correspon
to the z8 peak, 16me , is more than two times higher tha
that of the other satellite~see Fig. 6!. This is especially sur-
prising as the difference between the split frequencies is v
small (DF/F.0.02) implying that the two correspondin
Fermi surfaces have almost the same size. A similar unu
situation has been recently observed in PrPb3,31 where the
effective masses of up and down spin oscillations were fo
to be very different, up to a factor of 2, although the freque
cies were also very close to each other. This remarkable
ference, while not easy to understand, might be related to
puzzling situation in some otherf electron compounds, e.g
CeB6,32,33 where the oscillations from only one spin sta
were observed. Indeed, this would be the case if the o
spin channel had too large effective mass to be observe

FIG. 6. Mass plot for the same orientation of the magnetic fi
as in Fig. 4. The slope of the lines allows for the determination
the effective mass, which is found here to vary from 6.8me to
23me .
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C. Theoretical band structure calculation

For CePd2Si2 and LaPd2Si2, the band-structure calcula
tions were carried out by using a full potential lineariz
augmented plane wave~FLAPW! method with the local den-
sity approximation~LDA ! for the exchange correlation po
tential. For the LDA, the formula proposed by Gunnarss
and Lundqvist34 was used. For the band-structure calcu
tion, we used the program codes;TSPACE ~Ref. 35! and
KANSAI-99. The scalar relativistic effects are taken into a
count for all electrons and the spin-orbit interactions are
cluded self-consistently for all valence electrons as in a s
ond variational procedure.

The space group of CePd2Si2 is I4/mmm (#139D4h
17). The

lattice parameters used for the calculation area54.2231 Å
and c59.8962 Å, andz50.3800 for 4e positions of Si
atoms.36 The same lattice parameters are used for LaPd2Si2,
in which the localized picture is expected. Muffin-tin~MT!
radii are set as 0.4041a for Ce~La!, 0.2790a for Pd, and
0.2670a for Si. Core electrons@Xe-core minus 5s25p6 for
Ce~La!, Kr-core minus 4p6 for Pd, and Ne-core for Si# are
calculated inside the MT spheres in each self-consistent s
5s25p6 electrons on Ce~La! and 4p6 on Pd are calculated a
valence electrons by using the second energy window.

The linearized augmented plane wave~LAPW! basis
functions were truncated atuk1Gi u,4.8532p/a, corre-

d
f

TABLE I. Experimental and calculated dHvA frequencies a
effective masses for three orientations of the magnetic field in
basal plane. Branch assignments refer to Fig. 5.

Branch Experiment Calculation
F ~kT! m* /me F ~kT! mb /me

Bi@100#
b 0.52 9.8
k 1.02 3.7
a 1.03 0.77
b 0.99 10.2 1.16 1.2
z1 3.44 11.7 2.51 2.0
z2 3.48 6.1 2.57 2.0
a 4.66 9.4
c 6.11 19.1
j 11.4 5.5

Bi7.5° from @100# to @110#
k 0.93 0.84
b 0.81 7.3 1.01 3.5
a 1.05 0.80
z 3.65 7.9 2.57 2.1
a 4.78 10.1
j 11.6 5.9

Bi12.5° from@100# to @110#
b 0.75 6.8 0.86 0.77
k 1.01 3.4
a 1.08 0.86
g 2.72 23.0
z 3.87 7.7 2.63 2.1
a 4.96 8.6
j 12.0 6.8
0-5
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I. SHEIKIN et al. PHYSICAL REVIEW B 67, 094420 ~2003!
sponding to 567 LAPW functions at theG point. The 369
sampling k points, which are uniformly distributed in th
irreducible 1/16th of the Brillouin zone~divided by 16, 16,
and 8!, are used both for the potential convergence and
the final band structure. The calculated band structure
the density of states are shown in Figs. 7 and 8, respectiv

D. Comparison to the band structure calculation

In this section, we will compare the experimental resu
with the results of the band-structure calculation. The so
lines in Fig. 5 represent the calculated angular dependenc
the dHvA frequencies based on the 4f -itinerant band mode
in the paramagnetic state. Experimental and calculated
quencies and effective masses are also shown in Table
three orientations of the magnetic field, for which measu

FIG. 7. Calculated band structure along the symmetry axis
CePd2Si2. The Fermi level is denoted byEF .

FIG. 8. Calculated density of states for CePd2Si2. The Fermi
level is denoted byEF . The f components of Ce are indicated
gray.
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ments were performed at different temperatures. Accord
to the neutron scattering experiment,1 the magnetic propaga
tion vector in CePd2Si2 is k5@1/2, 1/2, 0# and the magnetic
moment is oriented along the@110# direction in the antifer-
romagnetic state. Therefore, compared to the paramagn
Brillouin zone, the corresponding magnetic one shrinks
size and its volume becomes half of the volume in the pa
magnetic state. The dashed line in Fig. 9 shows schem
cally the magnetic Brillouin zone in the antiferromagne
state. The real Fermi surfaces also shrink into smaller o
although relatively small Fermi surfaces situated around
G point can be the same as the original ones. Furthermor
the antiferromagnetic gap energy is small enough compa
to the distance between the Landau levels,\vc , a magnetic
breakdown can occur and the original Fermi surface in
paramagnetic state can be observed even in the antiferrom
netic one. In such a case, the observed dHvA amplitud
smaller than that in the paramagnetic state, because the
clotron motion is scattered by the magnetic breakdown
the antiferromagnetic gap.

As can be seen in Fig. 5, the experimentally observedb
branch agrees well with that of the calculations. This bran

r

FIG. 9. Calculated Fermi surfaces of CePd2Si2 and LaPd2Si2.
The calculations were made for a paramagnetic ground state.
CePd2Si2 in the antiferromagnetic ground state, the modified Br
louin zone~shown by dash-dotted line! is about two times smaller
than the paramagnetic one. Also shown the orbits~denoted by
Greek letters! that give rise to the corresponding dHvA frequenci
shown in Figs. 5 and 10.
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corresponds to the arm-shaped Fermi surfaces stretc
along the@110# direction, as shown in Fig. 9. Because of t
small size of this sheet of the Fermi surface and its posi
in the Brillouin zone, branchb in the antiferromagnetic stat
is most likely to be the same as that in the paramagnetic

Branchz of the experiment is shifted up from the the
retical one, while branchg of the experiment is shifted dow
from the theoretical one. This might be attributed to t
small shift of the Fermi energy, because branchesg and z
originate from band 26-hole and band 27-electron Fermi s
face, respectively.

For brancha, there seems to be no corresponding theo
ical branch in Fig. 5. This might be due to the small size
the magnetic Brillouin zone. Although the dHvA frequen
of brancha is smaller than the allowed maximum frequen
of 14 kT in the magnetic Brillouin zone, the Fermi surfa
located at the zone boundary may be modified by the b
folding. Therefore, thea branch might originate from branc
j in the calculation, which corresponds to the multip
connected Fermi surface, as shown in Fig. 9.

In the experiment branchesa and k were not observed
This is most likely due to the unfavorable curvature fac
from the shape of Fermi surface, i.e.,]2SF /]k2 is small for
these branches@Eq. ~3!#.

Next let us consider the cyclotron effective masses. T
ratio of the cyclotron mass to the band mass,mc* /mb , is 8.5,
5.9, and 3.05 for branchesb, z, andz8, respectively, when
the magnetic field is applied along@100# direction~see Table
I!. On the other hand, for the same orientation of the m
netic field, the ratio of the experimental specific heat coe
cient to the calculated one,g/gb , is 17, where the value ofg
is equal to 110 mJ/K2 mol at 15 T@3# and the value ofgb is
equal to 6.2 mJ/K2 mol. In general, since the many-bod
effect cannot be fully taken into account in the band cal
lation, the band mass is smaller than the experimental
Furthermore,mc* /mb should be equal tog/gb , because both
values indicate the same mass enhancement. The discrep
of the present mass enhancement is likely to indicate
some parts of the Fermi surface corresponding to hea
masses remain unobserved in the present study. Most p
ably, we have observed only one spin state for most of
bands, while the other spin state corresponding to a la
effective mass and having very close frequency remain
den. The big difference between the effective masses
branchesz andz8 supports this assumption.

E. Itinerant versus localized electrons

We show in Fig. 10 the calculated angular dependenc
the dHvA frequencies in LaPd2Si2. The corresponding Ferm
surfaces are also shown in Fig. 9. As La does not contaf
electrons, these Fermi surfaces correspond to the theore
ones that are based on the localizedf electron model in
CePd2Si2, wheref electrons do not contribute to the Ferm
surface. Since the number of electrons that contribute to
band in LaPd2Si2 is smaller than that in CePd2Si2, the vol-
ume of electron~hole! Fermi surface in LaPd2Si2 is smaller
~larger! than that in CePd2Si2. For example, the hole ban
no. 25 Fermi surface of LaPd2Si2 is larger than that of
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CePd2Si2, while the electron band no. 27 Fermi surface
CePd2Si2, which is modified from four cylindrical Ferm
surfaces of LaPd2Si2 at the band no. 27, is connected at t
G point. Comparing the theoretical angular dependence
the dHvA frequencies in LaPd2Si2 with the experimental one
observed in CePd2Si2, there is no dHvA branch in LaPd2Si2
corresponding tob branch of the experiment. Furthermor
the existence of the branchz in the experiment cannot b
explained by the calculation in LaPd2Si2. Therefore, the ex-
perimental results on CePd2Si2 are not consistent with the
4 f -localized band model. This leads to the conclusion t
the f electrons of CePd2Si2 appear to be itinerant rather tha
localized even in high magnetic field. An open possibility
a partial localization of thef electrons, i.e., the situation
where a certain fraction of thef electrons does not contribut
to the FS volume. Such a situation is realized, for examp
in CeB6 where the FS volume obtained from the experime
is only 10% larger than that of LaB6.33 This observation led
to the conclusion that about 0.1f electrons contribute to the
FS volume and therefore can be considered as itinerant
other;0.9 4f electrons are thus localized.37 The actual situ-
ation in CePd2Si2 will be clearer when more dHvA frequen
cies have been detected for different orientations.

F. Field dependence of the effective mass

To study the field dependence of the effective mass,
have performed field sweeps at different temperatures in
range from 30 to 480 mK and up to 23 T applied along tha
axis and at 7.5° from it, and up to 28 T applied at 12.5° fro
the a axis. The cyclotron masses were determined by fitt

FIG. 10. Angular dependence of the dHvA frequencies obtai
from the theoretical band-structure calculation for LaPd2Si2. The
open circles~same as in Fig. 5! represent the experimental result
0-7
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the observed temperature dependences of the oscillation
plitude to the Lifshitz-Kosevich form@Eq. ~3!#. The effective
mass associated with the 3.6 kT orbit that gives the stron
signal has been calculated over 1 T field intervals cente
aroundBmean, the average magnetic field of the interva
Bmeanwas shifted from 12 to 23~28! T in steps of 0.5 T.

For all three orientations of the magnetic field, we fou
an anomalous field dependence of the effective mass, w
does not agree with the existing theoretical models. The
sult obtained for the magnetic field tilted by 7.5° from thea
axis is shown in the upper panel of Fig. 11. A gradual d
crease of the effective mass is clearly observed from 10me at
12.5 T to 8.1me at 16 T. Above 16 T, the effective mas
increases with magnetic field up to 21 T, where it pas
through a broad yet well pronounced maximum. Such a
culiar behavior of the effective mass has been already
served in another heavy fermion compound CeRu2Si2.38 In
that case, such a behavior of the effective mass was du
the existence of two close frequencies that could not be
solved over small field intervals. This also accounts for o
data obtained with magnetic field applied along the crys
lographica axis; at this orientation, there are two close fu
damental frequencies originating from different Fermi s
faces. However, for the magnetic field applied at 7.5° fro
the a axis, the observed behavior is rather due to the s
splitting of the fundamental frequency, as discussed ab
The effective masses of the up and down spin bands
considerably different and seem to be field dependent.

In order to get further, quantitative insight into the natu
of the anomalous field dependence of the effective mass
have performed a wave-form analysis similar to that used
Takashitaet al.39 for the case of CeRu2Si2. We have sup-
posed the existence of two close frequencies origina
from the up and down spin states with field-dependent ef

FIG. 11. Field dependence of the cyclotron effective mass foB
applied at 7.5° from@100# to @110# obtained from the experimen
~upper panel! and from the simulations~lower panel!, as described
in the text.
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tive masses, which differ from each other. In this case,
dHvA oscillation of a fundamental frequency is given by:

D~B,T!5A↑~B,T!sinS 2pF↑
B

2
pm↑* ~B!g

2
1f↑D

1A↓~B,T!sinS 2pF↓
B

1
pm↓* ~B!g

2
1f↓D .

~5!

HereA↑ andA↓ denote the amplitude of the oscillations fro
the up and down spin electrons, respectively. For each di
tion of the spin, the amplitude is given by Eq.~3!, where the
Dingle temperature is now different for different orientatio
of the spin, and the cyclotron effective mass depends both
magnetic field and orientation of the spin. The second te
in the oscillation phase arises from the so-called sp
splitting factor cos(pm*g/2), and the last term is the field
independent phase.

To compare our experimental results with the theoreti
model given by Eq.~5!, we first extracted only the oscilla
tions within a narrow frequency window around 3600 T fro
all the data obtained with the magnetic field applied at 7
from the a axis. We then generated simulated oscillatio
according to Eq.~5! trying to reproduce the extracted expe
mental data. We assumed the effective mass ratiom↑* /m↓*
50.48 to be the same as for 12.5°. Both effective mas
were supposed to follow the same field dependence as
low-temperature Sommerfield coefficient.3 The latter was ex-
trapolated to higher fields, using the formula proposed
Wassermanet al.23 for the field dependence of the effectiv
mass:

m* ~B!5mbF11
2Dnf

NkBTK
S 11

JgmBB

kBTK
D 22G . ~6!

In this expressionmb is the band mass, 2D is the unrenor-
malized conduction band width,nf is the mean occupation
number of thef level,g is the electrong factor,mB is the free
electron Bohr magneton,TK is the Kondo temperature, an
N52J11 is thef level degeneracy. The field dependence
the low-temperature linear term of the specific heat from R
3 and those of the effective mass of up and down spins u
for the simulation are shown in Fig. 12.

Following the above procedure, we have succeeded
obtaining a good simulation of the experimental data for
temperatures. We then calculated the field dependence o
effective mass for the simulated oscillations, using the sa
procedure as for the original data. The result is shown in
lower panel of Fig. 11. One can see that the peculiar form
m* (B) obtained from the experiment is qualitatively repr
duced by simulations based on the model described abo

IV. CONCLUSIONS

In summary, we performed magnetic torque measu
ments to study the de Haas–van Alphen effect in the he
fermion system CePd2Si2. A distinct anomaly observed in
the field dependence of the torque at about 10 T forBia
0-8
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HIGH MAGNETIC FIELD STUDY OF CePd2Si2 PHYSICAL REVIEW B 67, 094420 ~2003!
manifests a transition between two magnetic states. The t
sition is also seen in the magnetoresistance measurem
where a sudden drop of the resistivity was observed at
same field,Bm;10 T at 100 mK. The transition moves to
slightly lower field atT54.2 K implying a rather weak tem
perature dependence ofBm at low temperature. Based on th
above data and those of the preliminary study of the
specific heat, we have sketched the magnetic phase dia
of this compound forBia. The phase diagram contains bo
the antiferromagnetic and metamagnetic transition lines.
value of the magnetic fieldBm at which the metamagneti
transition occurs is found to have a weak angular depende
when the magnetic field is tilted in the basal plane. On
other hand, when the magnetic field is inclined in theac
plane,Bm increases as 1/cosu, whereu is the angle from the
basal plane. Thus, only a field component parallel to
basal plane can drive the transition.

Above the metamagnetic transition, in the intermedi
AF state, six different dHvA frequencies were detected wh
the magnetic field is applied in the basal plane. The co
sponding effective masses range from 6me to 23me , which
is consistent with a moderate value of the linear specific h
coefficient reported for this compound. The experimenta
observed angular dependence of the dHvA frequencies
compared with the theoretical band-structure calculati

*Email address: sheikin@grenoble.cnrs.fr
1N.H. van Dijk, B. Fåk, T. Charvolin, P. Lejay, and J.M. Mignot

Phys. Rev. B61, 8922~2000!.
2S.K. Dhar and E.V. Sampathkumaran, Phys. Lett. A121, 454

~1987!.

FIG. 12. Upper panel: field dependence of the low-tempera
linear term of the specific heat from Ref. 3. The line is a fit by E
~6! corresponding to the theoretical field dependence of the ef
tive mass from Ref. 23. Lower panel: field dependence of the
fective mass of the up and down spin bands used for the simula
of the oscillatory signal. See text for the explanation.
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performed for the paramagnetic state. Taking into acco
the modification of the Brillouin zone in the AF state and t
corresponding change of the Fermi surfaces, the obse
angular dependence of the dHvA frequencies favors the
sults of the band-structure calculations performed for itin
ant f electrons. On the other hand, it is difficult to reconc
the experimental results with those of the band-structure
culations for LaPd2Si2, which would correspond to the lo
calizedf electrons. Therefore, thef electrons seem to remai
itinerant even aboveBm , which is very unusual for Ce-base
heavy fermion compounds. It is also possible, however, t
a certain fraction of the 4f electrons are localized and do n
contribute to the FS. To clarify the situation, further measu
ments at higher, probably pulsed, fields are required to de
more dHvA frequencies.

Let us stress that in CePd2Si2, the Fermi surface does no
present a low-dimensional character in contrast to the cas
the new 115 cerium series: CeRhIn5 , CeIrIn5, or
CeCoIn5.41–45 It was previously suggested that the low e
ponent (n;1.2) found in the temperature dependence of
sistivity, r5r01ATn, of CePd2Si2 close toPc , is due to the
low dimensionalityD of the magnetic correlations.6 From the
shape of the Fermi surface, however, one can guess th
CePd2Si2, also in contrast to the 115 cases@two-dimensional
~2D!#, the correlations have mainly a 3D character. In t
two cases of CePd2Si2 and CeRh2Si2,18 the Fermi surface
does not contain low-dimensional characteristics. The m
difference is that in the magnetically ordered Kondo pha
the latter seems to correspond to LaRh2Si2. Let us point out
that in CeRh2Si2, the pressure-induced transition to a pa
magnetic ground state seems to be first order at low temp
ture, whereas for CePd2Si2 the picture of a smooth collaps
of TN and thus of a second-order transition at its quant
critical point is well respected.10

One of the fundamental dHvA frequencies is found
split into two close satellites at high field. Except for ve
low angles nearBi@100#, the satellites are likely to originate
from the up and down spin bands. The effective masses
responding to these bands differ by a factor of about 2,
both seem to be field dependent. A wave-form analysis of
oscillations suggests that this spin splitting is responsible
the peculiar shape of the field dependence of the effec
mass observed in the experiment. The difference of the
fective masses with spin orientations is well known in ban
structure calculations of ferromagnetic metals, where the
jority and minority spin Fermi surfaces are also ve
different. Here, however, the dHvA frequencies correspo
ing to different spin orientations are very close to each oth
implying quite similar Fermi surfaces. The theoretical pr
diction that the effective mass is large and spin dependen
an almost localized Fermi liquid close to the metamagne
transition40 seems more plausible.
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