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Magnetic excitations in heavy-fermion CePd2Si2
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We have studied the magnetic interactions of single-crystalline CePd2Si2 by measurements of the electrical
resistivity, specific heat, thermal expansion, magnetic susceptibility, and elastic and inelastic neutron scatter-
ing. In the paramagnetic phase the system is characterized by Kondo-type spin fluctuations which give rise to
a strong quasielastic signal in the inelastic neutron scattering cross section. Below the antiferromagnetic
ordering temperature (TN58.5 K!, the quasielastic signal coexists with spin-wave excitations. The spin waves
are strongly dispersive, with a minimum energy of 0.83 meV at the magnetic zone centerk5(1/2,1/2,0). The
dispersion can be described in terms of a two-sublattice model with a reduced magnetic exchange interaction
and a strong damping of the spin waves due to Kondo screening. The volume dependence of the magnetic
interactions has been analyzed using the Gru¨neisen parameters in order to study the magnetic interactions close
to the quantum critical point, which is reached at an applied pressure of about 30 kbar.
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I. INTRODUCTION

The magnetic properties of cerium intermetallic co
pounds are governed by the hybridization of the 4f electrons
of the Ce ions with the conduction electrons. Depending
the strength of the exchange interactionJ either magnetic or
nonmagnetic ground states are observed. For smallJ’s, the
conduction-electron mediated indirect exchange interac
@Ruderman-Kittel-Kasuya-Yosida~RKKY !# between the
4 f -electron moments dominates, and a magnetic gro
state is established. The actual magnetic structure depen
the anisotropy of the RKKY interaction and the anisotropy
the crystal field. With increasingJ, screening of the
4 f -electron moments by the conduction electrons~the Kondo
effect! becomes more important, resulting in spin fluctu
tions and a reduced magnetic moment and transition t
perature. For a critical valueJc of the exchange interaction
an instability between magnetic and nonmagnetic gro
states has been proposed,1,2 with a second-order zero
temperature phase transition~quantum critical point!. For J
.Jc , a nonmagnetic Fermi-liquid-like state with strong sp
fluctuations is established. The widely studied CeT2Si2 com-
pounds illustrates this behavior.3 With a decreasing numbe
of d electrons of the transition-metal element T~or equiva-
lently, decreasing cell volume!, the exchange interaction in
creases, and a transition from localized magnetism with
reduced moments and absence of spin fluctuations
nonmagnetic heavy-fermion systems with strong sp
fluctuation effects and occasionally superconductivity is
PRB 610163-1829/2000/61~13!/8922~10!/$15.00
-

n

n

d
on

f

-
-

d

n-
to
-
-

served. CePd2Si2 is a particularly interesting example due
its proximity to a magnetic instability,4 as seen from the
strong pressure dependence of the Ne´el temperature and
from the observation that the Ne´el and Kondo temperature
are nearly the same.

CePd2Si2 crystallizes in the body-centered-tetragon
ThCr2Si2 structure with space groupI4/mmm. The Hund’s
rule ground state withJ55/2 of the Ce31 (4 f 1) ion is split
by the crystal field into three doublets, which have been
served by neutron inelastic scattering.5,6 Below the Néel tem-
peratureTN58.5 K, antiferromagnetic order develops with
propagation vectork5(1/2,1/2,0) and the ordered momen
lying in the basal plane.7,8 The ordered moment of 0.66mB is
reduced by crystal-field effects and possibly by Kon
screening as well. Kondo-type spin fluctuations develop
low temperatures and give rise to an increase in the den
of states at the Fermi level, as manifested in the strong re
malization of the effective mass observed in low-temperat
specific-heat measurements, where the linear electronic
is g.250 mJ mol21 K22.8 Spin fluctuations are also directl
observed in inelastic neutron-scattering experiments.9,10 The
width of the quasielastic spin-fluctuation scattering sugge
a Kondo temperature ofTK'10 K, i.e., very close to the
Néel temperature. This opens up the interesting prospec
studying the magnetic excitations belowTN of a system with
strong spin fluctuations. While the dynamic magnetic
sponse due to Kondo spin fluctuations in the paramagn
state of heavy-fermion cerium compounds is w
documented,11 little is known about the nature of themag-
8922 ©2000 The American Physical Society
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PRB 61 8923MAGNETIC EXCITATIONS IN HEAVY-FERMION CePd2Si2
netic excitationsin orderedKondo lattices.
The interplay between the Kondo effect and the RKK

interaction in CePd2Si2 is nicely illustrated by the strong
depression of the Ne´el temperature with increasing pressu
as observed in resistivity measurements.12–15Recently, a su-
perconducting transition withTc'0.4 K was reported13–15

for pressures around the critical pressure of about 30 k
The presence of a superconducting ground state in a lim
region around the critical pressure is a strong indication
spin-fluctuation-induced superconductivity.16 The spin fluc-
tuations are also expected to be responsible for the super
ductivity in other heavy-fermion systems and possibly hig
Tc superconductors.17 In addition to the superconductin
ground state, the temperature dependence of the normal-
resistivity (T.Tc) was found to show significant deviation
from the r}T2 Fermi-liquid behavior. This has lead t
speculations that the system may show non-Fermi-liq
properties at the critical pressure, which would confirm
cent theoretical predictions.18–20

The aim of this work is to characterize the magnetic
teractions in CePd2Si2 by thermodynamic, transport, an
neutron-scattering measurements. The paper is organize
follows. Section II describes the results of measurement
the electrical resistivity, specific heat, thermal expansi
and magnetic susceptibility on pieces cut from the sa
single crystal as used for the neutron-scattering meas
ments. The latter are dealt with in Sec. III, where we det
mine the magnetic structure of CePd2Si2 by the application
of an external field and present the results of the inela
scattering measurements. The main feature is that dam
spin-wave excitations coexist with Kondo spin fluctuatio
in the ordered phase. In Sec. IV we present a crystal-fi
analysis of the experimental results and discuss the gen
picture of the magnetic interactions that emerge from
combined effect of crystal-field levels, Kondo fluctuation
and the RKKY interaction. A Gru¨neisen parameter analys
gives a prediction for the volume dependence of the cha
teristic energy scales in the system, and has been use
predict the behavior in the proximity to the quantum critic
point, which could be at the origin of the unusual physic
properties observed in CePd2Si2.

II. MACROSCOPIC MEASUREMENTS

A. Crystal growth and sample preparation

Polycrystalline CePd2Si2 was prepared by direct comb
nation of the high-quality elements cerium~4N!, palladium
~4N!, and silicon~6N5!. The starting elements with a tota
weight of nearly 6 g were melted in a water-cooled cop
crucible heated by a high-frequency generator under a p
fied argon atmosphere. To improve homogeneity, the b
was turned over and remelted several times. The weight
is negligible using this method to prepare silicides. The m
terial was then introduced in a triarc furnace under inert g
equipped with a Czochralski puller.21 The pulling parameters
were kept constant during the sample growth~translation
speed: 0.5 cm/h; seed-rotation speed: 30 rpm; cruci
rotation speed: 20 rpm!. The bulk materials were checked b
conventional x-ray powder diffraction and the single cryst
line state was confirmed using back-scattering x-ray L
technique. Microprobe analysis~CAMEBAX SX! performed
,
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along the growth direction revealed homogeneous sam
with the right composition, without any trace of parasit
phases. The single crystals were annealed in a resis
ultrahigh-vacuum furnace for 8 days at 950 °C under a pr
sure of 3.5310210 torr. The structure was checked wit
Rietveld analysis from the x-ray pattern~crushed part of the
growth!. The fit confirmed the ThCr2Si2-type structure space
groupI4/mmmwith Ce, Pd, and Si, respectively, on 2a, 4d,
and 4e (z50.3778) sites. The lattice parameters area
54.2318 Å andc59.9035 Å.

Two single crystals in the shape of cylinders with mas
of 2.3 g ~crystal A! and 1.9 g~crystal B! were used in our
experiments. Part of the neutron-scattering experiments w
performed on the two combined crystals, while other neut
experiments were done on only one of the crystals~B! for
comparison. Crystal A, which was also used in earl
neutron-scattering experiments,22 was subsequently used t
prepare samples for measurements of the resistivity, spe
heat, thermal expansion, and susceptibility.

B. Electrical resistivity

The electrical resistivity of CePd2Si2 was measured with
a four-point ac technique on two single-crystalline samp
~crystal A! with characteristic dimensions of 13134 mm3

cut along thea andc axis, respectively. Figure 1 shows th
temperature dependence of the electrical resistivity. At l
temperatures, the upturn in the electrical resistivity for bo
directions is related to Kondo scattering. AtTN58.5 K, the
system orders antiferromagnetically and a reduction in
electrical resistivity is observed. A broad maximum arou
100 K signals additional scattering from crystal-field exci
tions. The residual resistivities of 27mV cm ~a axis! and 21
mV cm ~c axis! are similar to earlier measurements.8,23

C. Specific heat

The specific heat of CePd2Si2 was measured by a dy
namic adiabatic method on a single-crystalline sample~crys-
tal A! with a mass of 50 mg. Figure 2 shows the specific h
c as a function of temperature. At the antiferromagnetic tr
sition (TN58.5 K! a jump in the specific heat is observed.
comparison with the specific heat of the nonmagnetic re
ence system LaPd2Si2 indicates the presence of a crysta
field contribution with a maximum at 90 K.24 The magnetic

FIG. 1. Electrical resistivityr of CePd2Si2 as a function of
temperature for a currentI along the crystallographica axis ~solid
circles! andc axis ~pluses!.
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8924 PRB 61van DIJK, FÅK, CHARVOLIN, LEJAY, AND MIGNOT
contribution of the 4f electrons at low temperatures is o
tained after subtraction of the data for LaPd2Si2. In the inset
of Fig. 2, the magnetic contribution ofc/T is shown as a
function ofT2. In the paramagnetic phase an increase inc/T
is observed for decreasing temperature, which is due
Kondo spin fluctuations. The specific heat in the antifer
magnetically ordered state can be described in terms of
fluctuations and an additional spin-wave contribution. T
spin-wave contribution can empirically be described by aT3

power law. In the low-temperature limit, the spin-wave co
tribution vanishes and the specific heat is dominated by
spin fluctuations with an enhanced linear term ofg0'330
mJ mol21 K22, as obtained by extrapolation8 of the data
shown in the inset of Fig. 2. A comparison with the line
term at TN (g'200 mJ mol21 K22) indicates a significan
temperature dependence of the spin fluctuations in the a
ferromagnetically ordered state, as expected for the relati
low Kondo temperature ofTK'10 K.9,24

D. Thermal expansion

The thermal expansion of CePd2Si2 was measured with
a sensitive three-terminal parallel-plate capacita
technique.25 The dilatation was measured along thea andc
axes of a single-crystalline sample~crystal A! with dimen-
sions 1.531.533 mm3 (5a3a3c). Figure 3 shows the co
efficient of the linear thermal expansiona5(1/L)(dL/dT)
for temperatures up to 200 K. At high temperatures the
efficient of the linear expansion along thea axis shows a
Debye temperature dependence, characteristic for the ph
contribution. The upturn inaa below 30 K signals the devel
opment of spin fluctuations. At the antiferromagnetic tran
tion (TN58.5 K! a large step inaa with a change of sign is
observed. The coefficient of the linear thermal expans
along thec axis shows an unusual temperature depende
At high temperatures,ac is negative and shows a large min
mum around 100 K, which can be attributed to the crys
field contribution. At the antiferromagnetic transition a lar
step inac with a change of sign is observed. The coefficie

FIG. 2. Specific heatc as a function of temperature fo
CePd2Si2. The inset shows the magnetic contribution ofc/T as a
function of T2 after subtraction of the reference data for LaPd2Si2
from Ref. 24. The lines in the inset are low-temperature extrap
tions of the specific-heat contributions from the spin fluctuatio
and the spin waves.
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of the volume thermal expansionav5(1/V)(dV/dT)52aa
1ac is positive at high temperatures and nearly vanis
below TN .

E. Susceptibility

The dc magnetic susceptibility of CePd2Si2 was measured
with a commercial Quantum Design superconducting qu
tum interference device in magnetic fields up to 5.5 T. Th
samples~crystal A! with a mass of 0.1 g were cut along th
@100#, @110#, and@001# directions. Figure 4 shows the mea
sured susceptibility as a function of temperature in a m
netic field ofB52 T (Bia andBic). A remarkable change
in the easy direction is observed around 50 K. At high te
peratures thec axis is the easy axis while at low temperatur
the basal plane acts as the easy direction. The h
temperature susceptibility can be described in terms o
Curie-Weiss temperature dependence withua5247 K
(Bia) anduc5218 K (Bic) and the free-moment value o
2.54mB for the effective moment. In Fig. 5 the low
temperature susceptibility as function of temperature

-
s

FIG. 3. Temperature dependence of the linear therm
expansion coefficienta of CePd2Si2 along thea axis ~solid circles!
and c axis ~open circles!, and of the volume thermal-expansio
coefficient~line!.

FIG. 4. Temperature dependence of the magnetic susceptib
x ~and its inverse! of CePd2Si2 in a magnetic field of 2 T along the
a ~solid circles! and c axis ~open circles!. The lines are fits as
described in the text.
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PRB 61 8925MAGNETIC EXCITATIONS IN HEAVY-FERMION CePd2Si2
shown. At the antiferromagnetic transition (TN58.5 K! a
kink is observed for magnetic fields along thea and thec
axis. The difference in behavior between the two basal-pl
directions@100# and@110# reflects the presence of two ma
netic domains, as evidenced by neutron-scattering meas
ments~see Sec. III A!.

III. NEUTRON-SCATTERING MEASUREMENTS

Neutron-scattering measurements were performed on
cold-neutron triple-axis spectrometers IN12 at the high-fl
reactor of Institut Laue-Langevin and 4F2 at the Orphe´e re-
actor~Laboratoire Le´on Brillouin!. Several different configu-
rations were tested in order to optimize the measurem
conditions and to rule out spurious effects. In all cases,
rolytic graphite~002! planes were used as monochroma
and analyzer, with the monochromator being vertically
cused and the analyzer flat or horizontally focused. M
measurements were done with a fixed final wave vector.
4F2, a 4-cm thick pyrolytic graphite filter was used in t
scattered beam to reduce higher-order contributions, w
no filter was needed on IN12 due to the guide cutoff. T
principal configurations used are listed in Table I. The t
single crystals~A and B! were mounted together with eithe
the @001# axis or the@1,21,0# axis vertical, in a standard
~orange! helium-flow cryostat or in a vertical-field superco
ducting magnet. Some measurements were performed
only one of the crystals~B! to eliminate spurious effects. Th
data for the inelastic neutron-scattering measurements w
normalized to the beam monitor~after correction for higher-
order contamination!, a flat background~determined at nega
tive energy transfers! was subtracted, and points within 0
meV from the elastic peak were excluded due to the str

FIG. 5. Low-temperature susceptibilityx of CePd2Si2 as a func-
tion of temperature in a magnetic field of 5 T along the directions
@100# ~solid circles!, @110# ~pluses!, and@001# ~open circles!.

TABLE I. Principal triple-axis spectrometer configuration
used.

Configuration Instrument
kf

(Å21) Analyzer
Collimation

~min! Filter

A 4F2 1.64 Focused Open PG
B 4F2 1.97 Focused Open PG
C IN12 1.81 Flat 29-43-43-60 None
e
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incoherent elastic scattering. The energy resolution for c
figurations A and C is 0.26 meV.

A. Elastic scattering

The magnetic order of CePd2Si2 is characterized by a
propagation vector ofk5(1/2,1/2,0) and the absence of
magnetic Bragg reflection atQ5(1/2,1/2,0), which means
that the Fourier componentsmk of the moment are parallel to
the k vector. The peak intensity of the magnetic Bragg sc
tering at Q5(3/2,1/2,0), measured in configuration B,
shown as a function of temperature in Fig. 6. The tempe
ture dependence is well described by the empirical relati

I ~T!5I 0@12~T/TN!a#1b, ~1!

where I 0 is proportional to the moment squared,TN
59.30(2) K, a52.72(5), and b is the background. The
critical exponentb obtained by fitting the peak intensit
close toTN to the expression

I ~T!5I 0~12T/TN!2b1b, ~2!

takes the mean-field value of 0.5, in agreement with ea
measurements.7 Detailed measurements even closer to
antiferromagnetic transition temperature indicate a somew
lower value ofb50.37.8

The magnetic structure is not unambiguously determin
by the observed magnetic Bragg reflections. The two pro
gation vectorsk5(1/2,1/2,0) andk5(1/2,21/2,0) can ei-
ther correspond to a single-k structure with moments along
the @110#-type directions and 2 magnetic domains or
double-k structure with moments along the@100#-type direc-
tions. In order to distinguish between these two structu
we have measured the~1/2,1/2,2! magnetic Bragg peak in
configuration C with a magnetic field applied along t
@1,21,0# direction. In a double-k structure, no change is ex
pected in the Bragg intensity, while a domain repopulation
expected to increase the intensity for a single-k structure.
Figure 7 shows that the intensity increases by a factor o
for an applied magnetic field of 4 T, which proves that t
structure is singlek. The presence of a single-k structure is
further supported by the difference in magnetic susceptibi
for magnetic fields along the@100# and@110# directions~Fig.
5!. We, therefore, conclude that the antiferromagnetically
dered structure is in agreement with the earlier repor

FIG. 6. Temperature dependence of the magnetic Bragg p
intensity of CePd2Si2 at Q5(3/2,1/2,0). Statistical errors ar
smaller than the symbol size. The line is a fit to Eq.~1!.



tu

n

en
t

m

ve
f

re-
The
-
ally
oes
he
etic
n in

in

ag-
way

or

e
n to
i-
ws

8926 PRB 61van DIJK, FÅK, CHARVOLIN, LEJAY, AND MIGNOT
structure of Refs. 7 and 8. A sketch of the ordered struc
of one of the domains is shown in Fig. 7.

The solid line in Fig. 7 is a fit of the domain repopulatio
as a function of magnetic fieldB to the empirical relation

I ~B!5
2I 0

11exp~2cB/T!
, ~3!

wherec is a constant. The magnitude of the ordered mom
obtained by normalizing the magnetic Bragg reflections
the weak nuclear Q5(110) reflection, amounts to
0.80(5)mB . This value is somewhat higher than that fro
earlier neutron-diffraction experiments, 0.66mB ,7,8 but
smaller than the value of 0.94mB , reported from nuclear
magnetic resonance measurements.26

FIG. 7. Magnetic Bragg peak intensity of CePd2Si2 at Q
5(1/2,1/2,2) as a function of external field. The statistical err
are of the size of the symbols. The line is a fit to Eq.~3!. The inset
shows the magnetic structure of CePd2Si2 for one domain, pro-
jected onto the basal plane.
re

t,
o

B. Inelastic scattering

Figure 8 shows typical energy scans for different wa
vectors at T51.5 K in the antiferromagnetic phase o
CePd2Si2. Near the antiferromagnetic zone centerQafm
5(1/2,1/2,0), there is a clear inelastic peak which cor
sponds to a somewhat damped spin-wave excitation.
long tail of the scatteringcannotbe accounted for by reso
lution broadening of the spin waves. It corresponds actu
to a broad quasielastic contribution. As the wave vector g
away from Qafm, the spin-wave energy increases and t
damping becomes very important. In the paramagn
phase, only the quasielastic scattering remains, as show
Fig. 9.

The characteristic feature of the spin dynamics
CePd2Si2 is the coexistence ofQ-independent Kondo-type
fluctuations and dispersive spin waves in the antiferrom
netically ordered state. The latter are strongly damped a

s

FIG. 9. Energy scan atQ5(1/2,1/2,0) for T51.5 K ~solid
circles! andT530 K ~open circles!. Raw data is shown, i.e., befor
background and elastic peak subtraction, but after normalizatio
the monitor. The dotted~dashed! line shows the quasielastic contr
bution at high~low! temperatures and the dash-dotted line sho
the estimated background level. The total fitted contribution~elastic
peak, quasielastic contribution, and, atT51.5 K, the spin wave! is
shown by the solid lines.
of
ld
c
stic peak
FIG. 8. Typical energy scans at different wave vectors nearQafm5(1/2,1/2,0) atT51.5 K in the antiferromagnetically ordered phase
CePd2Si2. ~a!–~e! Measured in configuration A~see Table I! without any applied field.~f! Measured in configuration C with an applied fie
of 4 T along the@1 21 0# axis. The solid line is a fit of Eq.~4! convoluted with the instrumental resolution. TheQ-independent quasielasti
contribution is shown by the dashed line, and the spin-wave contribution by the dotted line. For clarity, the background and the ela
have been removed.
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PRB 61 8927MAGNETIC EXCITATIONS IN HEAVY-FERMION CePd2Si2
from the magnetic zone center. Experimentally, it is diffic
to obtain a unique separation of the two contributions, si
both are broad in energy with similar energy scales (TN
'TK'10 K!. In addition, the existence of two magnetic d
mains doubles the number of spin-wave modes for a giveQ
vector. In the following we will first describe the metho
used to separate the different contributions, and then dis
the obtained results.

The application of an external field of 4 T (Bi@1,21,0#)
gives a nearly complete depopulation of one of the magn
domains, as seen from the magnetic Bragg peak inten
~Fig. 7!, and discussed above. On the other hand, no cha
is seen in the spin-wave scattering, except for a field-indu
increase of the energy gap by 0.1 meV and a small chang
intensity. The line shape remains the same, which means
the contribution from the second domain is negligible clo
to the magnetic zone center of the first domain. This is c
tainly related to the strong damping of the spin-wave scat
ing away from the zone center.

The inelastic neutron-scattering data can be described
sum of two contributions,

S~Q,v!5
1

12exp~2\v/kBT!

3F xLvGL

v21GL
21

xQ2vVq
2Gq

~v22Vq
2!214v2Gq

2G , ~4!

where the first term in the brackets is a Lorentzian funct
describing theQ-independent quasielastic Kondo-type sp
fluctuations with characteristic relaxation rateGL

21 , and the
second term is a damped harmonic oscillator~DHO! used for
the spin waves with a propagation vectorq @with respect to
the antiferromagnetic zone centerQ5(1/2,1/2,0)#. These
two functions are multiplied by the temperature factor a
convoluted with the instrumental resolution function. Due
the difficulties of separating these two contributions~oneQ
dependent and the other not!, Eq. ~4! was fitted simulta-
neously to data taken at several differentQ vectors close to
the antiferromagnetic zone center, including different sy
metry directions. To further improve the precision in the fi
~and reduce the number of fitted parameters!, the q depen-
dence of the DHO in Eq.~4! was parametrized in the follow
ing way. The spin-wave damping was found to be isotro
and well described by the empirical relationGq5G01Dq2,
whereG0 ~5 0.4 meV! andD are constants. The susceptib
ity xQ was well described by a Lorentzianq dependence,

xQ5
xAFM

11~q' /k'!21~qi /k i!
2

, ~5!

wherexAFM is the susceptibility at the zone center,q' is the
distance of the wave vectorQ from ~1/2,1/2,0! in the tetrag-
onal a-b plane,qi is the distance along thec* axis, andk'

and k i are the corresponding correlation lengths. The sp
wave energy was fitted to a spin-wave model discussed
low ~Sec. III D!, which has three parameters: two exchan
interactionsJ1 and J2 and a molecular-field termHM . A
typical fit thus contains nine parameters (xL , GL , D, xAFM ,
k' , k i , J1 , J2, andHM) and 360 data points representin
15 different Q vectors~configurations A and C!. TheseQ
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vectors are typically within 0.2 Å21 from the magnetic zone
center, since no well-defined spin waves are observed fur
away. This also assures that contributions from the sec
domain remain negligible. Typical fits are shown in Fig. 8

C. Spin fluctuations

Measurements on polycrystalline samples in the param
netic phase show quasielastic scattering with a character
energy of the formG(T)5G(0)1cT1/2, typical for local
Kondo-type spin fluctuations.9 The line width atTN is of the
order of 0.9 meV, which was interpreted as a Kondo te
perature ofTK'10 K.9 Our measurements on single crysta
indicate that these fluctuations areQ independent, as ex
pected for local spin fluctuations. We find a somewhat lar
width of 1.6 meV at a temperature ofT530 K, which com-
pares to 1.1 meV for polycrystalline samples.9 We do not
believe this difference is significant, due to the difficulty
subtracting the phonon contribution in single-crystal wo
Below TN , the line width decreases as expected from
increased linear term in the specific heat, and we find fr
our fits at T51.5 K a value of about 1.4 meV, althoug
smaller widths~down to 1 meV! are still compatible with our
data. The temperature dependence of the excitation spec
at the antiferromagnetic zone center is shown in Fig. 9.
find that the quasielastic integrated intensity (xL) increases
below TN , by nearly a factor of 2.

D. Spin waves

The spin-wave dispersion of an antiferromagnet can
described in terms of a simplified two-sublattice model,27

H52( J~r ! Sn•Sn1r2gmBHM( Sn
z , ~6!

whereJ(r ) describes the antiferromagnetic exchange int
actions between the sublattices, and all the ferromagn
exchange interactions within the sublattice are approxima
by an effective molecular fieldHM in order to restrict the
number of model parameters. For CePd2Si2, the former is
dominated by the nearest-neighbor interactionJ15J
(6a,0,0)5J(0,6a,0) and the next-nearest-neighbor inte
action J25J(a/2,a/2,6c/2)5J(2a/2,2a/2,6c/2) in the k
5(1/2,1/2,0) domain. The next-nearest-neighbor interact
J2 is essential to describe the preferred spin orientation of
moments. The spin-wave dispersion for this model is giv
by27

V~q!5$@gmBHM22SJ~0!#22@2SJ~q!#2%1/2, ~7!

where

J~q!5( J~r !exp~2 iq•r !

52J1@cos~2pqx!1cos~2pqy!#

14J2cos@p~qx1qy!#cos~pqz!, ~8!

andq5(qx ,qy ,qz) is given in reduced lattice units with re
spect to the antiferromagnetic zone center. Near the magn
zone centerq50, the dispersion is quadratic inq with
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a minimum energy of D5V(0)5$gmBHM@gmBHM
24SJ(0)#%1/2, where, from Eq.~8!, J(0)54(J11J2).

In our fits to the data, the spin-wave energyVq was de-
scribed by Eqs.~7! and~8!. The measured dispersion for th
directions@110#, @100#, @1210#, and@001# are well described
in terms of this simple two-sublattice model, as shown
Fig. 10. We found a gap energyD of 0.83 meV in zero field
and 0.94 meV in a field of 4 T. The fitted exchange inter
tion is 2S(J11J2)520.81 meV and the molecular field i
gmBHM50.11 meV. Since the spin waves die out rapidly
thec direction, it is difficult to obtain good estimates for th
ratio of the nearest-neighbor interactionJ1 and the next-
nearest-neighbor interactionJ2, but the data suggest thatJ2
is quite substantial, with typical estimates beingJ2 /J1;1/3.
The values quoted here differ somewhat from those in a
liminary report,28 where a subset of the present data w
fitted for individual Q values. Also, the characteristic spin
wave energy is here taken asVq5(vq

21Gq
2)1/2, while vq

was used in Ref. 28. Atq50, we haveD5V050.83 meV
andG050.4 meV, which corresponds tov050.73 meV, in
good agreement with Ref. 28.

The intensity of the spin waves decreases rapidly asQ
goes away from the magnetic zone center, given by Eq.~5!,
with correlation lengths ofk'50.12 ~1! Å21 and k i50.08
~1! Å21. This intensity drop away from the magnetic zo
center is due to a damping of the spin waves by the str
spin fluctuations. This damping is also reflected by the
trinsic widthGq of the spin waves, which also increases w

FIG. 10. Dispersion curve for the antiferromagnetic spin wa
in CePd2Si2 at T51.5 K. The solid line shows the dispersion in th
basal plane without any applied field~configuration A; see Table I!
and the dashed line is the dispersion along the tetragonal axis
field of 4 T applied along the@1 21 0# axis ~configuration C!. The
dispersion curves are obtained by fitting Eqs.~4! and ~7–8! to the
measured data atQ values shown by the solid circles. The err
bars represent the error in the spin-wave energy arising from
uncertainties in the fitted parametersHM , J1, andJ2.
-

e-
s

g
-

q. The combined effect is such that no propagating s
waves are observed for wave vectors that are more than
Å21 away from the magnetic zone center. The parame
obtained from the fits to the quasielastic spin fluctuations
the inelastic spin waves are summarized in Table II.

IV. DISCUSSION

A. Crystal fields

The crystal-field Hamiltonian for Ce31 (J55/2) in a field
with tetragonal point symmetry can be expressed as29,30

HCF5B2
0O2

01B4
0O4

01B4
4O4

4 , ~9!

where thec axis is taken as the quantization axis,Oj
i are the

Stevens operators, andBj
i the crystal-field parameters of th

Ce31 ion. The eigenfunctions of the Hamiltonian Eq.~9! are

G t7
(2)5au65/2&1bu73/2&,

G t7
(1)5bu65/2&2au73/2&, ~10!

G t65u61/2&.

Inelastic neutron-scattering measurements on CePd2Si2 show
two crystal-field excitations at 19 and 24 meV between
lowest doublet and the two excited doublets.5,6 The crystal-
field contribution, observed in the electrical resistivity, t
specific heat,24 and the thermal expansion, confirm the cha
acteristic energy scale of the excited levels. The suscept
ity measurements show a rather unusual temperature de
dence with a change in the magnetic anisotropy at 50 K.
high temperatures thec axis is the easy axis, while below 5
K the easy direction for the magnetization lies within t
basal plane. In the antiferromagnetically ordered phase
ordered moments are oriented along the ordering vectok
5(1/2,1/2,0), which corresponds to the easy axis. When
two antiferromagnetic domains are equally populated,
system has two easy axes and qualitatively behaves a
easy-plane system. The magnetic anisotropy of the orde
state is also observed in the paramagnetic state below 5
as shown in the static susceptibility of Fig. 4.

The unusual ordering vectork5(1/2,1/2,0) belowTN

suggests that theB4
4 parameter is positive and behaves as

dominant crystal-field parameter. The crystal-field excitat
spectra, determined from inelastic neutron-scatter
measurements,5,6 were interpreted in terms of a set of neg
tive crystal-field parameters. These parameters were l
refined with additional magnetic-susceptibilit
measurements.31 As discussed by Hippert and co-workers22

the corresponding easy-axis magnetic anisotropy along tc
axis does not correspond to the susceptibility measurem
and the ordering vectork5(1/2,1/2,0) in the antiferromag

s

a

e

at
TABLE II. Fitting parameters for the quasielastic spin fluctuations and the inelastic spin wavesT
51.5 K and zero field.

xL /xAFM

GL D k i k' 2S(J11J2)

J2 /J1

gmBHM

~meV! (meV Å2) (Å 21) (Å 21) ~meV! ~meV!

0.8 1.4 0.4 0.08 0.12 20.81 ;1/3 0.11
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netic phase. Instead, Hippert and co-workers derived an
ternative set of crystal-field parameters32 for an isotropic
~Heisenberg! magnetic exchange interaction, which repr
duces the magnetic anisotropy for the susceptibility and p
dicts the proper magnetic structure belowTN .

In order to take into account the anisotropy of the ma
netic exchange interaction we used a slightly different
proach than Hippert and co-workers.22 First, the energy split-
ting between the lowest doublet and the two excited doub
was fixed at the values determined by Steemanet al.: D1
519 meV andD2524 meV.6 The remaining crystal-field
parameter was used as a free parameter to reproduce
temperature dependence of the inverse susceptibilityx
51/xCEF2l, where the magnetic exchange interactio
were taken into account with an anisotropic molecular fi
l. The best fit to the measured susceptibility was obtai
with crystal field parameters ofB2

050.044 meV,B4
050.041

meV, and B4
450.401 meV and molecular fields ofla

5230 mol/emu for the basal plane andlc55 mol/emu for
thec axis. The crystal-field parameters are dominated byB4

4,
which shows the proper magnetic anisotropy for the order
vector k5(1/2,1/2,0) belowTN , while B2

0 is relatively
small. The change in the magnetic anisotropy at 50 K ar
from the magnetic exchange interaction, described by
anisotropic molecular field, which is antiferromagnetic in t
plane and slightly ferromagnetic along thec axis. The level
scheme for these crystal-field parameters is

24 meV555555au65/2&1bu73/2&,

19 meV555555u61/2&,

0 meV555555bu65/2&2au73/2&.

The mixing parameters of theJz states correspond toa
50.849 andb50.529. These values are relatively close
the values obtained by Steemanet al.6 from the relative in-
tensities of the crystal-field excitations in the inelas
neutron-scattering measurements. The effective momen
0.86mB , calculated from the crystal-field parameters, a
counts for most of the moment reduction at low tempe
tures. The effect of the moment reduction is nicely dem
strated in high-field magnetization measurements, where
transition was observed for applied magnetic fields up to
T along thea and thec axes.33

B. Magnetic order

Elastic neutron scattering and susceptibility measu
ments confirmed that the magnetic structure of CePd2Si2 cor-
responds to antiferromagnetic order with a single propa
tion vector. In the absence of an applied magnetic fie
magnetic domains with propagation vectorsk5(1/2,1/2,0)
andk5(1/2,21/2,0) are formed. An applied magnetic fie
along the propagation vector of one of the domains induc
domain repopulation, as is clearly demonstrated in the ela
neutron-scattering measurements. The susceptibility m
surements of Fig. 5 show a pronounced anisotropy, whic
consistent with a~nearly! complete domain repopulation fo
l-
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Bi@110#. In the antiferromagnetically ordered state a rema
able coexistence of spin fluctuations and spin waves is
served in the inelastic neutron-scattering measurements.
spin-wave dispersion shows a finite excitation gap of 0
meV at the magnetic zone centerk5(1/2,1/2,0). A strong
competition between the antiferromagnetic order and
spin fluctuations is suggested by the strong damping of
spin-wave excitations away from the magnetic zone cen
The temperature dependence of the specific heat, the
expansion, and the variation in the ordered moment is w
described by a power-law behavior, characteristic for a g
less antiferromagnet. This is a remarkable observation s
the spin-wave dispersion shows a sizable excitation gap,
therefore, a more complicated temperature dependenc
expected.34

The spin-wave dispersion, determined from the inelas
neutron-scattering measurements, can accurately be
scribed by a simple two-sublattice model as shown in F
10. The magnetic interactions have been modeled with th
parameters: the nearest-neighbor interactionJ1 and the next-
nearest-neighbor interactionJ2 for the interactions between
the sublattices, and an effective molecular fieldHM for the
interactions within one sublattice. The magnetic interact
between the sublattices is antiferromagnetic for both
nearest-neighbor and the next-nearest-neighbor interac
The relative strength of the next-nearest-neighbor interac
J2 /J1;1/3 is small but significant for the magnetic structu
of the antiferromagnetic order. The effective molecular fie
of the magnetic interactions is ferromagnetic, as expec
from the magnetic structure. The relative strength of the f
romagnetic interactions compared to the antiferromagn
interactions isgmBHM /@2S(J11J2)#520.14. The mag-
netic structure derived from the model description of the d
persion is in qualitative agreement with the crystal-field c
culations of the magnetic susceptibility, where an anisotro
molecular field was obtained with a relative strength
lc /la520.17.

C. Grüneisen parameters

1. Crystal field

The thermal expansion along thec axis is negative above
TN and shows a pronounced minimum around 100 K. T
corresponding crystal-field splitting amounts toDCEF'21
meV for a Schottky peak. This is in qualitative agreeme
with the presence of two excited crystal-field doublets at
and 24 meV, observed by inelastic neutron-scattering m
surements. The thermal expansion along thea axis does not
reveal a significant deviation from the phonon contributi
around 100 K, indicating that the crystal-field contribution
at least one order of magnitude smaller along thea axis.
The volume dependence of the crystal-field splitting c
be estimated from the Gru¨neisen parameter GCEF
52d ln DCEF/d ln V5Vmav /kc, where Vm55.3131025

m3/mol is the molar volume andk52(1/V)(dV/dp) the
isothermal compressibility. The experimental thermal exp
sion at the minimum near 100 K isav'ac528.9
31026 K21, while the calculated specific heat for two e
cited doublets at 19 and 24 meV has a maximum oc
56.2 J mol21 K22. A careful analysis of the specific-hea
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measurements indicated a value ofc'6.8 J mol21 K22 for
the Schottky anomaly.24 Using the isothermal compressibi
ity k50.82 Mbar21 for CeRu2Si2,35 we find a Gru¨neisen
parameter ofGCEF529.3 for the crystal-field splitting of the
excited doublets. The negative volume dependence of
crystal-field splitting is strongly anisotropic and predom
nantly caused by the sensitivity to thec-axis lattice param-
eter. A comparison with the crystal-field splitting of isostru
tural Ce compounds confirms this trend.5,36

2. Spin fluctuations

From the measured specific heat and thermal-expan
curves an effective Gru¨neisen parameter can be defined
Geff(T)5Vmav(T)/kc(T) ~see Fig. 11!. The effective Gru¨n-
eisen parameter is temperature independent if the system
be described by a single energy scale. At high temperat
the effective Gru¨neisen parameter shows a small const
value ofGph52 and describes the volume dependence of
characteristic energy scale for the phonons. Below 30 K
effective Grüneisen parameter rapidly increases and reac
a value ofGe f f533 just aboveTN . In the low-temperature
limit, Geff(T) corresponds to the strongly enhanced el
tronic Grüneisen parameterGHF5d ln g/d ln V ~'40–50! for
heavy-fermion systems.

3. Magnetic order

The uniaxial pressure dependence of the transition t
perature can be evaluated with the Ehrenfest rela
dTN /dpi5VmDa i /D(c/T). Using the measured anomalie
in the coefficients of the thermal expansionDaa
529.431026 K21 and Dac59.531026 K21 in combi-
nation with the jump in the specific heatD(c/T)
50.60 J mol21 K22, we find values ofdTN /dpa5283
mK/kbar and dTN /dpc584 mK/kbar. The correspondin
hydrostatic pressure dependence of the transition temp
ture amounts todTN /dp5282 mK/kbar and is in good
agreement with the low-pressure data of recent electrica
sistivity measurements under hydrostatic pressures up t
kbar.14 The Grüneisen parameter forTN is defined asGN
52d ln TN /d ln V'211.14 The opposite signs forGN and
GHF indicates a strong competition of the antiferromagne
order with the Kondo fluctuations, characteristic for heav
fermion systems.

FIG. 11. Effective Gru¨neisen parameterGe f f of CePd2Si2 as a
function of temperature.
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D. Pressure dependence

Resistivity measurements under hydrostatic press
showed that the antiferromagnetic order is suppressed
critical pressure of about 30 kbar.13–15Surprisingly, a super-
conducting transition atTc'0.4 K was observed for pres
sures around the critical pressure. The effect of pressure
the characteristic energy scales of CePd2Si2 can be estimated
from the experimental values of the Gru¨neisen parameters
The crystal-field level splitting ofDCEF5220 K shows a rela-
tively weak pressure dependence ofd ln DCEF/dp5kGCEF
'27.6 Mbar21. The pressure dependence of the Kon
temperature is determined by the strongly enhanced he
fermion Grüneisen parameter ofGHF52d ln TK /d ln V533
at TN . The Kondo temperature shows a strong increase
der pressure withd ln TK /dp5kGHF'27 Mbar21. The char-
acteristic energy scales at the critical pressure (p'28 kbar!
are indicated in Table III and are in qualitative agreem
with the general trends for CeT2Si2 systems.3 Under applied
pressure the magnetic exchange energyJ increases and di-
rectly influences the balance between the indirect excha
interaction and the screening of the Ce31 ions. The charac-
teristic energy of the exchange interaction isTRKKY;NJ2,
while the Kondo screening energy corresponds toTK
;(1/N)exp(21/NuJu), where N is the electron density o
states at the Fermi level. WhenJ approaches the critica
value Jc , TK grows more rapidly thanTRKKY and the anti-
ferromagnetic ordering temperatureTN decreases until it
vanishes atJc . An alternative route to reach the quantu
critical point is by chemical substitution of one of th
elements.24,37–39As a general trend the spin fluctuations a
the Kondo temperature become strongly enhanced when
antiferromagnetic order is suppressed.

V. CONCLUSIONS

We have studied the magnetic interactions of sing
crystalline CePd2Si2 by measurements of the electrical res
tivity, specific heat, thermal expansion, magnetic suscepti
ity, and elastic and inelastic neutron scattering. In
paramagnetic phase the system is characterized by Ko
type spin fluctuations, while belowTN the spin fluctuations
coexist with spin-wave excitations. The spin waves a
strongly dispersive, with a minimum energy of 0.83 meV
the magnetic zone centerk5(1/2,1/2,0). The dispersion ca
be described in terms of a two-sublattice model with a
duced magnetic exchange interaction and a strong dam
of the spin waves due to Kondo screening. The volume
pendence of the magnetic interactions has been anal

TABLE III. Characteristic energy scales of CePd2Si2 at differ-
ent pressures. The values under pressure are estimated from
relevant Gru¨neisen parameters.

p DCEF TN TK

~kbar! ~K! ~K! ~K!

0 220 8.5 10
28 173 0 18



gl

t

Lab-
n
J.

PRB 61 8931MAGNETIC EXCITATIONS IN HEAVY-FERMION CePd2Si2
using the Gru¨neisen parameters and is found to be stron
anisotropic.
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