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We have studied the magnetic interactions of single-crystalline £33Pdy 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 temperaturely=8.5 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 kent#f2,1/2,0). 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 then@isen 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.

. INTRODUCTION served. CePgbi, is a particularly interesting example due to
its proximity to a magnetic instability,as seen from the
The magnetic properties of cerium intermetallic com-strong pressure dependence of théeNtemperature and
pounds are governed by the hybridization of ttfeeflectrons  from the observation that the Meand Kondo temperatures
of the Ce ions with the conduction electrons. Depending orare nearly the same.
the strength of the exchange interactibaither magnetic or CePdSi, crystallizes in the body-centered-tetragonal
nonmagnetic ground states are observed. For siglithe  ThCr,Si, structure with space groupg/mmm The Hund’s
conduction-electron mediated indirect exchange interactiofule ground state witd=5/2 of the C&" (4f %) ion is split
[Ruderman-Kittel-Kasuya-Yosida(RKKY)] between the by the crystal field into three doublets, which have been ob-
4f-electron moments dominates, and a magnetic grounderved by neutron inelastic scatterifBelow the Nel tem-
state is established. The actual magnetic structure depends paratureT y= 8.5 K, antiferromagnetic order develops with a
the anisotropy of the RKKY interaction and the anisotropy ofpropagation vectok=(1/2,1/2,0) and the ordered moments
the crystal field. With increasingl, screening of the lying in the basal plané® The ordered moment of 0.6 is
4f-electron moments by the conduction electr¢the Kondo  reduced by crystal-field effects and possibly by Kondo
effec) becomes more important, resulting in spin fluctua-screening as well. Kondo-type spin fluctuations develop at
tions and a reduced magnetic moment and transition temew temperatures and give rise to an increase in the density
perature. For a critical valug. of the exchange interaction, of states at the Fermi level, as manifested in the strong renor-
an instability between magnetic and nonmagnetic grounanalization of the effective mass observed in low-temperature
states has been proposed,with a second-order zero- specific-heat measurements, where the linear electronic term
temperature phase transitigguantum critical point For J is y=250 mJ mol * K~2.8 Spin fluctuations are also directly
>J., a nonmagnetic Fermi-liquid-like state with strong spin observed in inelastic neutron-scattering experiméttahe
fluctuations is established. The widely studied €®&J com-  width of the quasielastic spin-fluctuation scattering suggests
pounds illustrates this behavidiwith a decreasing number a Kondo temperature ofx~10 K, i.e., very close to the
of d electrons of the transition-metal elementdr equiva- Neel temperature. This opens up the interesting prospect of
lently, decreasing cell volumethe exchange interaction in- studying the magnetic excitations bel@w of a system with
creases, and a transition from localized magnetism with unstrong spin fluctuations. While the dynamic magnetic re-
reduced moments and absence of spin fluctuations teponse due to Kondo spin fluctuations in the paramagnetic
nonmagnetic heavy-fermion systems with strong spinstate of heavy-fermion cerium compounds is well
fluctuation effects and occasionally superconductivity is ob-documented? little is known about the nature of thmag-
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netic excitationsn orderedKondo lattices. 80 - T : T

The interplay between the Kondo effect and the RKKY L CePd,Si, ]
interaction in CePgSi, is nicely illustrated by the strong 60 LA 1ila
depression of the Ng temperature with increasing pressure, : 3 —

as observed in resistivity measuremeits® Recently, a su-
perconducting transition witff,~0.4 K was reportetf*°
for pressures around the critical pressure of about 30 kbar.
The presence of a superconducting ground state in a limited
region around the critical pressure is a strong indication of
spin-fluctuation-induced superconductiviyThe spin fluc-
tuations are also expected to be responsible for the supercon- 0 - ! - ! -
ductivity in other heavy-fermion systems and possibly high- 0 100 L 2 800
T. superconductor. In addition to the superconducting
ground state, the temperature dependence of the normal-stateFIG. 1. Electrical resistivityp of CePdSi, as a function of
resistivity (T>T,) was found to show significant deviations temperature for a currentalong the crystallographia axis (solid
from the pxT2 Fermi-liquid behavior. This has lead to Ccircles andc axis (pluses.
speculations that the system may show non-Fermi-liquid o
properties at the critical pressure, which would confirm re-along the growth direction revealed homogeneous samples
cent theoretical predictiort§-2° with the right composition, without any trace of parasitic
The aim of this work is to characterize the magnetic in-Phases. The single crystals were annealed in a resistive
teractions in Cepﬁb by thermodynamic7 transport, and ultrah|gh'vacuum furnace for 8 dayS at 950 °C under a pres-
neutron-scattering measurements. The paper is organized 84re of 3.5¢107'° torr. The structure was checked with
follows. Section Il describes the results of measurements drietveld analysis from the x-ray patteferushed part of the
the electrical resistivity, specific heat, thermal expansiongrowth. The fit confirmed the ThGBi,-type structure space
and magnetic susceptibility on pieces cut from the samd&roupl4/mmmuwith Ce, Pd, and Si, respectively, om24d,
single crystal as used for the neutron-scattering measur@nd 4 (z=0.3778) sites. The lattice parameters ae
ments. The latter are dealt with in Sec. IIl, where we deter=4.2318 A andc=9.9035 A.
mine the magnetic structure of CefSi, by the application Two single crystals in the shape of cylinders with masses
of an external field and present the results of the inelasti©f 2.3 g(crystal A) and 1.9 g(crystal B were used in our
scattering measurements. The main feature is that dampé&kperiments. Part of the neutron-scattering experiments were
spin-wave excitations coexist with Kondo spin fluctuationsperformed on the two combined crystals, while other neutron
in the ordered phase. In Sec. IV we present a crystal-fiel@xperiments were done on only one of the crystals for
analysis of the experimental results and discuss the generé®mparison. Crystal A, which was also used in earlier
picture of the magnetic interactions that emerge from theleutron-scattering experimerifswas subsequently used to
combined effect of crystal-field levels, Kondo fluctuations, Prepare samples for measurements of the resistivity, specific
and the RKKY interaction. A Gmeisen parameter analysis heat, thermal expansion, and susceptibility.
gives a prediction for the volume dependence of the charac-
teristic energy scales in the system, and has been used to B. Electrical resistivity
predict the behavior in the proximity to the quantum critical
point, which could be at the origin of the unusual physical
properties observed in Cef%l,.

p (nQem)
3

20 7

The electrical resistivity of CeRB8i, was measured with
a four-point ac technique on two single-crystalline samples
(crystal A) with characteristic dimensions of<iLx4 mn?
cut along thea andc axis, respectively. Figure 1 shows the
Il. MACROSCOPIC MEASUREMENTS temperature dependence of the electrical resistivity. At low
temperatures, the upturn in the electrical resistivity for both
. ] ] _ directions is related to Kondo scattering. A=8.5 K, the
Eolycrystalllrje CePgﬁlz was prepare_d by direct Cmel- system orders antiferromagnetically and a reduction in the
nation of the high-quality elements ceriu@N), palladium  gjectrical resistivity is observed. A broad maximum around
(4N), and silicon(6N5). The starting elements with a total 100 K signals additional scattering from crystal-field excita-
weight of nearly 6 g were melted in a water-cooled coppetijons. The residual resistivities of 22 cm (a axis) and 21

crucible heated by a high-frequency generator under a puri,aQ cm (c axi9) are similar to earlier measuremeffS.
fied argon atmosphere. To improve homogeneity, the bulk

was turned over and remelted several times. The weight loss
is negligible using this method to prepare silicides. The ma-
terial was then introduced in a triarc furnace under inert gas, The specific heat of CeR8i, was measured by a dy-
equipped with a Czochralski pullét The pulling parameters namic adiabatic method on a single-crystalline sanigigs-
were kept constant during the sample growittanslation tal A) with a mass of 50 mg. Figure 2 shows the specific heat
speed: 0.5 cm/h; seed-rotation speed: 30 rpm; cruciblec as a function of temperature. At the antiferromagnetic tran-
rotation speed: 20 rpmThe bulk materials were checked by sition (Ty=8.5 K) a jump in the specific heat is observed. A
conventional x-ray powder diffraction and the single crystal-comparison with the specific heat of the nonmagnetic refer-
line state was confirmed using back-scattering x-ray Lauence system LaB8i, indicates the presence of a crystal-
technique. Microprobe analysiEAMEBAX SX) performed field contribution with a maximum at 90 K. The magnetic

A. Crystal growth and sample preparation

C. Specific heat
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FIG. 3. Temperature dependence of the linear thermal-
expansion coefficien& of CeP@Si, along thea axis (solid circles
and ¢ axis (open circle and of the volume thermal-expansion
coefficient(line).

80 100 120

FIG. 2. Specific heatc as a function of temperature for
CePdSi,. The inset shows the magnetic contributioncdT as a
function of T2 after subtraction of the reference data for LaBg  of the volume thermal expansian,= (1V)(dV/dT)=2a,

from Ref. 24. The lines in the inset are low-temperature extrapola-+ o is positive at high temperatures and nearly vanishes
tions of the specific-heat contributions from the spin fluctuationsbe|0WTN_

and the spin waves.

E. Susceptibility
contribution of the 4 electrons at low temperatures is ob-

. . ' i The dc magnetic susceptibility of Cef&1, was measured
tained after subtraction of the data for LagBg. In the inset

: _ Hake ) with a commercial Quantum Design superconducting quan-
of Fig. 2, thf magnetic contribution af/T is shown as &  ym interference device in magnetic fields up to 5.5 T. Three
function of T. In the paramagnetic phase an increase/h samplegcrystal A) with a mass of 0.1 g were cut along the
is observed for decreasing temperature, which is due tPlOO], [110], and[001] directions. Figure 4 shows the mea-
Kondo spin fluctuations. The specific heat in the antiferro-g ;g susceptibility as a function of temperature in a mag-
magnetically ordered state can be described in terms of spiﬁeﬂc field ofB=2 T (B|a andB]|c). A remarkable change
fluctuations and an additional spin-wave contribution. Thep, he easy direction is observed around 50 K. At high tem-
spin-wave contribution can empirically be described Bl’a  peratures the axis is the easy axis while at low temperatures
power law. In the low-temperature limit, the spin-wave con-ine pasal plane acts as the easy direction. The high-
tribution vanishes and the specific heat is dominated by th?emperature susceptibility can be described in terms of a
spin fluctuations with an enhanced linear termy@&~330 ¢ rie-Weiss temperature dependence with=—47 K
mJmol *K"?, as obtained by extrapolatidrof the data (BJla) and 6= — 18 K (B||c) and the free-moment value of
shown in the inset of Fig. 2. A comparison with the Ilnear2_54#B for the effective moment. In Fig. 5 the low-

~ 1K=2y indi ignifi o . .
term atTy (y~200 mJmol “K™*) indicates a significant emperature susceptibility as function of temperature is
temperature dependence of the spin fluctuations in the anti-

ferromagnetically ordered state, as expected for the relatively
low Kondo temperature of x~10 K924

400

300

D. Thermal expansion 200

1/y, (mollemu)

The thermal expansion of Cef%l, was measured with
a sensitive three-terminal parallel-plate  capacitance
technique® The dilatation was measured along thendc
axes of a single-crystalline samplerystal A) with dimen- 0
sions 1.5¢1.5x3 mn? (=axaXxc). Figure 3 shows the co-

100

efficient of the linear thermal expansian=(1/L)(dL/dT) 0.015 .
for temperatures up to 200 K. At high temperatures the co- g
efficient of the linear expansion along tlaeaxis shows a 2 o010 M g
Debye temperature dependence, characteristic for the phonon i

contribution. The upturn i, below 30 K signals the devel-

0.005

opment of spin fluctuations. At the antiferromagnetic transi- M:
tion (Ty=28.5 K) a large step inv, with a change of sign is 0.000 ! ! . ! |
observed. The coefficient of the linear thermal expansion 50 100 ;f}% 200 250 300

along thec axis shows an unusual temperature dependence.
At high temperaturesy, is negative and shows a large mini-

: ; FIG. 4. Temperature dependence of the magnetic susceptibility
mum around 100 K, which can be attributed to the crystal-y (and its inversgof CePdSi, in a magnetic field 52 T along the

field contribution. At the antiferromagnetic transition a largea (solid circle$ and c axis (open circles The lines are fits as
step ina, with a change of sign is observed. The coefficientdescribed in the text.
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FIG. 6. Temperature dependence of the magnetic Bragg peak
FIG. 5. Low-temperature susceptibiligyof CePdSi, as a func- ~ intensity of CePgSi, at Q=(3/2,1/2,0). Statistical errors are

tion of temperature in a magnetic field & T along the directions SMaller than the symbol size. The line is a fit to ER.
[100] (solid circles, [110] (pluses, and[001] (open circles

incoherent elastic scattering. The energy resolution for con-
shown. At the antiferromagnetic transitiom(=8.5 K) a  figurations A and C is 0.26 meV.
kink is observed for magnetic fields along theand thec
axis. The difference in behavior between the two basal-plane A. Elastic scattering
directions[100] and[110] reflects the presence of two mag-  The magnetic order of CeRSi, is characterized by a
netic domains, as evidenced by neutron-scattering measurBropagation vector ok=(1/2,1/2,0) and the absence of a

ments(see Sec. Il A magnetic Bragg reflection &= (1/2,1/2,0), which means
that the Fourier components, of the moment are parallel to
11l. NEUTRON-SCATTERING MEASUREMENTS thek vector. The peak intensity of the magnetic Bragg scat-
tering at Q=(3/2,1/2,0), measured in configuration B, is
Neutron-scattering measurements were performed on thgéhown as a function of temperature in Fig. 6. The tempera-

cold-neutron triple-axis spectrometers IN12 at the high-fluxure dependence is well described by the empirical relation
reactor of Institut Laue-Langevin and 4F2 at the Omhe-

actor(Laboratoire Len Brillouin). Several different configu- (T)=1g[1—(T/Tn)“]+Db, (]
rations were tested in order to optimize the measurement ] )

conditions and to rule out spurious effects. In all cases, pywhere lo is proportional to the moment squared,
rolytic graphite(002) planes were used as monochromator=9-30(2) K, a=2.725), andb is the background. The
and analyzer, with the monochromator being vertically fo-Cfitical exponentg obtained by fitting the peak intensity
cused and the analyzer flat or horizontally focused. Mos€l0se toTy to the expression

measurements were done with a fixed final wave vector. On _ 28

4F2, a 4-cm thick pyrolytic graphite filter was used in the H(T)=1o(1=T/Ty)™+Db, @
scattered beam to reduce higher-order contributions, whilg, o5 the mean-field value of 0.5, in agreement with early

no filter was needed on IN12 due to the guide cutoff. Themeasyrements Detailed measurements even closer to the
principal configurations used are listed in Table I. The tWoppiterromagnetic transition temperature indicate a somewhat
single crystalgA and B) were mounted together with either | ar value of3=0.378

the [001] axis or the[1,—1,0] axis vertical, in a standard  The magnetic structure is not unambiguously determined

(orapge helium-flow cryostat or in a vertical-field supercon- by the observed magnetic Bragg reflections. The two propa-
ducting magnet. Some measurements were performed tion vectorsk=(1/2,1/2,0) andk=(1/2,—1/2,0) can ei-

only one of the crystal&B) to eliminate spurious effects. The ther correspond to a singlestructure with moments along
data for the inelastic neutron-scattering measurements Welfe [1101type directions and 2 magnetic domains or a
normalized to the beam monitéafter correction for higher- . biek structure with moments along thi200]-type direc-
order contamination a flat backgrounddetermined at nega- tions. In order to distinguish between these two structures
tive energy transfe}_sn/as subtracted, and points within 0.4 we have measured th@/2,1/2,2 magnetic Bragg peak in '
meV from the elastic peak were excluded due to the SIron%onfiguration C with a magnetic field applied along the

[1,—1,0] direction. In a doublée structure, no change is ex-

TABLE 1. Principal triple-axis spectrometer configurations pected in the Bragg intensity, while a domain repopulation is

used. expected to increase the intensity for a singlstructure.
.. Figure 7 shows that the intensity increases by a factor of 2
Ks Collimation . L B
i . i . . for an applied magnetic field of 4 T, which proves that the
Configuration Instrument(A~1) Analyzer (min) Filter . . .
structure is singl&k. The presence of a singlestructure is
A 4F2 1.64 Focused Open PG further supported by the difference in magnetic susceptibility
B 4F2 1.97 Focused Open pc for magnetic fields along thHe.00] and[110] directions(Fig.
C IN12 1.81 Flat 20-43-43-60 None D). We, therefore, conclude that the antiferromagnetically or-

dered structure is in agreement with the earlier reported
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FIG. 9. Energy scan aQ=(1/2,1/2,0) forT=1.5 K (solid
0 1 2 3 4 5 circles andT=230 K (open circles Raw data is shown, i.e., before
B (T) background and elastic peak subtraction, but after normalization to
. . . . the monitor. The dotte(dasheglline shows the quasielastic contri-
FIG. 7. Magnetic B.ragg peak '“tef‘s'ty of C%B@ _at Q bution at high(low) temperatures and the dash-dotted line shows
:(1/2’1/2’2.) as a function of external f|eld._The statlsncgl EIM0MSH e estimated background level. The total fitted contributeastic
are of the size of the symbols. The line is a fit to Ef). The inset

. ) . peak, quasielastic contribution, and,Tat 1.5 K, the spin wavkeis
shows the magnetic structure of CeBg for one domain, pro- shown by the solid lines
jected onto the basal plane. '

B. Inelastic scatterin
structure of Refs. 7 and 8. A sketch of the ordered structure g

of one of the domains is shown in Fig. 7. Figure 8 shows typical energy scans for different wave
The solid line in Fig. 7 is a fit of the domain repopulation vectors atT=1.5 K in the antiferromagnetic phase of
as a function of magnetic fielB to the empirical relation CePdSi,. Near the antiferromagnetic zone cent@g,
=(1/2,1/2,0), there is a clear inelastic peak which corre-
sponds to a somewhat damped spin-wave excitation. The
21, long tail of the scatteringannotbe accounted for by reso-
1(B)= T+ exp(—cBIT)’ (3 |ution broadening of the spin waves. It corresponds actually
to a broad quasielastic contribution. As the wave vector goes
away from Qu, the spin-wave energy increases and the
wherec is a constant. The magnitude of the ordered momentilamping becomes very important. In the paramagnetic
obtained by normalizing the magnetic Bragg reflections tgphase, only the quasielastic scattering remains, as shown in
the weak nuclear Q=(110) reflection, amounts to Fig. 9.
0.80(5)ug. This value is somewhat higher than that from  The characteristic feature of the spin dynamics in
earlier neutron-diffraction experiments, 066,"® but CePdSi, is the coexistence of-independent Kondo-type
smaller than the value of 0.84, reported from nuclear fluctuations and dispersive spin waves in the antiferromag-

magnetic resonance measureméts. netically ordered state. The latter are strongly damped away
300 T T T T T T T T T T T T
- Q=(0.5 0.5 0) Q=(0.43 0.5 0) Q=(0.35 0.5 0)
5 200 L 1t -
o
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FIG. 8. Typical energy scans at different wave vectors @eas=(1/2,1/2,0) aff=1.5 K in the antiferromagnetically ordered phase of
CePgSi,. (a)—(e) Measured in configuration Asee Table)lwithout any applied field(f) Measured in configuration C with an applied field

of 4 T along theg[1 —1 0] axis. The solid line is a fit of Eq4) convoluted with the instrumental resolution. TRendependent quasielastic

contribution is shown by the dashed line, and the spin-wave contribution by the dotted line. For clarity, the background and the elastic peak

have been removed.
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from the magnetic zone center. Experimentally, it is difficult vectors are typically within 0.2 A from the magnetic zone
to obtain a unique separation of the two contributions, sincgenter, since no well-defined spin waves are observed further
both are broad in energy with similar energy scal@y ( away. This also assures that contributions from the second
~T,~10 K). In addition, the existence of two magnetic do- domain remain negligible. Typical fits are shown in Fig. 8.
mains doubles the number of spin-wave modes for a giyen
vector. In the following we will first describe the method
used to separate the different contributions, and then discuss
the obtained results. Measurements on polycrystalline samples in the paramag-
The application of an external field & T (B|[1,— 1,0]) netic phase show quasielastic scattering wi.th a characteristic
gives a nearly complete depopulation of one of the magneti€nergy of the forml’(T)=L(0)+cT"? typical for local
domains, as seen from the magnetic Bragg peak intensitondo-type spin ﬂUCtU.aUOF%Th_e line width afTy, is of the
(Fig. 7), and discussed above. On the other hand, no changdder of 0.9 meV, which was interpreted as a Kondo tem-
is seen in the spin-wave scattering, except for a field-induceBerature off =10 K.” Our measurements on single crystals
increase of the energy gap by 0.1 meV and a small change iRdicate that these fluctuations a€ independent, as ex-
intensity. The line shape remains the same, which means thgcted for local spin fluctuations. We find a somewhat larger
the contribution from the second domain is negligible closewidth of 1.6 meV at a temperature =30 K, which com-
to the magnetic zone center of the first domain. This is cerpares to 1.1 meV for polycrystalline sampfesve do not
tainly related to the strong damping of the spin-wave scatterbelieve this difference is significant, due to the difficulty of

C. Spin fluctuations

ing away from the zone center. subtracting the phonon contribution in single-crystal work.
The inelastic neutron-scattering data can be described asBglow Ty, the line width decreases as expected from the
sum of two contributions, increased linear term in the specific heat, and we find from
our fits atT=1.5 K a value of about 1.4 meV, although
1 smaller widthgdown to 1 meV are still compatible with our
S(Qw)= 1—exp(—fiwl/kgT) data. The temperature dependence of the excitation spectrum
at the antiferromagnetic zone center is shown in Fig. 9. We
xLol'| Xszﬂgrq find that the quasielastic integrated intensigy X increases

w74 T2 (07— 07+ 4o T2 (4 belowTy, by nearly a factor of 2.
where the first term in the brackets is a Lorentzian function D. Spin waves
describing theQ-independent quasielastic Kondo-type spin
fluctuations with characteristic relaxation rdtg*, and the
second term is a damped harmonic oscilldfiHO) used for
the spin waves with a propagation vectpfwith respect to
the antiferromagnetic zone cent€=(1/2,1/2,0). These H=—>, J(r) Sy Snsr—IusHu Y S, (6)

two functions are multiplied by the temperature factor and

convoluted with the instrumental resolution function. Due toywhere J(r) describes the antiferromagnetic exchange inter-
the difficulties of separating these two contributidoseQ  actions between the sublattices, and all the ferromagnetic
dependent and the other NoEq. (4) was fitted simulta-  exchange interactions within the sublattice are approximated
neously to data taken at several differé€wectors close to  py an effective molecular fieltH,, in order to restrict the
the antiferromagnetic zone center, including different symyumber of model parameters. For Ce8d, the former is
metry directions. To further improve the precision in the fits yominated by the nearest-neighbor interactidh=J

(and reduce the number of fitted parametetise q depen-  (+ga 0,0)=J(0,=4a,0) and the next-nearest-neighbor inter-
Qence of the DHQ in Eq4) was parametrized in the f_oIIow— _actionJ,=J(a/2,a/2,=c/2)=J(—al2,—a/2,+c/2) in thek

ing way. The spin-wave damping was found to be 'Soztr°p'cz(1/2,1/2,0) domain. The next-nearest-neighbor interaction
and well described by the empirical relatibR=1"0+Dg°, 3, s essential to describe the preferred spin orientation of the

wherel', (= 0.4 meVj andD are constants. The susceptibil- moments. The spin-wave dispersion for this model is given
ity xo was well described by a Lorentziandependence, by?’

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

Xaru ®) (o) ={[greHu—28X0) 1~ [2SX Q)% (7)

X = 3
@ 1+ (q )2+ (gl k)2

where
wherexagv is the susceptibility at the zone centat, is the

distance of the wave vect® from (1/2,1/2,0 in the tetrag-

onala-b plane,q is the distance along the* axis, andx

and | are the corresponding correlation lengths. The spin-
wave energy was fitted to a spin-wave model discussed be-

J(@)=2 J(r)exp—iq-r)

=2Jy[cog27qy)+cog27q,)]

low (Sec. Il D), which has three parameters: two exchange +4J,c08 7(q+ qy) ]cog 7q,) (8)
interactionsJ; and J, and a molecular-field terni,,. A 2 By d
typical fit thus contains nine parameterg ( I'i, D, xaem » andg=(qy,dy,d,) is given in reduced lattice units with re-

ki, K|, J1, J2, andHy,) and 360 data points representing spect to the antiferromagnetic zone center. Near the magnetic
15 differentQ vectors(configurations A and € TheseQ  zone centerq=0, the dispersion is quadratic ig with
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4 T T L g. The combined effect is such that no propagating spin

waves are observed for wave vectors that are more than 0.2
A~1 away from the magnetic zone center. The parameters
obtained from the fits to the quasielastic spin fluctuations and
the inelastic spin waves are summarized in Table II.

IV. DISCUSSION

A. Crystal fields

The crystal-field Hamiltonian for Gé (J=5/2) in a field
with tetragonal point symmetry can be expresséd¥s

@050) |

0 ! | | 1 i Il H 1 Il

0 0.3 0.5 08 1/05 0.3 0
q (i) Hep=B303+B03+B30;, 9)

FIG. 10. Dispersion curve for the antiferromagnetic spin wavesWhere thec axis is taken as the quantization a>®§,are the

in CePdSi, at T=1.5 K. The solid line shows the dispersion in the St€VENs operators, ar] the crystal-field parameters of the
basal plane without any applied fiefdonfiguration A; see Tablg | C€ " ion. The eigenfunctions of the Hamiltonian H§) are
and the dashed line is the dispersion along the tetragonal axis in a 2)_ .

field of 4 T applied along th¢1l —1 0] axis (configuration @. The I'7’=al£5/2)+b|+3/2),
dispersion curves are obtained by fitting E@®. and (7—8) to the

measured data & values shown by the solid circles. The error I'3)=b|+5/2—a|+3/2), (10)
bars represent the error in the spin-wave energy arising from the
uncertainties in the fitted parameteéts, , J,, andJ,. F=|£1/2).

Inelastic neutron-scattering measurements on €gRPdhow
a minimum energy of A=Q(0)={gusHu[gusHm  two crystal-field excitations at 19 and 24 meV between the
—4S80)1}"2 where, from Eq(8), J(0)=4(J;+J,). lowest doublet and the two excited doubl@fsThe crystal-

In our fits to the data, the spin-wave enei@y was de- field contribution, observed in the electrical resistivity, the
scribed by Eqs(7) and(8). The measured dispersion for the specific heaf and the thermal expansion, confirm the char-
directions[110], [100], [1—10], and[001] are well described acteristic energy scale of the excited levels. The susceptibil-
in terms of this simple two-sublattice model, as shown injty measurements show a rather unusual temperature depen-
Fig. 10. We found a gap energy of 0.83 meV in zero field dence with a change in the magnetic anisotropy at 50 K. At
and 0.94 meV in a field of 4 T. The fitted exchange interacigh temperatures theaxis is the easy axis, while below 50
tion is 2S(J;+J,)=—0.81 meV and the molecular field is K the easy direction for the magnetization lies within the
gugHy=0.11 meV. Since the spin waves die out rapidly in basal plane. In the antiferromagnetically ordered phase the
the c direction, it is difficult to obtain good estimates for the ordered moments are oriented along the ordering vector
ratio of the nearest-neighbor interactida and the next- =(1/2,1/2,0), which corresponds to the easy axis. When the
nearest-neighbor interactialy, but the data suggest thdf  two antiferromagnetic domains are equally populated, the
is quite substantial, with typical estimates beidJ;~1/3.  system has two easy axes and qualitatively behaves as an
The values quoted here differ somewhat from those in a presasy-plane system. The magnetic anisotropy of the ordered
liminary report?® where a subset of the present data wasstate is also observed in the paramagnetic state below 50 K,
fitted for individual Q values. Also, the characteristic spin- as shown in the static susceptibility of Fig. 4.
wave energy is here taken &sq:(wgﬂ“ﬁ)l’z, while wq The unusual ordering vectdk=(1/2,1/2,0) belowTy
was used in Ref. 28. A4=0, we haveA=(,=0.83 meV  suggests that thB} parameter is positive and behaves as the
andI'y=0.4 meV, which corresponds ®w,=0.73 meV, in  dominant crystal-field parameter. The crystal-field excitation
good agreement with Ref. 28. spectra, determined from inelastic neutron-scattering

The intensity of the spin waves decreases rapidlyQas measurement® were interpreted in terms of a set of nega-
goes away from the magnetic zone center, given by(&q. tive crystal-field parameters. These parameters were later
with correlation lengths ok, =0.12 (1) A~ and x=0.08 refined with additional magnetic-susceptibility
(1) A1 This intensity drop away from the magnetic zone measurement¥. As discussed by Hippert and co-workéfs,
center is due to a damping of the spin waves by the stronthe corresponding easy-axis magnetic anisotropy along the
spin fluctuations. This damping is also reflected by the in-axis does not correspond to the susceptibility measurements
trinsic widthT'; of the spin waves, which also increases withand the ordering vectdc=(1/2,1/2,0) in the antiferromag-

TABLE Il. Fitting parameters for the quasielastic spin fluctuations and the inelastic spin waves at
=1.5 K and zero field.

r, D K| K| 25(3,+3,) gugHpy
xu!xaew  (meV)  (mevA®)  (A7H  (ATY (meV) NPYNR (meV)
0.8 1.4 0.4 0.08 0.12 -0.81 ~1/3 0.11
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netic phase. Instead, Hippert and co-workers derived an aB|[110]. In the antiferromagnetically ordered state a remark-
ternative set of crystal-field paramet&rgor an isotropic  able coexistence of spin fluctuations and spin waves is ob-
(Heisenbery magnetic exchange interaction, which repro-served in the inelastic neutron-scattering measurements. The
duces the magnetic anisotropy for the susceptibility and prespin-wave dispersion shows a finite excitation gap of 0.83
dicts the proper magnetic structure beldyy. meV at the magnetic zone center(1/2,1/2,0). A strong

In order to take into account the anisotropy of the mag-competition between the antiferromagnetic order and the
netic exchange interaction we used a slightly different apspin fluctuations is suggested by the strong damping of the
proach than Hippert and co-workéfsFirst, the energy split-  spin-wave excitations away from the magnetic zone center.
ting between the lowest doublet and the two excited doublet¥he temperature dependence of the specific heat, thermal
was fixed at the values determined by Steerséal. A;  expansion, and the variation in the ordered moment is well
=19 meV andA,=24 meV® The remaining crystal-field described by a power-law behavior, characteristic for a gap-
parameter was used as a free parameter to reproduce tless antiferromagnet. This is a remarkable observation since
temperature dependence of the inverse susceptibiliyy 1/the spin-wave dispersion shows a sizable excitation gap, and
=1/xycer— N\, Where the magnetic exchange interactionstherefore, a more complicated temperature dependence is
were taken into account with an anisotropic molecular fieldexpected?
\. The best fit to the measured susceptibility was obtained The spin-wave dispersion, determined from the inelastic
with crystal field parameters @&9=0.044 meV,B}=0.041  neutron-scattering measurements, can accurately be de-
meV, and B3=0.401 meV and molecular fields af,  scribed by a simple two-sublattice model as shown in Fig.
= —30 mol/emu for the basal plane and=5 mol/emu for ~ 10. The magnetic interactions have been modeled with three
thec axis. The crystal-field parameters are dominatedfy Parameters: the nearest-neighbor interacfipand the next-

which shows the proper magnetic anisotropy for the ordering!€arest-neighbor interactialy for the interactions between
vector k=(1/2,1/2,0) belowTy, while BS is relatively he sublattices, and an effective molecular fielg for the

interactions within one sublattice. The magnetic interaction
etween the sublattices is antiferromagnetic for both the
nearest-neighbor and the next-nearest-neighbor interaction.
The relative strength of the next-nearest-neighbor interaction
J,13,~1/3 is small but significant for the magnetic structure
of the antiferromagnetic order. The effective molecular field
of the magnetic interactions is ferromagnetic, as expected

small. The change in the magnetic anisotropy at 50 K arise
from the magnetic exchange interaction, described by th
anisotropic molecular field, which is antiferromagnetic in the
plane and slightly ferromagnetic along tbexis. The level
scheme for these crystal-field parameters is

24 meV======a|*5/2)+b[+3/2), from the magnetic structure. The relative strength of the fer-
romagnetic interactions compared to the antiferromagnetic
19 meV======|+1/2), interactions isgugHy/[2S(J1+J5)]=—0.14. The mag-

netic structure derived from the model description of the dis-
persion is in qualitative agreement with the crystal-field cal-
0 meV======hb|*£5/2)—a|+3/2). culations of the magnetic susceptibility, where an anisotropic
molecular field was obtained with a relative strength of

The mixing parameters of th@, states correspond ta Ne/Na=—0.17.

=0.849 andb=0.529. These values are relatively close to
the values obtained by Steemanal® from the relative in-
tensities of the crystal-field excitations in the inelastic L
neutron-scattering measurements. The effective moment of C. Gruneisen parameters

0.86ug, calculated from the crystal-field parameters, ac- 1. Crystal field

counts for most of the moment reduction at low tempera- . . .

tures. The effect of the moment reduction is nicely demon- The thermal expansion along 'tpeams Is negative above
strated in high-field magnetization measurements, where non @nd shows a pronounced minimum around 100 K. The

transition was observed for applied magnetic fields up to 2&°responding crystal-field splitting amounts Agge~21
T along thea and thec axes® meV for a Schottky peak. This is in qualitative agreement

with the presence of two excited crystal-field doublets at 19
and 24 meV, observed by inelastic neutron-scattering mea-
surements. The thermal expansion alongdlexis does not
reveal a significant deviation from the phonon contribution
Elastic neutron scattering and susceptibility measurearound 100 K, indicating that the crystal-field contribution is
ments confirmed that the magnetic structure of G8Rctor-  at least one order of magnitude smaller along &hexis.
responds to antiferromagnetic order with a single propagathe volume dependence of the crystal-field splitting can
tion vector. In the absence of an applied magnetic fieldpe estimated from the Gneisen parameterl’cge
magnetic domains with propagation vectdrs (1/2,1/2,0) =—dInAcge/d INV=Vya,/xc, where V,=5.31xX10">
andk=(1/2,—1/2,0) are formed. An applied magnetic field m*mol is the molar volume and=—(1N)(dV/dp) the
along the propagation vector of one of the domains induces othermal compressibility. The experimental thermal expan-
domain repopulation, as is clearly demonstrated in the elastision at the minimum near 100 K isx,~a.=-—8.9
neutron-scattering measurements. The susceptibility mea<10 °® K1, while the calculated specific heat for two ex-
surements of Fig. 5 show a pronounced anisotropy, which isited doublets at 19 and 24 meV has a maximumcof
consistent with &nearly complete domain repopulation for =6.2 Jmol'*K~2. A careful analysis of the specific-heat

B. Magnetic order
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FIG. 11. Effective Graeisen parametdr;; of CePdSi, as a
function of temperature.

measurements indicated a valuece$6.8 Jmol 1K~ 2 for
the Schottky anomal$ Using the isothermal compressibil-
ity k=0.82 Mbar® for CeRySi,,>> we find a Grumeisen
parameter of cg= — 9.3 for the crystal-field splitting of the

excited doublets. The negative volume dependence of th

crystal-field splitting is strongly anisotropic and predomi-
nantly caused by the sensitivity to tleeaxis lattice param-
eter. A comparison with the crystal-field splitting of isostruc-
tural Ce compounds confirms this trehtf.

2. Spin fluctuations

From the measured specific heat and thermal-expansi

Te(T) =Vma,(T)/ kc(T) (see Fig. 11 The effective Gro-

eisen parameter is temperature independent if the system ¢

be described by a single energy scale. At high temperatur

the effective Groeisen parameter shows a small constan
value ofl',,=2 and describes the volume dependence of the_

characteristic energy scale for the phonons. Below 30 K th

effective Gruneisen parameter rapidly increases and reache

a value ofl".4y=33 just aboveTy . In the low-temperature
limit, T'e(T) corresponds to the strongly enhanced elec
tronic Grineisen parametdt,=d In y/dInV (=~40-50 for
heavy-fermion systems.

3. Magnetic order

van DIJK, FAK, CHARVOLIN, LEJAY, AND MIGNOT
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TABLE Illl. Characteristic energy scales of Cel3d, at differ-
ent pressures. The values under pressure are estimated from the
relevant Grmeisen parameters.

p Acer Tn Tk
(kban (K) (K) (K)
0 220 8.5 10
28 173 0 18

D. Pressure dependence

Resistivity measurements under hydrostatic pressure
showed that the antiferromagnetic order is suppressed at a
critical pressure of about 30 kb&t:® Surprisingly, a super-
conducting transition aT.~0.4 K was observed for pres-
sures around the critical pressure. The effect of pressure on
the characteristic energy scales of CgFiglcan be estimated
from the experimental values of the Gisen parameters.
The crystal-field level splitting oA .= 220 K shows a rela-
tévely weak pressure dependence i Acge/dp= kI cgr
~—7.6 Mbar!. The pressure dependence of the Kondo
temperature is determined by the strongly enhanced heavy-
fermion Grineisen parameter df yr=—dIn T« /dIn V=33
at Ty. The Kondo temperature shows a strong increase un-
der pressure witld In Ty /dp=«I'yz~27 Mbar !. The char-
acteristic energy scales at the critical pressyre 28 kbaj
are indicated in Table Ill and are in qualitative agreement

curves an effective Gneisen parameter can be defined agnlth the general trends for CeSi, systems. Under applied

pressure the magnetic exchange enefdggcreases and di-
rectly influences the balance between the indirect exchange
fiiteraction and the screening of the®Ceons. The charac-
Bristic energy of the exchange interactionTiggy ~NJ?,

hile the Kondo screening energy corresponds TR
(1/N)exp(—1/N|J|), where N is the electron density of
tates at the Fermi level. Wheh approaches the critical
Value J., Tk grows more rapidly thai gxxy and the anti-
ferromagnetic ordering temperatufgy decreases until it

vanishes atl,. An alternative route to reach the quantum
critical point is by chemical substitution of one of the
element$**'~3As a general trend the spin fluctuations and
the Kondo temperature become strongly enhanced when the
antiferromagnetic order is suppressed.

The uniaxial pressure dependence of the transition tem-
perature can be evaluated with the Ehrenfest relation

dTy/dp=V,Ae;/A(c/T). Using the measured anomalies
in the coefficients of the thermal expansioda,
=-9.4x10°% K! and Aa;=9.5x10 % K~! in combi-
nation with the jump in the specific heat\(c/T)
=0.60 JmoltK~2, we find values ofdTy/dp,=—83
mK/kbar anddTy/dp.=84 mK/kbar. The corresponding

V. CONCLUSIONS

We have studied the magnetic interactions of single-
crystalline CePgSi, by measurements of the electrical resis-
tivity, specific heat, thermal expansion, magnetic susceptibil-
ity, and elastic and inelastic neutron scattering. In the

hydrostatic pressure dependence of the transition tempergaramagnetic phase the system is characterized by Kondo-

ture amounts todTy/dp=—82 mK/kbar and is in good

type spin fluctuations, while belowy the spin fluctuations

agreement with the low-pressure data of recent electrical rezoexist with spin-wave excitations. The spin waves are
sistivity measurements under hydrostatic pressures up to 3rongly dispersive, with a minimum energy of 0.83 meV at

kbar!* The Grineisen parameter fofy is defined asl'y
—dInTy/dInV~—111* The opposite signs foF'y and

the magnetic zone centkr=(1/2,1/2,0). The dispersion can
be described in terms of a two-sublattice model with a re-

I' ¢ indicates a strong competition of the antiferromagneticduced magnetic exchange interaction and a strong damping
order with the Kondo fluctuations, characteristic for heavy-of the spin waves due to Kondo screening. The volume de-
fermion systems. pendence of the magnetic interactions has been analyzed
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using the Graeisen parameters and is found to be stronglyCalemczuk(specific heat A. de Visser and P. Hagthermal
anisotropic. expansiol, and B. Hennionneutron scattering Part of the
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