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Hydrostatic high-pressure studies on the ferromagnetic Kondo-lattice compounds CePdSb
and CeAg to 16 GPa
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The dependence of the Curie temperatureTc of the ferromagnets CeAg and CePdSb on hydrostatic pressure
P to 3.2 and 16 GPa, respectively, has been determined using a diamond-anvil cell loaded with dense helium
as pressure medium. For both compounds,Tc(P) initially increases with applied pressure, followed by a
maximum at approximately 1~10! GPa for CeAg~CePdSb!. Above 3~15! GPa for CeAg~CePdSb!, no ferro-
magnetic transition could be detected. The present results are compared with earlier studies and discussed
within the framework of a phase diagram proposed by Doniach for Kondo lattice systems. CePdSb is the first
cerium compound where the dependence ofTc onP unequivocally displays the asymmetric peak predicted by
this phase diagram.@S0163-1829~97!02421-1#
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I. INTRODUCTION

The Ce-based Kondo lattice compounds CePdSb
CeAg both order ferromagnetically below their Curie te
peraturesTc of 16 and 5.5 K, respectively.

1,2 According to de
Gennes scaling, the ordering temperature of a Ce compo
should be only approximately 1% of that of its isostructu
Gd analog. The value ofTc for CePdSb, however, lieshigher
than that for GdPdSb.1 To our knowledge, CePdSb an
CeRh3B2 ~Ref. 3! are the only Ce compounds to display
ordering temperature higher than that of their Gd analog

The magnetic behavior of a Kondo lattice system
largely controlled by the product of the exchange coupl
strengthJ and the density of states at the Fermi ene
N(EF). A number of years ago, Doniach4 examined the one
dimensional Kondo lattice, or ‘‘Kondo necklace,’’ proble
in the mean-field approximation and obtained an antifer
magnetic ground state with a simple phase diagram, depi
in Fig. 1, which gives the magnetic ordering temperat
Tc as a function ofuJN(EF)u. The salient features of thi
phase diagram were confirmed by a more sophistica
renormalization group calculation by Jullienet al.5 This
phase diagram has been shown to give a good qualita
description of the results for many Ce compounds.3,6 In par-
ticular, the asymmetric nature of the phase diagram, wh
the initial increase ofTc with increasinguJN(EF)u is more
gradual than the subsequent rapid drop ofTc after reaching
its maximum value, is a common feature of Ce compou
initially lying to the left of theTc maximum in Fig. 1. In the
absence of a phase transition, the quantityuJN(EF)u is
known to increase smoothly with pressure in C
compounds.7,8 Because of this, the asymmetry in Fig.
should be exhibited in plots ofTc versusP as well, as
confirmed in combined high-pressure/substituti
experiments.3,6 To date, however, this asymmetry has n
been seen in a single Ce compound by the application
pressure alone.9 It should be noted that CeP and CeAs
550163-1829/97/55~21!/14109~4!/$10.00
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display maxima inTc(P), but do not clearly display any
asymmetry about the maxima;10 it should be noted, however,
that these compounds are semimetals where the applicatio
of pressure has a drastic effect onN(EF), in contrast to the
metallic compounds in the current study.

Previous high-pressure studies have been performed o
both CePdSb and CeAg.Tc(P) for CePdSb has been deter-
mined to 1.6 GPa using an ac susceptibility technique,11

yielding dTc /dP'11.7 K/GPa. As shown in Fig. 1, a posi-
tive initial value ofdTc /dP would imply that CePdSb lies to
the left of the maximum inTc(P); Tc would be expected to
pass through a maximum at higher applied pressures. CeA

FIG. 1. The phase diagram of the one-dimensional ‘‘Kondo
necklace’’ adapted from Ref. 4.TRKKY is the temperature associated
with the RKKY interaction energy,TK the Kondo temperature,Tc
the magnetic ordering temperature,J the exchange coupling
strength, andN(EF) the density of states at the Fermi energy. The
approximate locations of CePdSb and CeAg are displayed. The po
sition of a given Ce system in this diagram moves to the right as
pressure is applied.
14 109 © 1997 The American Physical Society



th
d

ig
o
ha
te
4

nc
ca

-
-

o
-
e,
s

1
la
ur

b

o
he

ig

a
ith
ed
s

ic

ed
f

a
e

b
u
b
d
o
le
h
d
et
ig
oly

e

per-
of

the

n at
by
. A
to

on

p in
de-
16
to

. 2,
in
el
as

are

-
-
nd
ra
be
3 to

ove

14 110 55BRIEF REPORTS
was one of the first compounds that was shown to exhibit
expected behavior of a Kondo lattice, with two studies fin
ing a maximum inTc(P) near 0.7 GPa.

12–14From this pres-
sure behavior, CeAg lies to the left of the maximum in F
1, but to the right of CePdSb, as displayed. The first study
CeAg, with a maximum pressure of 3.5 GPa, found t
Tc(P) continued to drop with increasing pressure af
reaching its maximum value;12 but a subsequent study to
GPa found a significantly differentTc(P) behavior,

13,14with
Tc(P) passing through a minimum at higher pressures. Si
both of these studies used a resistivity technique which
lead to difficulties in accurately determiningTc(P), we have
chosen to determineTc(P) directly from the magnetic prop
erties~ac susceptibility!, in an effort to resolve the discrep
ancy between the two reports.

We have measured the Curie temperatures
CePdSb~CeAg! in a diamond-anvil cell as a function of hy
drostatic pressure to 16~3.2! GPa. With increasing pressur
the value ofTc initially increases for both compounds, pas
ing through a maximum near 1~10! GPa for CeAg~CePdSb!,
in agreement with the Doniach phase diagram of Fig.
CePdSb is the first Ce compound to unequivocally disp
the anticipated asymmetry by the application of press
alone.

II. EXPERIMENT

Polycrystalline samples of CePdSb were prepared
melting a 1:1:1 stoichiometric ratio of Ce~99.99%!, Pd
~99.995%!, and Sb~99.999%!, all from Johnson-Matthey, in
an argon arc melter. The samples were estimated to be m
than 95% phase pure from x-ray powder diffraction. T
lattice constants were determined to bea54.5955(5) Å and
c57.917(2) Å, in good agreement with previous reports.1,15

The dc susceptibility was measured in a Quantum Des
superconducting quantum interference device~SQUID! mag-
netometer in a field of 1 kOe at temperatures between 5
300 K. Curie-Weiss behavior is exhibited above 150 K w
a value ofmeff'2.8mB /Ce. The saturation moment measur
at 5 K was found to bems'0.9mB /Ce. The measured value
of meff andms agree well with previous experiments.1,15 In
particular, the results are characteristic of a Kondo latt
compound withmeff near the value expected for Ce31

(2.54mB /Ce! butms considerably reduced from the expect
Ce31 value of 2.14mB /Ce due to Kondo compensation o
the 4f moments by the conduction electron spins.

The single crystal of CeAg in the present study w
grown using a Czochralski technique out of a levitated m
out of a cold crucible.2 Stoichiometric amounts of cerium
~99.99% purity! and silver~99.999% purity! were prereacted
in an argon arc furnace. The prereacted material was su
quently melted and levitated for at least one hour to ens
homogeneity. The crystals were then pulled from the melt
a tungsten rod at a speed of 3 mm/h. The crystal ha
cylindrical shape with a diameter of 5–7 mm and a length
20–100 mm. The cylindrical crystal from which the samp
used in the current study were cut had the crystallograp
~001! direction 5° from the cylindrical axis. It was foun
that CeAg reacted rapidly with air and formed a nonmagn
compound. For this reason, the samples used for the h
pressure experiments were coated with a thin layer of p
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vinyl toluene inside a glovebox before loading into th
diamond-anvil cell.

The high-pressure apparatus consists of a cop
beryllium diamond-anvil clamp. A complete discussion
the high-pressure apparatus can be found elsewhere.3,16 The
magnitude of the pressure in the cell is determined by
standard ruby fluorescence technique17 to an accuracy of
0.15 GPa. The good hydrostaticity of the pressure, eve
pressures well above the melting curve of He, is indicated
the fact that the ruby fluorescence line remains sharp
primary/secondary coil system that is sensitive enough
detect ferromagnetic transitions in samples with mass<1 mg
was employed to measure the ac susceptibilityxac(T) using
a PAR 124 lock-in amplifier.

III. RESULTS

The results of the present high-pressure experiment
CePdSb are shown in Fig. 2. As can be seen,Tc(P) initially
increases with pressure fromTc(0)518 K at a rate of11.6
K/GPa, in excellent agreement with previous studies.11 At
;10 GPa,Tc passes through its maximum value of;31 K.
Increasing pressure above 10 GPa leads to a rapid dro
Tc ; above 15 GPa, no ferromagnetic transition could be
tected down to 2 K. After the pressure was released from
to 0 GPa, the ferromagnetic transition was found to return
its initial ambient pressure value. As can be seen in Fig
the Tc(P) curve is asymmetrical about the maximum
Tc ; this result is consistent with the Kondo lattice mod
where CePdSb is initially positioned on the phase diagram
displayed in Fig. 1.

The results of the high-pressure experiments on CeAg
shown in Fig. 3. The ambient pressure value ofTc55.7 K,
the initial pressure derivativedTc /dP'13.5 K/GPa and the
maximum inTc(P) at;1 GPa all agree well with the resis
tivity results.12–14 Above 1 GPa,Tc(P) is seen to be a de
creasing function of pressure, in agreement with Eiling a
Schilling,12 but in sharp contrast to the results of Fujiwa
et al.13,14Above 3 GPa, no ferromagnetic transition could
detected down to 2 K. When pressure was released from

FIG. 2. The dependence of the Curie temperatureTc of CePdSb
on increasing hydrostatic pressure: (d) present experiment; (3)
data from Ref. 11. No ferromagnetic transition was detected ab
15 GPa. The solid line is a guide to the eye.
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0 GPa, no ferromagnetic transition could be detected abo
K. This loss of ferromagnetism could arise from a strong
hysteretic phase transition near 3 GPa or from possible
posure of the sample to air following the release of press
The results on CeAg are in good agreement with wha
expected of a Kondo lattice compound positioned on
phase diagram as displayed in Fig. 1.

IV. DISCUSSION

Kondo lattice systems are characterized by a competi
between the magnetic ordering of local moments throu
Ruderman-Kittel-Kasuya-Yosida~RKKY ! interactions and
the eventual destruction of the local moments by the Kon
effect. The energies of the competing phenomena are c
acterized bykTK}exp@21/uJN(EF)u#, the binding energy of
the Kondo singlet, andkTRKKY}J2N(EF), the energy of the
RKKY interaction. For small values ofuJN(EF)u, the RKKY
term dominates and magnetic ordering will occur. For la
values ofuJN(EF)u, the Kondo term dominates and the ma
netic ordering is destroyed due to Kondo compensation
Doniach’s solution4 for the one-dimensional ‘‘Kondo neck
lace,’’ as displayed in Fig. 1, it can be seen that these c
peting interactions give rise to a maximum inTc and an
asymmetricTc curve with respect to the maximum due to t
rapid increase inTK as it overtakesTRKKY , ultimately lead-
ing to a nonmagnetic ground state. As hypothesized
Doniach,4 this general behavior should also hold for thre
dimensional systems. In fact, the phase diagram in Fig. 1
been used to account for the behavior of many Ce co
pounds that display a well-defined maximum
Tc .

3,6,12,18–22

When comparing data from systems with different bu
moduli, it is more suitable to plotTc versus the change
in relative sample volumeV/Vm . In Fig. 4 we show
the dependence ofTc on V/Vm for CePdSb and CeAg
and the selected Ce compounds CeRh3~B12xSix) 2,

3,23

CeRh2~Si12xGex) 2,
18,20 and CePd2~Si12xGex) 2.

19,20 The

FIG. 3. The dependence of the Curie temperatureTc of CeAg on
increasing hydrostatic pressure: (d) present experiment;~n! data
from Ref. 12, (3) Ref. 13. No ferromagnetic transition was d
tected above 3 GPa in the present studies. Solid line is a guid
the eye.
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latter compounds were chosen because data for them
available over a large portion of the Doniach phase diagr
either from hydrostatic pressure experiments forx50 or
from substitution experiments24 with variablex. For all of
the Ce systems the dependence ofTc onV/Vm bears a close
resemblance to the phase diagram in Fig. 1. The mar
asymmetry inTc(V) aboutV5Vm is apparent for all data in
Fig. 4. In all cases, less than a 5% volume reduction is n
essary to forceTc to pass from its maximum valueTc

max to 0
K. That this asymmetry is real, and not due to an inequi
lence of changingV/Vm through high pressure or chemic
substitution experiments, is indicated by the fact that
CeRh2Ge2 , dlnTK /dlnV.212 to 215 in both types of
experiments.25,18 Indeed, sinceJ}uVdfu2, whereVdf gives
the hybridization strength between thef andd orbitals, the
substitution of Si for B or Ge for Si in the above compoun
should not change the local environment of thed or f orbit-
als, but be equivalent to a negative pressure, whereVdf
changes in a gradual manner as the spacing between a
increases.

In conclusion, we have shown that the magnetic behav
of the Kondo lattice compound CePdSb can be explai
quite well by the Doniach phase diagram where applied p
sure increases the quantityuJN(EF)u. In particular, the asym-
metry in theTc(P) dependence predicted by this diagra
has for the first time been observed in a Ce compound by
application of high pressure alone. In addition, in contras
a previously published paper, we find the compound CeAg
behave in a manner consistent with the Doniach ph
diagram.

to
FIG. 4. The relative ordering temperatureTc /Tc

max for
CePdSb (Tc

max.31 K!, CeRh3~B12xSix) 2 (Tc
max.120 K!,

CeRh2~Si12xGex) 2 (Tc
max.38 K!, and CePd2~Si12xGex) 2

(Tc
max.11 K! versus relative volumeV/Vm , whereVm is volume at

which Tc5Tc
max. Value ofV at given pressure is estimated as d

cussed in Ref. 24. Filled circles (d) give results of high-pressure
experiment forx50, squares (j) for substitution experiments a
ambient pressure~see Ref. 3 for details!. Solid lines are guides for
the eye.
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