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Hydrostatic high-pressure studies on the ferromagnetic Kondo-lattice compounds CePdShb
and CeAg to 16 GPa
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The dependence of the Curie temperafli®f 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 compountig,P) initially increases with applied pressure, followed by a
maximum at approximately(10) GPa for CeA¢gCePdSh Above 315 GPa for CeA¢gCePdSh, 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. CePdSbh is the first
cerium compound where the dependenc& obn P unequivocally displays the asymmetric peak predicted by
this phase diagranjS0163-18207)02421-1

[. INTRODUCTION display maxima inT.(P), but do not clearly display any
asymmetry about the maxintjt should be noted, however,
The Ce-based Kondo lattice compounds CePdSb anthat these compounds are semimetals where the application
CeAg both order ferromagnetically below their Curie tem-of pressure has a drastic effect NIGEg), in contrast to the
peratured ;. of 16 and 5.5 K, respectively? According to de ~ metallic compounds in the current study.
Gennes scaling, the ordering temperature of a Ce compound Previous high-pressure studies have been performed on
should be only approximately 1% of that of its isostructuralPoth CePdSb and CeAd.(P) for CePdSb has been deter-
Gd analog. The value df, for CePdSb, however, lidgsigher ~Mined to 1.6 GPa using an ac susceptibility technitjue,
than that for GdPdSh.To our knowledge, CePdSb and Yi€ldingdT./dP~+ 1.7 K/GPa. As shown in Fig. 1, a posi-

CeRh;B,, (Ref. 3 are the only Ce compounds to display an tive initial value ofdT./d P would imply that CePdSb lies to
ordering temperature higher than that of their Gd analog. the left of the maximum 'nTC(P.); Te WOU".j be expected to
The magnetic behavior of a Kondo lattice system isPass through a maximum at higher applied pressures. CeAg

largely controlled by the product of the exchange coupling
strengthJ and the density of states at the Fermi energy
N(Eg). A number of years ago, Doniathxamined the one- Tk
dimensional Kondo lattice, or “Kondo necklace,” problem
in the mean-field approximation and obtained an antiferro
magnetic ground state with a simple phase diagram, depicte
in Fig. 1, which gives the magnetic ordering temperature
T, as a function of JIN(Eg)|. The salient features of this
phase diagram were confirmed by a more sophisticate
renormalization group calculation by Jullieet al® This
phase diagram has been shown to give a good qualitativ
description of the results for many Ce compoutifl$n par-
ticular, the asymmetric nature of the phase diagram, wher
the initial increase off; with increasing|JN(Eg)| is more
gradual than the subsequent rapid droprgfafter reaching 0

its maximum value, is a common feature of Ce compound: INER

initially lying to the left of theT, maximum in Fig. 1. In the

absence of a phase transition, the quanfiy(Eg)| is FIG. 1. The phase diagram of the one-dimensional “Kondo
known  to gncrease smoothly with pressure in  Cepecyiace” adapted from Ref. Faxy is the temperature associated
compounds:® Because of this, the asymmetry in Fig. 1 it the RKKY interaction energyTy the Kondo temperaturd,
should be exhibited in plots of. versusP as well, as the magnetic ordering temperaturd, the exchange coupling
confrmed in  combined  high-pressure/substitutionstrength, andN(E;) the density of states at the Fermi energy. The
experiments:® To date, however, this asymmetry has notapproximate locations of CePdSb and CeAg are displayed. The po-
been seen in a single Ce compound by the application dfition of a given Ce system in this diagram moves to the right as
pressure alon&.It should be noted that CeP and CeAs dopressure is applied.
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was one of the first compounds that was shown to exhibit the .
expected behavior of a Kondo lattice, with two studies find- CePdSb
ing a maximum inT,(P) near 0.7 GP&?~**From this pres- 30 - 1
sure behavior, CeAg lies to the left of the maximum in Fig.

1, but to the right of CePdSb, as displayed. The first study on

CeAg, with a maximum pressure of 3.5 GPa, found that o) 20 .
T.(P) continued to drop with increasing pressure after = X
reaching its maximum valu¥; but a subsequent study to 4 = i T

GPa found a significantly differefit.(P) behavior*>*4with 10
T.(P) passing through a minimum at higher pressures. Since
both of these studies used a resistivity technique which can - 8
lead to difficulties in accurately determinifig(P), we have . ’ . .
chosen to determin€& (P) directly from the magnetic prop- 0 0 5 10 15
erties(ac susceptibility, in an effort to resolve the discrep-
ancy between the two reports. P (GPa)

We have measured the Curie temperatures of
CepdsmeAg) |n a dlamond_anv|l Ce” as a funct|0n Of hy_ FIG. 2. The dependence of the Curie temperaﬁgef CePdSb
drostatic pressure to &2 GPa. With increasing pressure, ON increasing hydrostatic pressur@®) present experiment;X)
the value ofT. initially increases for both compounds, pass- data from Ref. 1?.. No f_erromagnetlc transition was detected above
ing through a maximum near10) GPa for CeAgCePdSh, 15 GPa. The solid line is a guide to the eye.
in agreement with the Doniach phase diagram of Fig. 1.
CePdSb is the first Ce compound to unequivocally displayiny! toluene inside a glovebox before loading into the

the anticipated asymmetry by the application of pressurdliamond-anvil cell.
alone. The high-pressure apparatus consists of a copper-

beryllium diamond-anvil clamp. A complete discussion of
the high-pressure apparatus can be found elsewH&rEhe
Il EXPERIMENT magnitude of the pressure in the cell is determined by the

Polycrystalline samples of CePdSh were prepared b%tandard ruby fluorescence te_chniHum an accuracy of
melting a 1:1:1 stoichiometric ratio of C€99.99%, Pd .15 GPa. The good hydrostaticity of the pressure, even at
(99.995%, and Sh(99.999%, all from Johnson-Matthey, in Pressures well above the melting curve of He, is indicated by
an argon arc melter. The samples were estimated to be mof€ fact that the ruby fluorescence line remains sharp. A
than 95% phase pure from x-ray powder diffraction. ThePrimary/secondary coil system that is sensitive enough to

lattice constants were determined tose4.5955(5) A and detect ferromagnetic transitions in samples with magsug
c=7.917(2) A, in good agreement with previous repdrts, Was employed to measure the ac susceptibif(T) using
The dc susceptibility was measured in a Quantum Desig? PAR 124 lock-in amplifier.
superconducting quantum interference devi8@UID) mag-
netometer in a field of 1 kOe at temperatures between 5 and . RESULTS
300 K. Curie-Weiss behavior is exhibited above 150 K with
a value ofuq4~2.8ug/Ce. The saturation moment measured The results of the present high-pressure experiment on
at 5 K was found to bg.,~0.9ug/Ce. The measured values CePdSb are shown in Fig. 2. As can be s@ggP) initially
of uer and s agree well with previous experimenits® In increases with pressure froim(0)=18 K at a rate of+1.6
particular, the results are characteristic of a Kondo lattice/GPa, in excellent agreement with previous studiest
compound with ues near the value expected for €&  ~10 GPa,T, passes through its maximum value-eB81 K.
(2.54u/Ce) but ug considerably reduced from the expected Increasing pressure above 10 GPa leads to a rapid drop in
Ce3* value of 2.145/Ce due to Kondo compensation of T.; above 15 GPa, no ferromagnetic transition could be de-
the 4f moments by the conduction electron spins. tected down to 2 K. After the pressure was released from 16
The single crystal of CeAg in the present study wasto O GPa, the ferromagnetic transition was found to return to
grown using a Czochralski technique out of a levitated melits initial ambient pressure value. As can be seen in Fig. 2,
out of a cold cruciblé. Stoichiometric amounts of cerium the T.(P) curve is asymmetrical about the maximum in
(99.99% purity and silver(99.999% purity were prereacted T, this result is consistent with the Kondo lattice model
in an argon arc furnace. The prereacted material was subsehere CePdSb is initially positioned on the phase diagram as
guently melted and levitated for at least one hour to ensurdisplayed in Fig. 1.
homogeneity. The crystals were then pulled from the melt by The results of the high-pressure experiments on CeAg are
a tungsten rod at a speed of 3 mm/h. The crystal had ahown in Fig. 3. The ambient pressure valueTef5.7 K,
cylindrical shape with a diameter of 5—7 mm and a length ofthe initial pressure derivativéT./d P~ + 3.5 K/GPa and the
20-100 mm. The cylindrical crystal from which the samplesmaximum inT.(P) at ~1 GPa all agree well with the resis-
used in the current study were cut had the crystallographitivity results}?>~1* Above 1 GPaT(P) is seen to be a de-
(001) direction 5° from the cylindrical axis. It was found creasing function of pressure, in agreement with Eiling and
that CeAg reacted rapidly with air and formed a nonmagnetiSchilling,}? but in sharp contrast to the results of Fujiwara
compound. For this reason, the samples used for the higtet al}*'* Above 3 GPa, no ferromagnetic transition could be
pressure experiments were coated with a thin layer of polydetected down to 2 K. When pressure was released from 3 to
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FIG. 3. The dependence of the Curie temperalyref CeAg on 1.15 1.10 1.05 1.00 0.95
increasing hydrostatic pressurd®) present experimentA) data V/V
from Ref. 12, () Ref. 13. No ferromagnetic transition was de- m
tected above 3 GPa in the present studies. Solid line is a guide to ] )
the eye. FIG. 4. The relative ordering temperaturg./T¢> for

CePdSb T™=31 K), CeRhyB; Si), (T"®=120 K),
0 GPa, no ferromagnetic transition could be detected above 28RN (Si1-,Ge), (Tc™=38 K), and CePd(Si;_.Ge).
K. This loss of ferromagnetism could arise from a strongly(Tc" =11 K) versus relative volum¥/Vy,, whereVy, is volume at
hysteretic phase transition near 3 GPa or from possible ehich Te=T¢™. Value ofV at given pressure is estimated as dis-
posure of the sample to air following the release of pressurgtussed in Ref. 24. Filled circles®) give results of high-pressure
The results on CeAg are in good agreement with what jexperiment forx=0, squares ®) for substitution experiments at

expected of a Kondo lattice compound positioned on th%n;b;egt pressurésee Ref. 3 for details Solid lines are guides for
phase diagram as displayed in Fig. 1. ye.

latter compounds were chosen because data for them are
available over a large portion of the Doniach phase diagram
Kondo lattice systems are characterized by a competitioeither from hydrostatic pressure experiments %e¢Q or
between the magnetic ordering of local moments througtirom substitution experimeréwith variablex. For all of
Ruderman-Kittel-Kasuya-YosidéRKKY) interactions and the Ce systems the dependencdpbn V/V,, bears a close
the eventual destruction of the local moments by the Kondgesemblance to the phase diagram in Fig. 1. The marked
effect. The energies of the competing phenomena are chaasymmetry inT;(V) aboutV=V, is apparent for all data in
acterized byk Ty <exd —1/[IN(Eg)|], the binding energy of Fig. 4. In all cases, less than a 5% volume reduction is nec-
the Kondo singlet, and Trey < J°N(Eg), the energy of the essary to forcd . to pass from its maximum valigl'™® to 0
RKKY interaction. For small values ¢ N(Eg)|, the RKKY K. That this asymmetry is real, and not due to an inequiva-
term dominates and magnetic ordering will occur. For largdence of changing//V,, through high pressure or chemical
values of| JN(Eg)|, the Kondo term dominates and the mag- substitution experiments, is indicated by the fact that for
netic ordering is destroyed due to Kondo compensation. 'CeRh,Ge,, dinTi/dInV=-12 to —15 in both types of
Doniach’s solutiof for the one-dimensional “Kondo neck- experiment$>*® Indeed, sincelu|Vy2, where Vy; gives
lace,” as displayed in Fig. 1, it can be seen that these comthe hybridization strength between theandd orbitals, the
peting interactions give rise to a maximum T and an  substitution of Si for B or Ge for Si in the above compounds
asymmetricT; curve with respect to the maximum due to the should not change the local environment of ther f orbit-
rapid increase iy as it overtaked gyky , Ultimately lead- als, but be equivalent to a negative pressure, whére
ing to a nonmagnetic ground state. As hypothesized byhanges in a gradual manner as the spacing between atoms
Doniach? this general behavior should also hold for three-increases.
dimensional systems. In fact, the phase diagram in Fig. 1 has In conclusion, we have shown that the magnetic behavior
been used to account for the behavior of many Ce comef the Kondo lattice compound CePdSbh can be explained
pounds that display a well-defined maximum in quite well by the Doniach phase diagram where applied pres-
T, .>61218-22 sure increases the quantjN(Eg)|. In particular, the asym-
When comparing data from systems with different bulkmetry in the T.(P) dependence predicted by this diagram
moduli, it is more suitable to ploT, versus the change has for the first time been observed in a Ce compound by the
in relative sample volumeV/V,,. In Fig. 4 we show application of high pressure alone. In addition, in contrast to
the dependence of. on V/V,, for CePdSb and CeAg a previously published paper, we find the compound CeAg to
and the selected Ce compounds Cegfh_,Si,),>?® behave in a manner consistent with the Doniach phase
CeRhy(Si;_,Ge,) ,,3%° and CePd(Si;_,Ge,),.1%° The  diagram.

IV. DISCUSSION
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