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Electronic properties of Celn; under high pressure near the quantum critical point
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We present a detailed study of the phase diagram of the antiferromagnetic Kondo-lattice compoynd Celn
under pressure up to 100 kbar by resistivity measurements. Antiferromagnetic order vanishes at a critical
pressureP .= 26.5 kbar. At this quantum critical point a complete superconducting transition is found in the
pressure range from 24 to 27 kbar. Normal state properties near the critical point show strong deviations from
Fermi-liquid behavior. In magnetic fields just above the upper critical field Fermi-liquid behavior is restored.
ForP>P,, p(T) shows a cleafi® dependence up to a crossover temperafyrehich increases linearly with
pressure. The temperature dependence of the upper criticaHfigldan be described with a strong coupling
model in the clean limit.
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I INTRODUCTION in CeCyGe,,° CeRBSk,'® CePdSi,, "' Celny, "™ and
very recently CeRhin® All these systems are antiferromag-
The application of external pressure is an excellent tool tghetically ordered at ambient pressure.
vary the ground state properties of intermetallic Ce heavy- celn, is an ideal system to study the electronic properties
fermion compounds, which are located just in the vicinity of 5; 4 QCP. It crystallizes in a simple cubic £ structure
a magnetic instability. The ground state is determined by the 4 g thus less sensitive to small pressure gradients in a
competition of the Ruderman-—Kittel interaction, which leads ressure cell, which lead to additional uniaxial stress on the

to a long range magnetically ordered state, and the Kond ample. At ambient pressure, Cglorders affy=10.1 K in

interaction, which results in a screening of thedoment by . . .

. i . . . a simple type Il antiferromagnetic structure. The Ce mo-
the conduction electrons. With this experimental technlquements are aligned antiferromagnetically in adjadaas) fer-
the hybridization of the # electrons and the conduction elec- 9 9 y )

trons can be varied in order to study in detail the vanishingfom""gne'[IC plans. The ordered .magnefuc moment q&@.ﬁ
of magnetic order at a quantum critical poi@CP. In sev- somewhat reduced by comparllsglr; Wlth th_e saturation mo-
eral Ce compounds a low temperature superconducting pha8§éent of thel’; doublet, 0.7Lg, ™" which is the ground
is found just at a QCP. The pairing mechanism of this unlevel for J=5/2 in a cubic crystal field. The crystal field
conventional superconductivity may be due to a magnetiéplitting between the low lying doublet and thg quartet is
interaction* The normal state properties at the magnetic in-of the order 100-200 K2~**The magnetic transition at am-
stability usually show a deviation from Fermi-liquid behav- bient pressure looks mean-field like.
ior due to the existence of an extended temperature crossover The phase diagram of Celwas studied under pressure
domain down toT—0 K at the critical pressur. up to 30 kbar-1*29-22Neutron scattering experiments show
CeCuySi, is the first Ce-based heavy-fermion systemno change in the magnetic structure up to 10 KbaNith
showing superconductivity at ambient pressure and seems tacreasing pressure, the  dleemperaturdy decreases first
be located just at the borderline of an antiferromagnetic orsmoothly (P<<10 kbar) and then more drastically; it col-
dered staté® In aH-T phase diagram the superconductinglapses at a critical pressuRe.~26 kbar. A superconducting
phase is embedded in a magnetic phase “A,” which disapiransition was found below 200 mK in the pressure range
pears atT,~T.. The superconducting phase in CeSiy  between 22 and 28 kbar, with the maximum near the bep.
exists over a very broad pressure regime up to 80 kbar and The aim of this work was to investigate by resitivity mea-
the maximum transition temperature is found &  surements the phase diagram Gedgain in order to test its
~30 kbar, far away from the magnetic ordered state. Traceteproducibility nearP., to extend the measurement far
of superconductivity have also be found in the nonmagneti@boveP., and finally to report new features like a careful
heavy-fermion compound Cepte, at ambient pressure and study of the magnetic anomalies By and the upper super-
above 15 kbat~’ Recently superconductivity has been dis- conducting critical fieldH ,(T).
covered in the new quasi-two-dimensional heavy-fermion We give a detailed discussion of the broadening of the
systems, CeColp with high T.=2.3 K and Celrlg (T,  resistivity anomaly afly near the critical pressure;. The
=380 mK)$8 temperature dependence of the resistivity in the critical pres-
However, in these systems it is not possible to study theure region is also studied for different external magnetic
magnetic side of a QCP because although the magneticallields. We further extended the pressure range up to 100 kbar
ordered state can be induced by doping experiments, these study the recovery of Fermi-liquid behavior on the para-
always create defects in the systems which destroy the sumagnetic side of the QCP. In our study we investigated
perconductivity. Recently a superconducting transition hasamples grown in a very different way and used somewhat
been found in several Ce compounds under hydrostatic preslifferent pressure cells in comparison to earlier work. How-
sure just at the border of magnetism whaig—0, notably  ever, the obtaine®-T phase diagram is remarkably similar.
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This shows that this kind of phase diagram is robust and [ T ]
reproducible. Finally we present the first study of the upper 150 - Celn, ]
critical field H,, to characterize the superconducting phase - T A

in more detail to get some information on the microscopic 75
origin of the superconductivity near the QCP.
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Il. EXPERIMENTAL DETAILS

Single crystals of Celpwere grown out of excess In. By = gt X NFL
slowly cooling the melt crystals with masses as large as sev- - \
eral grams could be growf.Several crystals have been " AFM %
tested to select the sample for the pressure experiment. The Ak 9 i
resistivity ratio p(300) K/p(4.2) K of the highest quality g
crystals was about 35. From this crystal a small sample of ! &

600 umx180 umX 60um was prepared. At ambient pres- *1
sure there was no sign of filamentary superconductivity of 00 20 40 650
In. The measurements under pressure were performed in a

Bridgman type cell with nonmagnetic tungsten carbide anvils P (kbar)

using steatite as pressure transmitting medium. The pressure FIG. 1. Phase diagram of CalnT,, indicates the temperature
was measured bY _the superconducting transition of Pb. Th@f the maximum of the resistivityl, the Neel temperature, and,
width of the transition was about 30 mK for pressures loweline crossover temperature to the Fermi-liquid regime. The super-
than 30 kbar. This corresponds to a maximal pressure gradionducting transition temperatufig is scaled by a factor 10.()
ent of less than 1 kbar in this pressure regime. For highejster Ref. 22, 0) and (©) after Ref. 1.
pressures the gradient was slightly higher. The resistivity was
measured with a four point lock-in technique at a frequencypressure transmitting medium. In the case of the tetragonal
of 11.7 Hz. The maximal current used was 108. The system CePsS5i, the pressure dependence f and T, is
measurements were performed in a conventich#é cry-  very sensitive to pressure inhomogeneities. The results ob-
ostat and in a dilution refrigerator down to 40 mK. In the tained in a Bridgman-type cell with a solid pressure trans-
dilution refrigerator it was possible to measure in magnetiomitting mediunt®!® are different from results obtained on
fields up to 6 T. To determine the upper critical field, bothsamples of the same platelet in piston cylirfder diamond
field and temperature sweeps were performed. The supercoanvil cells?® and the pressure range where a superconducting
ducting transition temperature was always determined byransition is found is much broader in the Bridgman study.
a tangent criterion which is similar to the onset of the However, as Celis a cubic system, the choice of the pres-
transition. sure cell is not as important as in systems with a lower crys-
tal symmetry and only slight differences are found for the
IIl. RESULTS AND DISCUSSION phase diagram pbtained py djfferent pressure teqhnique;.
In the following we will discuss the phase diagram in
In Fig. 1 we summarize the pressure—temperature phasaore detail. Figure 2 shows the temperature dependence of
diagram of Celgr. This phase diagram is determined only by the resistivity for selected pressures. As can be seen in the
resistivity measurements. In addition to the transition tem-upper frame of Fig. 2 the resistivity at low pressures shows a
peratures determined in this work, we plotted the pressurkgarithmic increase between 200 and 70 K. At zero pressure
dependence ol after Ref. 22 &) and Ty(P) (O) and  abroad maximum occurs &f;,~50 K. The maximum in the
T.(P) (©) after Ref. 1. The main results are as followis.  resistivity is probably due to crystal-field effects. For cerium
With increasing pressure the antiferromagnetic ordering temKondo lattices with rather high Kondo temperatufigsonly
perature is shifted monotonously Tg,=0 K for P,~26.5 one maximum in the resistivity is expect&dThe Kondo
+1 kbar.(ii) Around this critical pressure a superconductingtemperature of Celpcan be estimated,~ 10 K2 The first
phase is found at very low temperaturég.) The tempera- neutron scattering experiments failed to observe resolved
ture dependence of the normal state resistivity shows in therystal-field transitions, however Muraat al!® determined
critical region strong deviations from Fermi-liquid behavior. broad but well-defined crystal-field excitations at 11.6
(iv) But for pressure®>P_ a Fermi-liquid ground state is +0.3 meV with a width of 3-0.2 meV.
recovered below a crossover temperafliye At low temperatures the resistivity at zero pressure shows
The small differences of the pressure dependenc&of a sharp change in slope @t =10.1 K due to the onset of
and T, of the different experiments are probably due to dif- antiferromagnetic orddiFig. 2 lower framé. In magnetically
ferences in sample preparation and to the fact that differemrdered Kondo-lattice compounds the resistivity can be de-
kinds of pressure cells with different pressure transmittingscribed byp(T)=p0+AT2+pmag(T). Here pg is the tem-
media have been used. The Cambridge group used a pistoperature independent residual resistivity, the second term
cylinder cell filled with an equal mixture aéo-pentane and corresponds to the scattering between heavy quasiparticles,
n-pentane. The pressure gradients in this type of cell seem tand the third term to magnon scattering, which depends es-
be lower than in the Bridgman-type cells with steatite assentially on the form of the magnon spectrum, which is not
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FIG. 2. Temperature dependence of the electrical resistivity
p(T) for different pressures. The lower frame shgw(d) near the FIG. 3. Temperature dependence of the derivative of the resis-
magnetic transition in detail. tivity dp/dT for different pressures as a function of € Ty)/Ty

(upper framg andT— Ty (lower framg. A broadening of the tran-
known up to now for Celn However, the temperature de- sition is clearly seen for pressur®s>10 kbar.
pendence of the resistivity beloW, can be described by a

power lawAp(T)=p(T) — po>T". At ambient pressure we noynds too, both in experiments under hydrostatic pres-
find n=2.3=0.1. The exponenh>2 reflects the magnon e [e.g., CeCuGe, (Ref. 32] and in doping experi-
contribution to the resistivity. The residual resistivity gg ments[e.g., CeCw(Si;_Ge)»,>% Ce(Pd_Ni,),Ge,3* or
=0.5 uQ cm, which is very low and shows the high quality Ce(Cy_Ni,),Ge, (Ref. 35]. If Ty is far belowTy the 4f
of the sample. The enhancement of the prefaéter0.15  gjectrons have more itinerant behavior; their sensitivity to
+0.04 Q) cm/K? indicates the existence of heavy electronsipe crystal-electric fieldCEP is strongly depressed sindg
and is consistent with the linear temperature term of the spgyas increased under press(see pressure variation of,).
cific heat at low temperature€/T=0.13 J/mol K.*?%2% At T the localized character of tHelectrons is lost and the
Assuming one electronic carrier per unit cell, this gives arheavy-fermion band clearly is established. WHgnis lower
effective mass aP=0 of m*=60m,. The value forA/y*  than or comparable @y, a description of the magnetic or-
~8.9x10 ° u) cm(mol K/mJ? is near the empirical uni- dering in the frame of a Kondo lattice with pressure induced
versal value for heavy-fermion systems given by Kadowakidemagnetization of the Ce moment was utitdreproduces
and Woods? well an initial pressure independent valueTgf coupled with

At low pressuresP=10 kbar, Ty, and Ty are only a decrease of the sublattice magnetization (4% at 1.7) kbar
slightly pressure dependent. Up to 1.7 kiigr seems to be  We will emphasize later that at high pressufe(15 kbar)
independent of pressure while the sublattice magnetizatiothe description by spin-fluctuation theory for itinerant elec-
decreases by 4%. The situation changes fd?P=15 kbar.  trons appears valid.
Now Ty, increases, the resistivity maximum broadens, and For low pressures the anomaly in the resistivityTatis
Ty decreases strongly with increasing pressure. For 28.3ery sharp and imlp(T)/dT we find a specific heat-like be-
kbar we findT), =81+ 3 K. At the highest investigated pres- havior, dp(T)/dT=Cp, as expected for a mean field-like
suresP=67 kbar andP=97 kbar no maximum can be ob- transition®® Figure 3 shows, respectively, the temperature
served on the bare curve, and the temperature dependenciggiation of the derivativelp/dT of the resistivity versus a
of the resistivity are comparable to a mixed-valent systenteduced T—Ty)/Ty and absoluteT— Ty variable. With
like CeNLSi,, for example. The increase @}, is consistent poth variables, the resistivity anomaly appears to be broad
with the increase of the Kondo temperatdlig determined  above 10 kbar. The broadening of the transition cannot be
by NQR measurements.For P> 15 kbar the nuclear spin- explained only by possible pressure gradients in the cell, as
lattice relaxation rate T/ starts to decrease from a constantwe observe no increase of the superconducting transition
value at high temperatures. This suggests Thais higher  width of the Pb manometer, but is an intrinsic effect of the
than Ty for P>15 kbar as a constant value ©f is charac- material. In critical phenomen&,impurities change the criti-
teristic of the spin dynamic of localized moments abovecal behavior only if the specific heat diverges at the critical
Tk while a Korringa law is observed beloW . A similar ~ temperature according to the Harris criterion. Here the phe-
situation is observed in many other Kondo-lattice com-nomenon is quite different and more similar to surface prob-
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. o FIG. 5. Low temperature resistivity of Celnfor pressures
FIG. 4. Amplitude of the resistivity anomalj(dp/dT) as @  aroundP.=26.5 kbar. A complete superconducting transition oc-

function of the magnetic transition temperatlig. A clear change curs. The lines are fits with a power law dependemcep,
of regime occurs aP=10 kbar(lines to guide the eyes +A,T" (see the teyt

lems found in magnetisif, for some local structural investigations would require direct thermodynamic measure-

transition®® and the appearance of localized states near deaments as well as microscopic probes for the magnetism
fects in helicoidal transition® Here defects such as disloca- [value of m(T,P)] in the pressure range up @, and the

tions or stacking faults induce strong pressure gradientgjentification of structural defects.
which mOdlfy the condition for the occurrence of |0ng rangeé The decrease of the magnetic Ordering tempera‘l’we
magnetic order. Disorder on a microscopic scale causes magan be extrapolated t§=0 K at the critical pressuré®,
netically ordered clusters to coexist with paramagnetic clus= 26 5+1 kbar, which is comparable to the value,
ters in agreement with recent NQR measurements where a2g kbar obtained by the Cambridge grougFor P
broadening of the lowest frequency resonance line occurs-27 5 kbar no anomaly due to a magnetic ordered state
between 23.6 and 24.4 kifdr. could be detected. In the spin-fluctuation mddel® the
Another experimental observation is tigt/d T reaches a magnetic transition temperature collapsesrs P)?? near
maximum neafTy . As Ty decreases the maximum value of the critical pressure, whetis the dynamical critical expo-
dp/dT also decreases, which is of course directly related tgent andd the dimension of the system. A fit @y (P) for
the pressure-induced decrease of the sublattice magnetizati@ni. 10 kbar gives an exponent of about 0.7, which is close to
m. In spin-fluctuation theor§?~**m varies like T{*. If we  the expected value of 2/3 for a three-dimensional antiferro-
assumedp/dTocm?, at 25 kbar we expect a decrease of themagnetic system. However, it is difficult to determine this
resistivity anomaly by a factor 5 in comparison ® critical exponent, as there are not enough points near the
=0 kbar, in qualitative agreement with Fig. 3. Another com-critical pressureP.. .
parison can be made with the predictions given by scaling In the critical region near the magnetic instability a sharp
theory for the specific hedt, if it is assumed that the pro- and complete superconducting transition is found between 24
portionality betweerC anddp/dT is valid;*®*“*®here the am-  and 27.5 kbar at low temperatures. The pressure range of the
plitude of the specific heat &, will change from aTﬁ,’2 toa  superconducting phase seems to be somewhat broader in the
linear Ty dependence as we approach the quantum criticgbresent work than in Ref. 1. This may be an intrinsic effect
point from the ordered antiferromagnetic ph4S#/e see in  associated with our flux grown sample or it may be due to
Fig. 4 a clear change of regime @=9 K, i.e., for P pressure inhomogeneities as discussed previously. In Fig. 5
=10 kbar. It is worthwhile to underline that neg, Zulicke  we show the resistivity for pressures n&arat temperatures
and Millis** predict a specific heat jumpCeT?, whereas below 1.5 K. The onset of the superconducting transition at
experimentally no such drastic decreasealpfdT is found. 24 kbar is atT,=170 mK and the width of the transition is
However, neutron scattering experiments to determine thdT,=46 mK. For 25.8 kbar we find' ;=198 mK andAT,
sublattice magnetizatiom and direct specific heat measure- =24 mK. The maximum off ;=204 mK and the sharpest
ments wherT  collapses are necessary for a sound comparitransition is found for 27.5 kbarAT.=20 mK). Only a
son with theory. To summarize, the analysis of the resistivitysmall drop of the resistivity is found for 31 kbar &i,
anomaly reproduces well the scaling predictions despite thes 100 mK. These findings are in good agreement with the
existence of a broadening of the anomaly n&grfor Ty  results obtained by the Cambridge group in a piston cylinder
—0. The striking point is that 10 kbar appears to be a crosseell. It is interesting that the pressure range of the supercon-
over pressure in the variation of the amplitude oflp/dT  ducting phase seems to be centered aroBpd The same
and the broadening; it corresponds to the clear entrance infaehavior is found in CeR&i,.>**?*For each case the super-
the regime wherély becomes greater thahy (see NQR conducting phase is found only in a rangeRyf+4 kbar. In
results of Ref. 3L A similar broadening of the magnetic CePdSi, it is remarkable that the resistive transition is often
transition and variation in the temperature dependence of thenly complete aP.. For Celn the zero field transition ap-
amplitude ofdp/d T with Ty has been observed in CefSib, pears to be robust; however, in magnetic field a finite re-
as well as a change of regime also near 10 kb&urther  sidual resistivity appears beloW, (see the following
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cleanT? dependence up to a crossover temperafyteT, is

FIG. 6. Upper frame: Pressure dependence of the resistivity exdetermined by the temperature, where deviations of 5% from
ponentn, closed circles correspond to fits in the temperature range; linear behavior in @(T) vs T2 plot occur(see Fig. 7. For
0.4<T<1, open circles in an extended temperature rahgel.5.  the highest pressur@=97 kbar theT? dependence is valid
Lower frame: The prefactoA, as function of pressure; closed up to about 90 K. The pressure dependencg a$ shown in
squaresn fixed to 2; open squaresi#2. The lines are drawn to {44 phase diagrartsee Fig. 1 T, increases almost linearly
guide the eyes. with pressure as expected in the antiferromagnetic spin-

fluctuation theory at two or three dimensidis® In the

The normal state properties near the critical pressure showtitical region the exponent is noticeably lower than 2 and
clear deviations from Fermi-liquid behavior. The resistivity we find n=1.74 andn=1.77 for P=25.8 kbar andP
can be described as a power Ip¢T) = po+A,T" where the  =27.5 kbar forT=500 mK. If we fit p(T) up to 1.5 K, we
exponenin and the prefactof, are strongly pressure depen- get n=1.67 andn=1.65. The Cambridge group reponts
dent in the critical regiorisee Fig. 6 and discussion below =1.6+0.2. The breakdown of the Fermi-liquid theory is ex-
At low temperatures {<Ty and T<T),) the situation may pected at the QCP, the spin-fluctuation theory with no “hot
be clearer as one can expert2 in the magnetic ordered spot” consideratior(see the following predicts an exponent
phase, anah=2 in the so-called Fermi-liquid, quantum dis- n=1.5 just at the critical pressure whereas slightly away
ordered regime, insofar as the very-low-temperature regimérom P, the Fermi-liquid behavior should be recovered.
T<T, can be achieved. Just at the quantum critical point as The spin-fluctuation mod&~*®neglects the influence of
T, collapses,n can differ from the Fermi-liquid value; for the Fermi surface and of disorder scattering completely. It is
example,n~=1.5, averaging all scattering on the Fermi sur-expected that near the critical point the scattering is en-
face. The lines in Fig. 5 are fits @f(T) in the temperature hanced only on parts of the Fermi surface which are con-
range between 0.4 drl K and give an excellent description nected to the antiferromagnetic ordering wave veQobut
of the data in the fitting range. It is difficult to give an exact in a very clean system, the scattering processes on other parts
value for the exponem, asn is slightly temperature depen- of the Fermi surface may shortcut this scattering antf a
dent below 1.5 K. If one calculates the local derivative dependence should be observed at very low temperédfures.
=dIn(p—po)/dIn T the values fom at 1.5 K are somewhat The recent model of Rosthtakes impurity scattering into
smaller than at 500 mK. The main result of this analysis isaccount, and it was shown that it leads to an averaging of the
shown in Fig. 6. A sharp minimum in(P) occurs atP., the  scattering rate on all the Fermi surface and exponents
full width of this minimum is 7 kbar with a steeper variation —1 are expected in real samples with a very small amount
in the antiferromagnetic domain than in the paramagnetiof defects, whereas=1.5 should be observed in dirty
regime. The minimum is characteristic of a QCP and obsamples. Indeed, exponents<1.5 are found in the experi-
served in other systems t66?>*In the antiferromagnetic ment for CePgSi, (Refs. 1, 24, and Hlor CeNiGe, (Refs.
ordered regime, we find a pressure independent value of 5 and 7 at the critical pressure. However, the low exponent
=2.2+0.1. Here the power law dependence is only a roughound in these compounds which have a large magnetic an-
parametrization for the resistivity and exponaent2 reflects  isotropy may also be the result of lower dimensional
the magnon contribution. FoF—0 K a T? temperature de- spin-fluctuations. In cubic Celn the argument of a lower
pendence is expected in the experiment in this pressure rangémension can be excluded. The minimumroft P, as a
as well, because the magnon scattering will then be neglifunction of pressure is quite sharp in Cglisee Fig. 6. The
gible in comparison with the contribution of the heavy qua-fact that the observed minimum value mfs slightly higher
siparticle. As the measurements are restricted to a finite tenthan 1.5 may be due to the fact that the investigated samples
perature ofT~50 mK, we find this elevated value. F&  were not exactly at the QCP, but very near to it. A minimum
> P, a Fermi-liquid behavior is recovered apdT) shows a value of n~1.6 is found in all reported measurements for
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FIG. 8. Temperature dependence of the resistipitys T2 for FIG. 210. Field dependence of the prefacfoof the resistivity
P=25.8 kbar for different magnetic fields. The arrows indicate up2P ~AT" atP=25.8 and 27.5 kbar.
to which temperaturd poc T2, ) B N )

diverges as P— P.) ~Y? at the critical boundary of the anti-

rather clean materials. This behavior is quite different fromf€fromagnetism on the paramagnetic sitievhile the tem-
the “hot spot” model of Rosch. Measurements of the heavyP€rature range in which th& dependence is valid, de-
fermion dynamical susceptiblity show that the “hot spots” C'€@ses linearly approachirig.. The pressure dependence
are not so well defined since a large independent wave vect@ A observed here shows a izalszter divergencé éfom the
contribution in the dynamical susceptibility occurs; the de-Paramagnetic side likeR—Pc) ~*“ The value ofA gives an
composition between “hot” and “cold spots” is thus not esnmate of the pressure vgr|at|op of the effecyve nmass
obvious. The observation of a deep minimum rofat P, ~ @ssumingm®o ye VA, which is valid far fromP; in heavy-
shows that in Celnthe quantum critical point is well defined fermion systems. We find an increase of the effective mass
despite the broadening observed in the resistivity anomaly oRY @ factor 2. Precisely at the critical pressure the situation is
approachingTy, when P—P.. The cause of the deviations More compllcgt_ed as the Coeffl_t:lent is prgdlctgd_to diverge
from the Fermi-liquid behavior are not inhomogeneities inPut the specific heat coefficieny remains finite forT
the material which could lead to a distribution of Kondo —0 K. ) o
temperatures where the Kondo effect on efefectron sets N an applied external magnetic fiele(T) we expect a
a different temperature scal@pr to the formation of a Grif-  ecovery of Fermi-liquid behavior, as the strong spin-
fith phase’® These models succeed in explaining deviationsfluctuations are suppressed as one escapes from the antifer-
from Fermi liquid behavior in doped systems like Fomagnetic domain. In fact the resistivity in external field
UCu_Pd,, U;_Th,PhAl,, or Y;_U/Pcd.>"5" At our  can also be modeled with a power law- pozAnT”._F|gure
experimental accuracy, a critical point exists and not a larg® Shows the resistivity foP=25.8 kbar vsT? at different
critical domain. external magnetic fields. In Fig. 9 we plotted the temperature

In Fig. 6 we also show a crude estimation of the pressurélependence of the exponemtvhich allows a more detailed
dependence of the prefactdy,. To determine the Fermi- analysis. Belw 1 K the temperature dependence rofor
liquid prefactorA,=A, we performed fits with a fixed value H=0 T is very small andh is almost constant within the
n=2 at low temperatures. In the antiferromagnetic orderedTor bars, but in a fieldi=0.5T, just above the upper
regionP< 20 kbar,A increases only a little in comparison to cfitical field, a Fermi-liquid behavior is found below 250
the valueA=0.15 1 Q cm K2 at ambient pressure. A very mK It seems that at this pressure, which is just below the
strong maximum appears in the critical pressure range. Fdifitical pressure aP.~26.5 kbar, we do not reach® de-
P>P., A decreases very fasd=1.7 fQcmK 2 at P pendence at zero field, because the sample becomes super-

=97 kbar. In spin-fluctuation theory it is predicted that —conducting. The situation is comparable to Cg8ly where
the superconducting phase is also formed out of a non-

295 . : . : . Fermi-liquid regime® The temperature range in which the
- Celn Fermi-liquid description holds increases with increasing
£ P=25_83kba, magnetic field, for 5 T almost up to 1 K. Fé¥=27.5 kbar,
D 200f . the non-Fermi-liquid behavior is more robust against mag-
= netic field, and we find an almost constant valu@ef1.8 in
~<Cl & 5T the temperature regime b&lol K and for fields up to 5 T.
- 1r o5t This is analogous to the findings in CeB, where at the
g y critical pressure the Fermi-liquid behavior is not recovered in
150 . . oT fields up to 6 T* In Fig. 10 we plotted the field dependence
0.0 0.5 1.0 1.5 of the prefactorA for P=25.8 and 27.5 kbar. The different
T (K) behavior in the field dependence Afmay reflect their loca-

tion on opposite sides &, where one may expect a collapse

FIG. 9. Temperature dependence of the resistivity exponent of the H—T magnetic phase diagram associated with a modi-
for P=25.8 kbar at different applied magnetic fields

fication of the Brillouin zone. Qualitatively, on the antiferro-
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criterion was chosen in both cases, as the transition is no
longer complete. Due to the different shape of the transition
at constant field and constant temperature swdépsof the

field sweeps for 25.8 kbar obtained by field sweeps is
slightly lower thanH ., of temperature sweeps and shifted by
0.04 T in Fig. 12.

In the simplest modét clean limit and weak coupling,
He, is determined by T., the initial slope H/,
=dH/dT|T:TC and the gyromagnetic ratig of the conduc-

005 010 0145 0.20 tion electrons. From our experimental results we find for
T (K) 25.8 kbar an initial slope ofi;,=—3.2+0.2 T/K if we ne-
glect the strong negative curvature at low fields. However,

FIG. 11. Temperature dependence of the resistivity Bor very close tdl, the slope is poorly defined. In this model we
=25.8 kbar foH=0, 0.04, 0.07, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4,can estimate from the slope the superconducting coherence

v 1 v 1
Celn P = 25.8 kbar

p (uQem)

and 0.45 T. length &, and the Fermi velocity g,

magnetic side a field sweep leads to a crossing of the mag- 1 bo hoe

netic phase transition and therefore a strong variatioA;of gozm —— §=01 T (1)
on the paramagnetic side the weak dependena®(H) in- : 27THe, Blc

dicates that any pseudometamagnetic transition like that iy, yerify the assumption of a clean superconductor. This
tensively studied for the Ge,La,Ru,Si, series is at very yields £,~300 A andvr~4500 m/s. In any case, the super-

high magnetic field*®°These results are a first indication on conducting coherence length is indeed much lower than the
the field sensitivity of both phases. As for many heavy-yocironic mean free path,~2000 A, which can be esti-
fermion systems, there is a lack of basic thermodynami v
studies under pressure to aid interpretation. EveR=a0 it

is only known that the antiferromagnetic phase in HheT

‘ated from the residual resistivity and the coefficient of the
specific heat at ambient pressure, which shows thatGsIn
in the clean limit. If we assume a spherical Fermi surface, we

phase diagram extends to very high magnetic fiefd. can estimate the effective mass of the electrons at the Fermi
The analysis of the upper critical field., can be very o el from m*=7ike /vg, where ke=(3722/Q) is the

informative and reveals details about the pressure-induce ermi-wave vectorZ corresponds to the number of conduc-
superconducting state. We investigatég in detail for_ 258 tion electrons per unit cell an@ is the unit cell volume in
and 27.5 kbar. Figure 11 shows the superconducting transk.3 \with this simplified estimation we findn*=170m,.

tion for different fields up toH=0.45T atP=25.8 kbar. This value near the critical pressure is roughly three times

The transition is complete for fieldd <0.1 T. For higher pigher than the effective mass at zero pressure calculated
fields the resistivity shows an unexplained step to a constanfom the specific heat coefficient

value of 10% of the normal state resistivity. The upper part 1,4 temperature dependencertf, of Celn, is shown in

of the transition, which determines the tangent criterion, iSFig. 12 and it is not possible to calculate,(T) in the weak

not influenced by this incomplete transition. In Fig. 12 Wecoupling model consistently. The extrapolated valueTat
have plotted the temperature dependenceHgf for P =0 K, H,(0) is about 0.45 T, which is close to the normal

=25.8 kbar.H¢, was determined by temperature SWeeps ab, i jimjt, HE,=1.8%gT.=0.36 T assuming an electronic

g\?vlsetagtatﬁsgggﬁltez ;mmer:?udrglogo ggte?ﬁa:fortmhgdor?si? g value equal to 2. However, the almost linear variation of
P P ' Be H.o(T) between 60 and 170 mK is inconsistent with a strong

08— Pauli limitation and in fact resembles a purely orbital limited

____ X Celn ] Hc,. As shown in Fig. 12 the data can be well described by
04t Mgy s an orbital limited H%’=H_,(0)~0.45 T= —0.69H ., T,
25.8 kbar weak coupling model with the exception of the points close
__o3F 1 to T,. However, this fit is obtained with different calculated
= 1 value of T, (T¢¥°=0.207 K) to those found experimentally
= %2 i and a slope oH/,=—3.2T/K, i.e., neglecting the initial
o1l ] curvature. The absence of Pauli limitation is somewhat sur-
prising so we further tried to calculatd ,(T) in a strong
0.0 e S coupling limit, since it will increase the Pauli limia factor
000 005 040 015  0.20

J\ for A\—). Details of the model used are given in Ref.

64. In this calculation three parameters must be chosen, the
FIG. 12. Upper critical field foP=25.8 kbar. Solid line is a fit COupling strength, the gyromagnetic ratig, which restricts

within the strong coupling model with=1.3, H.,=—3.2 T/K,  the Pauli limit, and the initial slopél, at T.. Differentg

and g=1.4, dashed line: weak coupling in orbital limit with,,  factors can be tuned. If the crystal field efféGEF) is well

=—13.2 T/K, see the text. The stars git,(T) determined by the resolved, i.e., the low temperature Kondo temperature is

midpoint criterion. weaker than the CEFg=1.4 for the lowest crystal field

T(K)
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level. However forP~P,, the localized character of tHe Previous analysis dfic>(T) on Pauli paramagnetic super-
electron may be lost so thg value is questionable. The conductors with large mass enhancerfefft have been
dashed line in Fig. 12 is a calculation with=1.4, A=1.3, achieved for arbitrary electronic mean free paths using the
and an initial slope—3.2 T/K given by orbital limitation. ~fact that the orbital upper critical field may be enhanced by
The coupling A is linked to mass renormalizationx unknown mechanism; a relation has been made with magne-
—m},/m;—1 wherem;, is the band mass of the heavy qua- ©Oresistive effects in the normal state abdye We empha-

siparticle andmy, takes into account in addition the spin- size that Celg is C'eaf'y a clean superconductor, -0
fluctuation effects. Tha value points to an enhancement of <leand 'theref.ore Pr.ov'd?s a good opportunity to analyze the
the effective mass ofnj,/m;~2.3. The Fermi surface of upper critical field with simple models.

Celn; at P=0 has been partly determined by de Haas-van

Alphen oscillations1? Up to now a comparison with the IV. CONCLUSION

average effective masa*=60 measured by specific heat is

not possible. Furthermore the new magnetic Brillouin zone In this work we have studied the phase diagram of geln
) o under pressure up to 100 kbar by resistivity measurements.
below Ty becomes centered cubic with half the volume of P P y y

) . oo ) The samples investigated are grown out of excess In. In the
the simple paramagnetlc Brillouin zone. Rt=0 the highest vicinity of the critical pressur® ~26.5 kbar, we confirmed
Qetected mass 1S A, _From the_plot ofti, over a large the existence of a superconducting phase below 0.2 K. The
field range(u_a., neglecting the initial curvaturen average very good agreement with earlier work on samples grown in
mass of 170 is found & . From theP dependence o one a different way and by using different pressure techniques
suspects a mass enhancement of a fac.tor 2 f".)npﬂq@ shows that this very interesting phase diagram is robust and
value. A similar rather low value of\ is obtained for

. ; ; 2465 reproducible. At low pressures the antiferromagnetic transi-
CePgsSi, and CeCySi, near their QCP By contrast 10 45 has a mean field-like anomaly in the resistivity. On

UBe,3 where large strong coupling effects are reported thgeaching the critical pressure, the magnetic transition broad-
situation is quite opposite as here for Cgiwhere the effec-  onq gignificantly. This is not due to pressure inhomogeneities
tive bandwidthTy is higher thanlc. In UBeys, the damping 1t to an effect of the material, and is related to the hierachy
rate of the quasiparticle with energy of the orderkgllc is  perween the magnetic correlation length, the superconduct-
comparable tdr . itself, which leads to the strong coupling ing coherence length, and the electronic mean free path.
analysis inH,.°*%” Of course here the rather weak value of However, the temperature dependencg(@) on both sides
\ is consistent with the moderate effective mass enhancef P, at very low temperature shows that the quantum criti-
ment atP,, given by antiferromagnetic spin fluctuations. That cal point is well defined and there is no critical domain. The
supports a coherent picture for the establishment of superormal state properties show in the critical pressure range
conductivity via the spin-fluctuation mechanism. However adeviations from Fermi-liquid behavior. Below the critical
full comparison now needs realistic theoretical calculationgressure ar? dependence of the resistivity is recovered in
with an unconventional order parametet ¢r p) and not magnetic fields just above the upper critical field, whereas
with the s wave model presently used. Up to now analysegust aboveP,. the non-Fermi-liquid temperature dependence
have been done only & =0 and in the case of quasi-two- is more robust against external fields. TR dependence is
dimensional systenf§~"° restored in the paramagnetic regime of the phase diagram
To calculateH, for low fields H<0.05T in Celrs, we  and the crossover temperatulig increases linearly with
may have to take into account that the effective mas pressure. The temperature dependence of the upper critical
may be not constant in a magnetic field, but probablyfield H.,(T) can be analyzed with a strong coupling model
strongly reduced. This indicates that the coupling constant and supports strongly a spin-fluctuation mechanism.
is field dependent and decreases rapidly in field due to the
suppression of the spin-fluctuation effects. However no dras-
tic initial field decrease oA is observed, especially in the
field range where superconductivity exists. Experimentally, it We thank J.-P. Brison and D. Jaccard for many fruitful
iS necessary now to investigate the upper critical field atiscussions. One of u$.K.) acknowledges the ESF within
small fields in more detail and extend the studieddgf in  the FERLIN program and the EQVICFI-1999-00474 for
pressure range. Of course, we need also to verify that thnancial support. P.C.C. wishes to acknowledge CEA
initial nonlinearity of H;, with temperature is an intrinsic Grenoble for support. In addition this work was supported by
effect or not. If it is intrinsicm* will be field dependent and the Director of Energy Research, Office of Basic Energy Sci-
thus our explanation through quite qualitative. ences under Contract No. W-7405-Eng-82.
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