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Signatures of valence fluctuations in CeCsSi, under high pressure
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Simultaneous resistivity and ac specific heat measurements have been performed under pressure on single-
crystalline CeCySi, to over 6 GPa in a hydrostatic helium pressure medium. A series of anomalies was
observed around the pressure coinciding with a maximum in the superconducting critical temp@&gtre,

These anomalies can be linked with an abrupt change of the Ce valence and suggest a second quantum critical
point at a pressur®,=4.5 GPa, where critical valence fluctuations provide the superconducting pairing
mechanism, as opposed to spin fluctuations at ambient pressure. Such a valence instability—and associated
superconductivity—is predicted by an extended Anderson lattice model with Coulomb repulsion between the
conduction and electrons. We explain the-linear resistivity found aP, in this picture, while other anomalies

found aroundP, can be qualitatively understood using the same model.
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[. INTRODUCTION duction andf electrons, to behavior at very high pressure
characteristic of intermediate valené®/) systems, whose
Boosted by the discovery of superconductivity in valence fluctuates between th&'4and 4"~ 1+[5d6s] elec-
CeCuySi, over 20 years agbthe relationship between su- tronic configurations. As a result, deep in this IV regime, the
perconductivity and magnetism has been extensively invegesistivity, for instance, resembles that of LaSiy, which
tigated in variousd andf heavy fermion(HF) compounds. A  lacks 4 electrons. A similaiT .(P) dependence to that found
consensus has developed that HF superconductivity is medin CeCuySi, is seen in the isoelectronic sister compound
ated by spin fluctuatior’s,> mainly because superconductiv- CeCyGe,, offset by about 10 GPa due to the larger atomic
ity was found close to a magnetic instability B&0, some-  volume of Ge'® Apart from this shift of the pressure scale,
times described as a quantum critical po{@CP, often the two compounds share the same phase diagram.
attained by applying pressure. A recent development is that From a more theoretical point of view, there exist at least
an essentially gapless superconductiSg) state has been three reasons to believe that critical valence fluctuations are
identified by NMR and nuclear quadrupole resonanacet the origin of the pressure-induced peak of the SC transi-
(NQR) measurements in the region where the SC state coexion temperaturdl,..
ists with antiferromagnetisf! consistent with a theoretical First, theA coefficient of theT? resistivity law decreases
prediction® drastically by about two orders of magnitude around the
In this paper we further explore the possibility that at apressure corresponding to tiie peak® SinceA scales as
pressureP,=4.5 GPa, a second QCP, associated withfthe (m*/m)? in the so-called Kondo regime, this implies that the
electron occupation number, has a major role to play in theffective massm* of the quasiparticles also decreases
superconductivity of CeG®i, and related compounds® sharply there. This fall of* is possible only if there is a
CeCuySi, has a superconducting ground state at ambiengharp change of Ce valence, deviating fron?€esince the
pressure with a critical temperatufg, around 0.7 K. It is  following approximate formula for the renormalization fac-
firmly believed that the compound is close to an antiferro-tor q holds in the strongly correlated limff:8
magnetic QCP at slight negative pressure, accessible, for ex-
ample, by partial substitution of Si with G&When pressure B
. : S ) . ; m . 1-n42
is applied, T, initially remains close to its ambient pressure —=q 1=
value, followed by a sudden increase to around 2 K at about m 1-n;
3 GPa. A further increase in pressure results in a slower sup-
pression ofT. to zero. This non monotonous behavior of wheren; is thef electron number per Ce ion.
T.(P) was first explored by resistivity in the quasihydro- Second, the so-called Kadowaki-WoodkW) ratio™®
static conditions of the Bridgman anvil céfil.Subsequent A/y?, where y is the Sommerfeld coefficient of the elec-
investigations by susceptibilityand resistivity**°were car-  tronic specific heat, crosses over quickly from that of a
ried out in various pressure media and showed considerabkgrongly correlated class to a weakly correlated @hehe
variation inT, between samples, especially at high pressureinverse of the Sommerfeld coefficient, !, scales with the
With increasing pressure Cegsi, passes from a nearly Kondo temperaturd i, which is experimentally accessible
trivalent 4f! behavior, with Kondo coupling between con- by resistivity measurements. This indicates that the mass en-
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TABLE I. Anomalies in CeCuSi, and CeCyGe, associated with valence transition, with references. Symbols explained in the text. Part
(i): direct evidence for sudden valence change. fartAnomalies explained by published valence fluctuation théBefs. 21 and 2R Part
(iii): anomalies explained by extended treatment of the critical valence fluctugéBens|\V). Part(iv): other anomalies observed around
crossover to intermediate valence with pressure.

CeCuySi, CeCuyGe,
Ref. Ref.
(i)Volume discontinuity - 23
L, x-ray absorption 24 -
Drastic change oA by two orders of magnitude This work, 10 10
Change ofAx(T'®)~2 scaling This work, 10 10
(ilMaximum in T(P) This work, 12 16
Large peak irpg This work, 10 10
(ili )Maximum in y=(Cp /T) This work, 14 -
pxT" from T.<T<T*, with n(P,)=1 minimum This work, 12,25 10
(iv)Sample dependence of, This work, 10,12,13,15,26,27 10
ACp This work -
Enhanced—T|Tc
Resistivity and thermopower indicalg'®=TJ'* 10,25 10,28
Broad superconducting transition widtAg; This work, 12 10

hancement due to the dynamical electron correlation is These circumstantial clues to the importance of critical
quickly lost at around®~ P, , in agreement with the previ- valence fluctuations have been backed up by a microscopic
ous point. The phenomenon can be understood if we note thealculation of T, for d-wave pairing as a function of; .?

fact thaty consists essentially of two terms: This showed that sudden valence change occurs if a moder-
ately sized Coulomb repulsidd; is taken into account be-
2 (€) tween the conduction- and localizedf electrons, with the
Y= Vbant( T T e ) peak structure of . being qualitatively reproduced.
Table | summarizes the current experimental evidence of
— oot Yeors @) anomalies seen in Ceglie/Si), aroundP,, .

Part (i) of Table | refers to direct evidence for a valence
transition of the Ce ion: Cell volurd® and L,, Xx-ray

where is due to the so-called band effect a . . N
Yband Ndor absorptioR* measurements show discontinuities as a func-

=— Ypand>(€)/de is due to the many-body correlation ef- © . -
fect, with 3 (¢) being the self-energy of the correlated elec.tion of pressure. The drastic decrease of Aheoefficient of

trons. y., and A are related to each other through thet.heT? resistivity law, along with theA vs T1* scaling rela-
Kramers-Krmig relation, leading to a large value of the KW tion, indicates that the system is leaving the strongly corre-
ratio?® and whenyeo> yoang: this is indeed seen. On the lated regime characterized by &wccupation number close
other hand, ify.o~ Ypanas the ratioA/y? should be reduced to unity. (T7**is defined in Fig. 5 and assumed to be pro-
from the KW value considerably because the effectygf,y  portional toTy .)
cannot be neglected in its denominator. Part (ii) refers to anomalies observed close to the maxi-
Third, there is a sharp peak in the residual resistipiyat  mum of T, predicted by critical valence fluctuation
aroundP=P, ,'® which can be understood as a many-bodytheory??> These are the maximum 4, itself and the en-
effect enhancing the impurity potentiah fact we define the hanced residual resistivity,.*°1#°
pressureP, experimentally by the maximum g¢fy). In the Part(iii ) refers to properties following from the extended
forward scattering limit, this enhancement is proportional totreatment of the critical valence fluctuations found in Sec. IV
the valence susceptibility- (9n¢/def),, where e is the  of this paper. This includes the linear resistivityand the
atomicf level of the Ce ion angk is the chemical potentidt ~ maximum iny, both found around, .
Physically speaking, local valence change coupled to the im- In part(iv) are listed the remaining features that are ob-
purity or disorder gives rise to a change of valence in a wideserved in CeCy5i, and CeCyGe, around the maximum in
region around the impurity which then scatters the quasipar¥ . but which are so far not fully explained—for example the
ticles quite strongly, leading to an increasef The en- merging of T{'® and T3'®, where the lattefalso defined in
hancement op, can be thus directly related to the degree ofFig. 5) is believed to reflect the effect of the excited crystal-
sharpness of the valence change, because the variation of thee electric field(CEPF split f levels. Many of the anomalies
atomic levele; is considered to be a smooth function of the noted in table | have also been observed to coincide with the
pressure. maximum ofT in other HF superconductors, from CeBg
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(Ref. 29 to CeCuyAu (Ref. 30, the latter showing traces of calorimetry system predicts the amplitude and phase of the

superconductivity under pressure. temperature oscillationsT(,;) induced by ac heating:
Previous work on CeG$i, has shown a lot of variation p

in low-temperature behavior between different samples. The Tacz+°, 3

fact that not all reports have shown every anomaly is not K+ioC

entirely surprising, since large variations in the electronicyhereP, is the heating powek the thermal conductance to
properties of CeCi5i, are well known to result from ex- the bath,C the heat capacity, an@/2 the excitation fre-
tremely small differences in compositidh:**The extension  quency, assumed to be low enough that the thermometer can
of these variations with pressure has not been systematicalfgllow the temperature oscillatior(ghe factor of 2r may be
explored, but almost all samples so far studied have showassumed implicitly from this point The signal therefore

an enhancement of, along with effects such as the en- contains a contribution from the specific heat and from ther-
hancement of the residual resistivity, to be discussed belownal coupling to the surroundings.

This variability under pressure may be due to the samples For frequencies> w., Wherew, is the cutoff frequency
themselves or to pressure inhomogeneities caused by nonhi7C, the sample contribution dominates the signal, |
drostatic pressure media. We were therefore motivated to usgn be considered to be inversely proportional to the heat
solid helium as a pressure medium, due to its near-ideal hycapacity(which we assume to be dominated by the sample
drostaticity at low temperature. By simultaneously probingror w<w., the signal approaches the dc limit and gives a
resistivity and specific heat in the same sample, we were abl@easure of the mean elevation of the sample temperature
to explore both percolative transport and bulk evidence foyer that of the bath. For intermediate measuring frequen-
superconductivity. cies, information from the phastcan be used to extract the

specific heat:

Il. EXPERIMENTAL METHODS _ — Pgsing
w|Tac| .

4
High pressure was induced using diamond anvils with a

1.5-mm culef” A stainless steel gasket was specially pre-Alternatively, one can subtract a background signal taken at a

pared to absorb the large volume decrease of the heliurdifferent frequency, with

pressure medium from ambient pressure and to avoid sever- "

ing the measurement wires. These were insulated from the Po 1 1

gasket using a mixture of AD; powder and epoxy resin. - (wZ_wZ)llz( T 2 N IT |2) ' ®)

The pressure was measured to within 0.02 GPa at various 2 1 A !

temperatures down to 4.2 K using the ruby fluorescencgyhere ideallyw,> w.>w;. The sample temperature must

scale. also be corrected for the constant dc component of the oscil-
The CeCySi, sample was prepared by reaction of its con-|atory Joule heating. This was done by repeating the mea-

stituent elements with a slight excess of Cu, with a nominakurement well below the cutoff frequency, also providing the

initial composition CeCy;Si,. The product was then melted background signal in order to estima®> using Eq.(5).

in an induction furnace and slowly allowed to crystallize Raw and processed ac calorimetry data can be compared at

under 50 bars Ar in a BaZr{xrucible(see Ref. 14 for more one pressure in Ref. 36.

details. The cutoff frequencyn, turned out to be very temperature
The small monocrystal used in this work was cut anddependent, varying between 200 Hz at 0.5 K and over 2 kHz

polished to 23680x 20 um?, and six 5um ¢ wires (four  at 1.5 K, presumably due to the thermal properties of the

gold and two Au-0.07 at.% Fg¢ were spot welded to the surrounding material. Fortunately, while complicating the

sample. Thee axis of the tetragonal structure was parallel todata analysis, the reduction in. at the lowest temperatures

its smallest dimension. The magnetic field, when appliedallows the technique to be used down+d00 mK. The two

was parallel to the axis. estimates o using Eqs(4) and(5) are in good agreement
The six wires spot-welded to the sample allowed multiplepelow ~2 K. The working frequencyw, was generally of

redundant measurements to be performed. This improved rgnhe order ofw,..

liability and enabled us to verify the calorimetry measure-  Sources of systematic error in the result might come from:

ments using several different configurations. The sample reyariation of the AuFe thermopower under pressure;

sistance could be measured by a four-point methodiemperature- and/or frequency-dependent addenda to the

knowledge of the sample dimensions then enabled the absgeasured specific heat due to the pressure medium, gasket,

lute resistivity to be determined to within 10%. and/or anvils; or any irreversibility or first-order character in

The two thermocouple junctions were formed from anthe transitions being observed. These potential problems will
Au/AuFe pair at either end of the sample. An alternatingpe addressed in the discussion.

resistive heating current was passed through @oeavoid

passing the current through the samplehile the signal Ill. EXPERIMENTAL RESULTS

from the other was measured using a lock-in amplifier. The

resulting temperature oscillations serve as a sensitive mea- We present five principal results from the sample reported
sure of the sample heat capacityA simple model of the ac in this paper, and by drawing on previous work, we aim to
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FIG. 1. T,(P) in CeCuySi, determined from resistivity and spe-
cific heat measurements. The triangles shbwdetermined from
the onset of the resistive transitiom ™, the squares show its

completion (I'CRZO), and the solid circles show the midpoint of the
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——2.38GPa
------- 3.67 GPa

----------- 4.67 GPa

FIG. 2. Superconducting transition at three pressurgg)ime-

specific heat jump. The numbers indicate the sequence of pressur§§tivity and(b) specific heat. Note the width of the resistive tran-

The dotted line shows, determined by susceptibility in a different Sitions and the fact that the start of the jump in specific heat coin-
cides with the completion of the resistive transition.

sample, also in a helium pressure medi(Ref. 13.

place our work in a broader context. We will try to highlight
common features found in many samples of Cg£ly one
of the defining characteristics of which is its variability.

The temperaturd® °(P), at which the resistance van-
ishes, behaves differently frofi2"*®{P). It has a narrower
peak with a maximum at slightly higher pressufl~°

(i) We present the superconducting phase diagram olagrees closely, however, with the transition seen in the spe-
tained using various criteria fof. and compare it to the cific heat(see below. When a magnetic field was applied,
widely quoted phase diagram determined under hydrostatit?=° and the specific heat anomaly shifted in agreement.
The large resistive transition widths found in CeSiy at

(i) We examine the details of the superconducting transihigh pressure are often blamed on a lack of hydrostaticity
tion, which provides some insight into the nature of the SCdue to the pressure medium. As helium was used in this case,
we can rule out pressure inhomogeneities and concentrate on

(iii) We estimate the variation of the Sommerfeld coeffi-the sample itself. Further information about the SC state
cient y, with pressure, and compare it to previous resultscomes from the effect of measurement current on the transi-

conditions by susceptibility.

state and into the sample itself.

obtained by analysis of the upper critical field.

normal-state resistivity op=po+AT" (A denoting a free
exponent as opposed to the quadratic coeffichdntA com-

_ ~ tion width. For example, at 1.78 GPa high current led to the
(iv) We report the pressure dependence of the residualpper part of the transition disappearing, and a resistive tran-
resistivity po and exponenn determined by a fit to the sijtion can even be recovered with a narrow width compa-

rable to that close to ambient pressure. This is presumably
due to the presence of filamentary superconductivity, with a

parison ofpy(P) between different samples reveals a scalinghigher T, whose critical current density is exceeded. These
relation which can be related to the theoretical enhancementroad resistive transitions appear to be a universal feature of
CeCuySi, at high pressure. Let us recall that even for the
(iv) We explore the deviation from the scaling relation highestT2"**'measured in a single crystal, at 2.4 K, a tail of

of impurity scattering.

AocT,Zz, which indicates a sharp change in thelectron

1% of the normal-state resistivity remained well below 2 K,

occupation number described in the Introduction. The envanishing only at 1.5 K4 The status of the superconductiv-
hancement ofT, and the other results described above isity of CeCwSi, betweenT?"*and T?=° remains mysteri-
shown to occur around the same pressure.
Figure 1 shows the superconducting phase diagram deter- Figure 2 compares the superconducting transition in resis-
mined by both resistivity and specific heat, both on increastivity and specific heat at three different pressures. At 2.38
ing and decreasing the pressure. Two qualitatively differenGPa the resistive transition is broad and the sharp specific
types of behavior can be seen in the same sample, reprleat jump at 0.73 K begins at the point where the resistance
sented by the onset and completion of the resistive transitiorfalls to zero. At 3.67 GPa the specific heat jump, at 1.35 K, is
If we follow the transition onseT2"**{P), one sees sharp much larger and remains shatand did so at intervening

kinks similar to those seen in Ref. 18ashed ling along

ous.

pressures while the corresponding resistive transition has

with a linear decrease of, between 3.3 and 4.8 GPa at a narrowed considerably. At 4.07 GP@ot shown where

rate of 0.14 K GPa!. Superconductivity is observed, how- TCR:() has a maximum around 1.6 K in bothandCp, the

ever, over a much smaller pressure range in our sample thapecific heat peak has already started to broaden and collapse
in amplitude, while at the same pressure the resistive transi-

in Ref. 13.
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FIG. 3. Estimatey(P) of the Sommerfeld coefficient from an ac ) o )
calorimetry signal at 2 K(triangles, scaled for comparison with FIG. 4. Enhancement of reS|dgaI resistivity in several dlfferenF
that deduced fron ., measurementsquares(Ref. 14. The noise CeCuySi, samples, scaled to a universal pressure dependence, with

on the calorimetry signal is smaller than the symbol size; howeverd and pg being normalizing factors. The maximum j& is at a
see text for a discussion of possible systematic errors. pressure slightly higher than that corresponding to the maximum in
T.. The inset shows for a fit of p=p,+AT". Solid squares indi-
cate results from this work; the rest are reported in Ref@nd C

ion is at its narrowest sin mbient pr re. Asi o : A
tion is at its narrowest since ambient pressure. Rsis refer to the original labels and a retained for continuity

driven to zero at high pressure, the supercondud@ipgump
becomes smaller and broades shown at 4.67 GPantil it
is no longer visible. When the pressure was reducedCihe  Sistivities from different samples onto the same Lorentzian
peak recovered its shape, indicating the reversibility of thecurve (see Fig. 4 A constant valugy , different for each
bulk pressure-induced behavior. sample, is subtracted fropy, at each pressure, and the result
The dramatic increase in the apparent size of the supeis multiplied by a scale factoa [i.e., pg=a(po—ps)], SO
conducting jump is intriguing and might suggest the pres+that all lie on the curve defined by sample S1, which has the
ence of strong coupliri or other qualitative change in the highest residual resistivitgi.e., ag;=1).
SC state. Although the apparent value QNC(p/yT)TC is According to the theoretical prediction, the residual resis-

clearly less than the BCS ratio of 1.43, similar ac measuretivity po is given as'
ments on CeCoklnin an argon pressure medium indicate that
there is a substantial contribution to the measured heat ca-
pacity from addend# In helium we would expect this to be ( _ ﬂ) / N
even more significant J€q F
The increase in th€p jump size might itself be an arti- a
fact of the uncalibrated ac calorimetry method; nevertheless,
(ACP/’yT)T does appear to show a maximum at a pressuréwhere the C'Oefﬁcierﬁ depenqs on the ba'n.d StI’L.JCture of host
coinciding V\C/ith the increase ifi. . Furthermore, the assump- metals,_nimp IS the_ concentra_uon of |mpur|t|es with moderate
tion of strong coupling provided the best fit it., for mea- _scattenng potentlaj(q) coming from d|so.rder. other than Ce
surements of the upper critical field in another saniple. lons, NF is the density of states of quasiparticles a?ro“”d th_e
The electronic specific heat coefficieptand, hence, the Fe_rml level, and the last term represents the residual resis-
effective massn*/m can be estimated by following the calo- t|y|ty due to unitary scattgrlng mainly arising from any defi-
rimetric signalC/T at a fixed temperature and measurementc't or dgfeqt of the Ce ions. The §caI|ng pehaworp:gf .
frequency above the superconducting transition, though thi§.hOWn in Fig. 4 would be possible if the universal form is

includes constant or slowly varying addenda from the heJIVen by ld(_anf/aff)ﬂ./NFL It is.an. open question whether
. . . o~ the observed Lorentzian form is indeed reproduced by the
lium, diamonds, etc. Figure 3 shows the estima{é), theory of Ref. 22.

along .V.Vith t_he v_alue deduced_from measurements of the up- There is a striking correlation between the scaling faator
per critical field in Ref. 14. A single constant scale factor hasand the behavior off,. The sample measured in helium
: . c-

been introduced, showing that the two curves can be Supefgporteq in this paper and sample C1, pressurized in steatite,
imposed. There is a clear anomalyyrat 4 GPajust below  poth have similar values @, and bothT?™*and g ~° agree
the pressure correspondingg™), superimposed on a con- over almost the entire pressure range. Sample S1, with the
stant reduction with pressure. The effective mass is also rehighestp, at P, , has a lowe™ (=1.2 K), and the super-
flected in the initial slope of the upper critical fiettf,(Tc),  conductivity disappears at a lower pressure. Samples C2 and
which in our sample also had a maximum at the same press2 have scaling factora around 14, and show a higher
sure as the peak i. maximum T., with superconductivity extended over a

The residual resistivity, has a huge peak at a pressuregreater pressure range than in the samples with larger re-
slightly higher than the maximum if.. The magnitude of sidual resistivities. These differences between samples, both
this peak varies by a factor of more than 10 betweerin py andT., are vastly amplified from their appearance at
sample$’*However, it is possible to scale the residual re-ambient pressure. According to E@), the scaling factoa is

Po=BMNimp|u(0)|%In +ps™,  (8)
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proportional to the concentration of impurities. Our observa- 2 —————
tions suggest therefore that these have a significant pair-
breaking effect.

The inset in Fig. 4 shows the result of a fit po=pg

+AT" betweenT, and 4.2 K. There are two important points
to note here. First, at a pressure slightly higher than the
maximumT, p(T) is linear inT up to about 25 K. Second,
the exponent appears surprisingly large=(2.7) at a slightly
higher pressure corresponding to the maximpgn This is
difficult to understand without taking into account the resis-
tivity due to impurity scattering. In sample S1, reported in
Ref. 26, the residual resistivity reache460 ©) cm atP,,,
compared to a maximum of 3b{) cm for the sample re-
ported herep(T) then showed a falloff with temperature
very similar to that of a Kondo impurity system. In other
samples, this behavior is hidden by the usual positive tem-
perature dependence of the resistivity. Contrary to the usual
situation, where the lowegi, possible is sought, this ex-
ample shows how samples whose residual resistivities are E ot i

large at ambient pressure can reveal interesting physics at L o
high pressure. Even if a negative temperature dependence is F o #® . 3
not seen, the power-law fit to the resistivity is affected, de- 20 . 100 '
viating from the linear relationship predicted in Sec. IV and T,"(K)

leading to anomalous values of At lower pressure, thé e
coefficient is an order of magnitude larger, §or example FIG. 5: F_’Iotted againsky " (defined in inset a measure of the
almost linear resistivity is observed at a pressure correspongharacteristic energy scale of the system, (ayehe bulk supercon-
ing to T™_ Note that a quadratic temperature dependence Oquctlng transition temperaturé)) the residual resistivity and esti-
C " ~ .. ..
p was recovered at the lowest temperatures when supercoftat€ ¥ of 2the Sommerfeld coefficient, ar(d) the coefficientA of
ductivity was suppressed by a magnetic field greater thafﬂe”NA_T law of resistivity, including data from CeGGe,. Note
Heo the straight lines where the expectéd: (T®) 2 scaling is fol-
2 ; SO A .
The normal-state resistivity of heavy fermions can usuallylon'ed' l’he i) ofe com(l:(udes V"’:_tlh tue start of the region |
be understood in terms of the Kondo lattice moiet high where the scaling relation is broken, while the maximum in residua
hé-el | lized and di resistivity is situated in the middle of the collapse An Pressure
temperature the-e ('ac’Frc.)n moments are locallzed and QISor, o aqes towards the right-hand side of the s@ailgh T'®).
dered, and the resistivity is large and dominated by the scat-

tering from spin disorder, with a characteristidnT slope.

As the temperature is reduced, Kondo singlets form below pite the non-Fermi-liquid behavior shown in the inset of
characteristic temperatufg, and coherence effects in the Fig. 4. However, if one allows the exponemtto vary be-
periodic Ia,}]gfe cause the resistivity to drop below a maXiyveen 1 and 2, the resulting coefficient will not vary more
mum, atT;™, which can be considered as proportional 0,21 o factor of 2, which is within the scatter of the data.
Ty. For T<Ty away from the critical point, Fermi-liquid- +hare are two regions where the predicee (T™) 2 re-

like behavior is recovered, with~AT?, whereAx T, ? and |5tionship is followed, separated by an abrupt dropAinf
ref[ects the hugely enhanced effective mass caused by inte4ver an order of magnitude. The collapsefo§eems closely
actions between theelectrons. In a real system whef@ is  connected with the enhancement of superconductivity, it is at
not too large, a second peak in the resistivity occurs ajne start of this drop thaf, has a maximum, and the super-
T3%>T7™, due to the CEF effett™ (see inset of Fig. b conductivity has disappeared by the point where the
The low-temperature behavior then reflects the_chara_(:ter@(TTax)—z scaling is recovered. The residual resistivity how-
tics of the lowest CEF-splitlevel. When pressure is applied, ever, peaks at around the midpoint of the drogirand this
T2 remains fairly constant, whild rapidly increases, is the point whereP, is defined.
seen via the rise i}, WhenTy>Acgr (Aceeis the CEF ’
splitting between the ground and excited statas full six-
fold degeneracy of thed=5/2 4f1 multiplet is recovered,
even at the lowest temperatures. As a result the resistivity
maxima afT " and T5'® merge into a single pedR.Similar Various unconventional properties observed arouhd
behavior in the magnetic component of the resistivity is~P, have been explained, at least qualitatively, by a series
found in all Ce compounds studig¢duch as CeGiAu (Ref.  of theoretical investigations based on an extended Anderson
30), CePgSi, (Ref. 29, CePdGe, (Ref. 42)]. lattice modeP*?243 However, theT-linear temperature de-

In Fig. 5 the A vs T7® scaling is explored in both pendence of the resistivity observed in a narrow region
CeCuySi, and CeCyGe,. The value ofA was determined aroundP~P, remains as yet unexplained. In Ref. 22, mi-
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from the slope of the normal-state resistivity verdis de-

IV. THEORY OF T-LINEAR RESISTIVITY AND
ENHANCED SOMMERFELD COEFFICIENT
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o, where\ is the coupling between quasiparticles and the va-
q lence fluctuation modes, ari is the dispersion of the qua-
siparticle. For simplicity\ is assumed to be constant without
wave number or frequency dependence.
In typical limiting cases, Eq10) can be straightforwardly
> >— . T .
p 2 p-q % calculated in the approximatiaf), = —vqcosy, whered is
the angle betweep andq, v is the quasiparticle velocity,
FIG. 6. Feynman diagram for the self-energy given by Egs. andp is assumed to be on the Fermi surface, ipespg:
and(10). The solid line represents the Green function of the quasi-T=0, e+0:
particles, the wavy line the propagator of the valence fluctuations,

ig,- 100,
.

and the solid circle the coupling between valence-fluctuation modes |)\|2qu €2
and the quasiparticles,, and ,, are the Matsubara frequency of ImEff(pF,e): — 5 In| 1+— 1, (11
the quasiparticle and fluctuation propagators, respectively. 327y @,

) ) o where q. is the cutoff wave number of the order &f.
croscopic calculations showed that the static limit of the ef-.— g o< T<e,:

fective interactionT'(°)(q) between quasiparticles is en-

hanced greatly around~ P, , and is almost independent of IN|2K [ac val2T y

g, the momentum transfer, up t03/2 of pg, reflecting the Im3 % (pe,0)=— 5 f dqqf dy———>"—-—
local nature of critical valence fluctuations. This implies that 8 Jo —0a/2T (0, IT)"+y
the valence fluctuation response functigy(q,»), is also y y

almostq independent in the low-frequency region. Based on X cothz—tanhz— , (12

this observation, we present here a phenomenological theory

explaining theT-linear resistivity and the enhancement of the where y=vqcos9/2T. Sincevq>T holds in the dominant
Sommerfeld coefficieny aroundP~P, . region of q space, the integration with respectytacan be

We adopt an exponentially decaying phenomenologicaperformed, to a good accuracy, leading to
form for the valence-fluctuation propagata@ynamical va-

lence susceptibility x, : R INPKQZ T
Imzvf(pFio): - -

S 13
47T21) wy an w, , ( )
Xv(q“”)zifo dt e“[ne(q,t),ni(—-0,0)]) (") where we have made approximation that the range of inte-
gration is restricted as- 1<y<1 in which the last factor in
Eq. (12) is approximated as 2/ Then,

K
:wv—iw’ for 4<g¢~Pe (8) T\2 .y
NESH AT A
wheren;(q) is the Fourier component of the number fof Im3 5 (pp0)=— —— < (14)
electrons per Ce sit is a constant of)(1), andw, pa- 4wy T l T> o,
rametrizes the closeness to criticaligy, is inversely propor- 2 o,

tional to the valence susceptibility,(0,0)= —(dn¢/des) ,, - The latter result I ,((pg,e=0)<T/w,, for T>w,, im-

RThe regl and |mag!nary pgrts of the retarded self-er_lergwies that almost all the critical valence-fluctuation modes
2,1(p,e+i6), respectively, give a measure of the quasiparcap pe regarded as classicalTat w, , and T-linear depen-
ticle effective mass and lifetime. They can be calculated Usgepnce stems from the asymptotic form of catBy)

ing a simple one-fluctuation mode exchange prod&&®  _ )T/ essentially the classical approximation of the Bose
Fig. 6) and are given as follows: distribution function.

The real part of the self-energy, E®), can be calculated

K +oo X easily atT=0 ande~0, leading to
REST (.= =5 = N[ ok
! @o ReS [ (Pr.€) ~ 2 5(Pr0)
X gpfq 2
coth-— +tanh—— IN[*Ke fac (1 -1 ew,
X a 2T ) T daq f—l w2+ (vqt)? " vat|
—€et&, qtx v
Tw,vqlt| 2w5 w,
R K 2 fq (02t (g2 [wZ+(oqn2P loat |
IMEf(pe)=—5 2 NP5 —— ERACL v (vg
€= &pq €p—q wheret=cos. In the limit w,<vpg, integration with re-
x| coth o1 @), (10 spect tot in Eq. (15) leads to
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ent increase in the specific heat jump at the superconducting
—’ (16)  transition whenP,, is approached. A very large specific heat
u jump atT. would be strongly reminiscent of the huge value
found in CeColg.*® It is therefore a legitimate question to
o (17) ask how much the results of the uncalibrated ac calorimetry
Wy technique under pressure can be relied on to give an accurate
whereu=vqt/w, . measurement of the specific heat.

The T-linear dependence of [&f(p,0), for T>w,, Eq. ‘The model used to extract the specific heat from the am-
(14), implies T-linear resistivity, as the quasiparticles are plitude and phase of the _temperature_oscnl_atlons_takes no
subject to large-angle scattering by the critical valence@ccount of the heat capacity of the solid helium, diamonds,
fluctuation modes. These are effective in a wide region in th€" surrounding pressure apparatus or the essentially three-
Brillouin zone due to their local nature and easily couple todimensional nature of the situation. Second, the ther-
the umklapp process of quasiparticle scattering. This result ig1opower of theAuFe thermocouple has been assumed not to
consistent with the experimental fact th&tinear resistivity ~ vary with pressurgRef. 42 indicates that it varies by no
is observed in a narrow pressure region aroBpd which is ~ more than 20% up to 12 GRa
considered to correspond to a nearly critical valence transi- Nevertheless, the superconducting transition observed
tion of the Ce ion. corresponds to-100% of the signal amplitude, indicating

Such aT-linear dependence has been discussed in ththat the addenda are a minority contribution to the total sig-
context of highT, cuprates with a marginal Fermi liquid nal. Runs at several different frequencies agree to within
(MFL) assumptiod;' and charge transfer fluctuations were 10%-20% after the amplitude and phase are combined, with
once considered as an origin for MEE:°while further the-  the discrepancy possibly due to frequency-dependent ad-
oretical models have been put forth up to fdvExcepting  denda. Kapitza resistance between the sample and helium is
the T-linear resistivity, the present result is different from Jikely to better decouple the sample from its surroundings at
MFL behavior. The self-energy exhibits different energy de-very low temperature. If the specific heat is calculated using
pendence, while the idea for the origin of our singular bethe two-frequency methodEq. (5)], the result agrees
havior shares aspects similar to the first idea of a charge<59%) with that calculated using the amplitude and phase
transfer mechanism for high; cuprates™*® 3(e) in the  up to at least Z.. Given these observations, it seems rea-
MFL model is given asS(e)«(elne—ile[),* which is in-  sonable to accept our results as a good first approximation to
deed different from the present cd$ggs.(11) and(17)]. In C,, to within a constant scaling factor, and with an unknown
any case, it is to be noted thatlinear resistivity is accom-  put relatively small component due to addenda.
panied by the peak of . in both systems, higfi; cuprates Furthermore, the apparent anomaly in the normal-state
and CeCuSi,. specific heat shown in Fig. 3 was measured at a fixed tem-

The result(17) implies that the mass enhancemgdt  perature and frequency above the superconducting transition,
— dReSR(€)/d€] is expected around~P,. Namely, the with pressure the only independent variable. The small peak
effective mass is given by in vy is consistent with the maximum in the initial slope of
the upper critical field observed at the same pressure, though
the interpretation of the latter depends on whether the sample
can be considered to be in the clean or dirty limit, or some-
_ where in between.
wherem is the effective mass renormalized by the conven- Having addressed the experimental questions, let us dis-
tional correlation effect, leading to heavy electrons—i.e., nokuss some other remaining points. The merging Bt and
including the effect of critical valence fluctuations. This lat- Tmax seems to be be a general featurePatin compounds
ter effective massn exhibits a drastic decrease arouRd where a critical valence transition is thought to exist. It can
~P,, while the second factor in Eq18) is enhanced. Both be understood as follows.
effects should be reflected in the Sommerfeld coefficignt The so-called Kondo temperatutg , related toT"* (i
so that the peak of>m* is shifted to the lower-pressure =1 2), depends crucially on the degeneracy {2L) of the
(larger m) side, and the anomaly of due to the valence local f state:Tx~Dexd —1/(2¢+1)pgJ|], whereD is the
fluctuations may be smeared to some extent. Neverthelessandwidth of conduction electrons; the density of states of
some trace should be observé@ihe shift of peak ofy can  conduction electrons at the Fermi level, ahthe c—f ex-
be understood as the superposition of the two trends using@hange coupling constaft. Even though the sixfold degen-

model P dependence ah andw, .) Indeed, the present ex- eracy of the 4 state is lifted by the CEF effect, leaving the

perimental result presented in Figs. 3 and 5 may be explaingiramers doublet ground state and excited CEF levels with
by this effect. excitation energyAcgr, the Kondo temperatur&y is still

enhanced considerably by the effect of the excited CEF
levels®!
The technical degeneracy relevant to the Kondo effect is
Our calorimetric results in such extreme conditions de-affected by the broadenin§E of the lowest CEF level. If
serve some discussion, in particular the considerable appattE<Agr, the degeneracy relevant g is twofold. On the

IN?Kg? € Y 1-u?

v @uJo P+l

ReS R (pr,e)=— In

1
m* «cm—, (18
a)v

V. DISCUSSION
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other hand, ifAE> A, it increases to fourfold or sixfold. CeCu,Si, P(GPa) 0 5 10
The level broadening is given byE=zmp(|V|? where|V| -
is the strength ot —f hybridization, andz is the renormal-
ization factor which gives the inverse of mass enhancement
in the case of a lattice system. It is crucial theE is very
sensitive to the valence of Ce ion becausis essentially
given byq [Eq. (1)]. In particular, the factoz increases from
a tiny value in the Kondo regime~(1—n;)<1, and ap-
proaches unity in the so-called valence-fluctuation regime.
Since the factorrpgV|?>Acgr in general for Ce-based
heavy electron systems, the rat\d=/A cgg, which is much
smaller than 1 in the Kondo regime, greatly exceeds 1 across
the valence transformation arouRd- P, , leading to an in-
crease of the technical degeneracy of tistate,irrespective CeCu,Ge, P (GPa)
otngle sharpness of.th?na\){alen.ce transformation. Therefore, FIG. 7. SchematicP—T phase diagram for CeG{SilGe),
T1™" should merge wity™, which corresponds to fourfold - spowing the two critical pressurdd, and P, . At P., where the
or sixfold degeneracy of #state due to the effect of finite antiferromagnetic ordering temperatufg—0, superconductivity
temperature—i.e.T~Acge. This may be the reason why in region SC | is mediated by antiferromagnetic spin fluctuations;
T increases and approach&§® at pressure wherd, aroundP,,, in region SC Il, valence fluctuations provide the pairing
exhibits the maximum, and the KW ratio changes betweertinechanism and the resistivity is linear in temperature. The tempera-
strongly and weakly correlated classes. turesT7“*and T merge at a pressure coinciding wie .
While the experimental picture of Cegsi, presented in
this paper is more complete than the theoretical, a large nunf-€Cw(Si/Ge), system. The two critical pressurBg andP,
ber of the features found arout®}, follow directly from the ~ are, respectively, defined by the disappearance of magnetic
valence fluctuation approach and the addition &f a term ~ order asTy tends to zero and by the region of linear resis-
to the Hamiltonian. The linear resistivity is explained in Sec.tivity where p, has a maximum and@"*=T7*, accompa-
IV, as is the local maximum in the electronic specific heat,nied by a maximum ifl.. In CeCySi, and CeCyGe, the
possibly due to the renormalization of the effective mass duéwo critical pressures are widely separated. In compounds
to valence fluctuations, superimposed on an overall decreasgich as CeRi,, on the other hand, superconductivity is
with pressure. The enhancement of the residual resistivity gound in a narrow pocket, seemingly directly connected to
low temperature follows from the renormalization of impu- the disappearance of magnetismTas—0. However, many
rity potentials by valence fluctuations. The relative positionsof the other anomalies listed in Table | are still observed in
of the peaks inT., v, and p, are consistent with the this system and are difficult to explain within a purely spin
valence-fluctuation scenario, but for a more precise comparffluctuation picture. If a valence instability is present in
son more detailed calculation would be needed. CePdSi,, P, is superimposed o, as identified by the
Other features yet to be fully addressed with the currenpressure at whici =T, 2°The physics associated with
model are observed to occur in the valence-fluctuation rethe valence change in Ceg3i, may thus also play an im-
gion. They are the apparent increase in the specific heat jumgortant role in other heavy fermion superconductors. Linear
atT., the temperature dependence of the impurity contriburesistivity and an enhancement @f have also been seen in
tion to the resistivity, and the nature of the superconductinghe C& Ins compound$®*°whereT is Co, Rh, or Ir. For this
state between the onset and completion of the supercondudtmily, superconductivity extends over a relatively broad
ing transition. pressure range, and it may be that valence fluctuations also
The presence, and indeed enhancement, of supercondyslay a role with a critical valence pressure separate from any
tivity so far from the disappearance of magnetic order callsnagnetic instability.
into question whether magnetic mediation is really the sole Valence transitions, such as the @e- y transition, are
mechanism of superconductivity in Ce3i,. The evidence typically of first order, characterized by an abrupt change in
presented here, along with other anomalous behavior seen @it cell volume, while retaining its structure. In the case of
a pressure well separated from the disappearance of magneeCuySi,, we are proposing that the transition has more of a
tism, strongly suggests the presence of a second quantusecond-order character. This can be understood from the gen-
critical point in CeCySiy, this time related to quantum fluc- eral point of view as the critical end point of a first-order
tuations between electronic configurations rather than to cokransition. If this lies at sufficiently low temperature, the en-
lective spin instabilities. While magnetic pairing may be re-suing critical excitations can mediate superconductivity
sponsible for superconductivity at the magnetic QCP, criticalvithout being overwhelmed by thermal fluctuations. More
valence fluctuations are responsible for pairinggt The  specifically to our theoretical model, in Refs. 22 and 43, it is
recent result in CeG(Siy G 1), where two separate shown that as the Coulomb repulsion parameter is in-
peaks ofT; are observed, suggests the validity of the presentreased, the valence transition becomes increasingly steep,
point of view. eventually approaching a first-order transition.
Figure 7 shows a schematic phase diagram for the Finally, it is worth addressing the physical interpretation

024508-9



HOLMES, JACCARD, AND MIYAKE PHYSICAL REVIEW B 69, 024508 (2004

of the valence-fluctuation mediated pairing interaction. Weequivalent to that between “electrons,” so that this argument
emphasize that this intuitive explanation is rather speculawould give an intuitive understanding of the origin of the
tive, but we think that it is sufficiently useful to merit inclu- valence-fluctuation mechanism of superconductivity.

sion.

A clue comes from the likely nearest-neighbor pairing,
implied by the largely local nature of the interaction, and the
prediction ofd-wave pairing symmetry. One can imagine an  The enhancement of superconductivity in CeSlpiunder
almost filledf band, with each occupiefd site experiencing pressure is found to coincide with a number of anomalies in
a Coulomb repulsiorlJ s from the respective conduction the superconducting- and normal-state properties that are
electrons. As the pressure is increased gmuioves closer to  hard to explain in a purely spin-fluctuation scenario. Many of
the Fermi leveleg, there will come a point where;+ U ; these anomalies are directly related to an abrupt change in
=¢r and thef band will start to empty. On an individual valence of the Ce ion, while others can be indirectly con-
419 “hole” site, the U interaction will be absent; thus an nected to such a transition. We propose a second critical
increased density of conduction electrons would be energetpressureP, at around 4.5 GPa where critical valence fluc-
cally favorable at this position. If this extra “screening” con- tuations provide the superconducting pairing mechanism. An
duction electron density is not strictly localized onto theextended Anderson lattice model with Coulomb repulsion
atom itself, but spills onto neighboring sites, thelectrons between the conduction arfdelectrons predicts an abrupt
on Ce atoms around the original “hole” site will feel an change in Cd level occupation. The associated fluctuations
increased repulsion. The tendency to transfer electrons fromare sufficient to explain the observed enhancemeiit othe
thef to conduction bands will be locally reinforced, explain- T-linear normal-state resistivity, the enhancement of the re-
ing intuitively the increasingly catastrophic drop m for  sidual resistivity, and the peak in the electronic specific heat

VI. CONCLUSIONS

larger U.;, predicted in Ref. 22. For large enoudh;, coefficienty.
phase separation would be expected to occur for some values
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