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PHENOMENOLOGICAL MODEL OF SUPERCONDUCTIVITY IN U1.~Th1Be13
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A phenomenologicalmodeltakinginto accounttheinteractionbetweensuperconductivityandthecoherenceof Kondoscreen-
ing is introduced.This model describesthe main experimentaldata on UBe13, including thebehaviourof T~in U1 - ~Th~Be~
underambientandelevatedpressures.

1. The available experimentaldataon CeCu2Si2 Thesubstitutionof a Kondoscatteringcenterby a
and ,~heavy fermion superconductors(HSF) nonmagneticimpurity resultsin the formationof an
indicatethatbothcompoundscanbe consideredas inducedmagneticmomentat thisparticularsite for
superconductingKondo lattices(KL) with anasso- T< T~2[7,8]. Heuristicallyspeaking,at thislocation
ciatedKondotemperatureTK <

4CF andadoubletas thereis a compensatingelectroncloud but nothing
a groundcrystal field split state [1—61.In thiscase to compensate.For low concentrationsof nonmag-
the narrow (—~1 K) Abrikosov—Suhl resonance netic impurities, the induced magnetic moment
(ASR) of giant amplitude is formedat the Fermi thereforeappearsto behigherthanaKondoscreened
energyEF. HeavyquasiparticleswithE~EF (“heavy localizedmagneticmoment.Thiseffectlookssimilar
fennions”) correspondtothe ASRin KL. Thereare to that of nonmagneticimpuritiesin antiferromag-
two characteristictemperatureregimesin nonmag- neticsuperconductors[91. In the caseof dynamical
netic KLs [3]: at temperaturesT~TK, KLs canbe coherenceof Kondoscatterersin KL, theseinduced
consideredas a collection of many independent magneticmomentsarestronglyfluctuating.
Kondo scatterers,whereasat low temperatures The observationof a giant specific heatanomaly
T< T~

2<TK a coherenceof Kondo screeningat dif- at T= T~[1,2] showsthat heavyquasiparticlesare
ferentlatticesitessetsin. responsiblefor thesuperconductingtransition.The

Thetransitionto the coherentstatein KL canbe associated Fermi energy EF ‘-~ —‘ 3—5 K is
describedas an increase(abruptor continuous)of extremely low. Therefore the Ginzburg number
the size of the spacial region rCOh where Kondo [10,11]
screeningis correlated.Thiscollectivebehaviourcan
bethought of asa static or a dynamiceffect. In the Gii~102(T~/E~)

4 (1)
first case,coherencecorrespondsto astaticmagnetic
orderingofpartially screenedKondo scatteringcen- in UBe,

3 is about 0.1—0.7, being comparedto the
ters. A dynamicprocessis also conceivable,where usualvalue10 “ in ordinarysuperconductors.Tak-
due to fluctuations,the arrayof collectivelyordered ing into accountthe smallnessof themeanfreepath
spinsisstronglytimedependent.Weshouldmention in UBe,3 [12,131,estimatesin the dirty limit yield
here, that besidesthe exchangeinteraction, coher- evenhighervaluesfor Gi. This implies the impor-
encecanbeinducedby theCoulombinteraction. tanceof fluctuations for a descriptionof supercon-

ductivity inHFS.
Onleaveof absencefromtheInstitutefor TheoreticalPhysics, In knownHFS therearedifferent casesasregards
Technical University Vienna, Karlsplatz 13/136, A- 1040 the relativevalueof the two characteristictempera-
Vienna,Austria. turesT~and TCOh [14]. For example,in CeCu2Si2,
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T~—0.5K<T~2-~1—2K,whereasinUBe13,T~=O.86T —T 2 / 2

K~T~2.The proximity of T~,and T~2in the HFS c2 — c2,O — ( 12 a2)<p,>
UBe,3aswell asthe largeGi value,enforcesthefol- — .,-~ ,~ ~ ‘t 2v

—1~2O—~AI2/a2, Tc2/~Tc—T~2) . 4b
lowingapproach:coherenceandsuperconductivityin
UBe,3substantiallyaffecteachother.As hasbeenput In eq. (4) we have insert the values
forwardbyoneoftheauthors[15], bothphenomena (~> I T~2/(T~—T~2)I

2v and <9~>—~I T~/(T~
oughtto be describedon equalgrounds,usingthe — T~

2)2Y from the fluctuation theoryof phasetran-
fluctuationtheoryof phasetransitions:due tostrong sitions [11].
fluctuations,one cannotuse the standardLandau WhenT~,0andT~2in (4) aresmall with respectto
formalismofphasetransitionlinescrossing.Herewe the interactionterm, the solution gives two close
presentthe results obtainedfor UBe,3 within the transition temperaturesT~(x)and T~2(x)decreas-
frameworkof a model taking into account strong ingwith thethoriumconcentrationx.Thismeansthat
fluctuations. superconductingandcoherenttransitionsoccurclose

to eachotherwhen2,2<0 andthe proximity of T~
andT~2decreasesthefreeenergy.

2. To describethe interactionbetweensupercon- On the otherhand,when T~,0andT~2,0are much
ductivity andcoherencewehaveusedthefollowing higher thanthe interactionterm,thetwo closetem-
Landau—Ginzburgmodelhamiltonian: peraturesT~,(x) and T~2(x) split into T~T~,0and

T~2 T~2,0.When2,2 changesits signat x, bothtran-
H= J dx [a1( T—T~,o)co~+ b, ~ sitions “repel” eachother.Thisresultsin two quite

differenttransitiontemperaturesT~(x7)andT~2(x1).

+a2( T—T~2,0)~ + b2 q~+212~ ~ . (2) Eqs. (4) canbe solvedanalytically if we replace
2v—~4/3by 2v—~1:

(This ansatzfor thehamiltoniancannotbe derived
strictly. In particular,gradienttermswereomitted T~= [—2,2/a2— (a, Ia2)T~,0+ (T~,o+ T~2,0)/2
anda specific interactiontermwasassumed.)Here
~,,=A/A0and~2=r~,h/r~h,O standfor the supercon- +9”

2](1—a,/a
2)’ , (5)

ductingandcoherenceorderparameterrespectively,
T,~0andT~20are associatedwith the baresupercon- 9 = [(Tc,o— T~2,o)/2]

2 + (2
12/a2)T~,0

ducting and coherencetemperatureswithout the
interactionterm proportionalto the parameter2,2; — (212,’c~,) T~2,0+2~2/a,a2 (6)
a1, b,, a2, b2 are temperatureindependentcoeffi-
cients.In thismodelweassumedthat theinteraction ( ~12i~, \
parameter2,2 dependsontheTh concentrationx: Tc2= T~(x)~1+ x—T~,0—212/a1)~ (7)

12= 0+Cx. ( When9 is decreasedfrom 9>0 to 9<0, the T~(x)

Thischoiceyieldsthe enhancementof superconduc- and T~2(x) dependenceschangequalitatively, as
tivity dueto the —2~<0 factor (puresuperconduct- illustrated in fig. 1. For 9~i 0, T~(x)isthe sumof a
ing KL UBe13), andits suppressiondue to induced linearplus a 91/2 dependenceon x. If 9 is negative,
magneticmomentsonTh sites(seepositiveCx term thereare no solutions (seeshadedareasin figs. 1 c,
in eq. (3)) ld). Differentconcentrationdependencesof T~and

Minimizing eq.(2) with respectto ~ andq’~,one T~2in fig. 1 are obtained by changingonly one
obtainsthecritical temperaturesforsuperconductiv- parametera,,with212givenby (3). Qualitativelythis
ity andcoherence: correspondsto the T~(x)behaviourinU1 ..~Th~Be,3

2 underpressure[16], seefig. 2. Betterquantitative
T~= T~,0— (2,2/a1)<9~2> agreementbetweentheoretical (fig. 1) andexperi-

mental(fig. 2) curvescanbeobtainedif oneassumes
= T~,0— (2,2/a,)I T~/(T~— T~2)2v, (4a) that at least onemoreparameterdependson pres-
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Fig. 1. Dependenceof thecritical temperaturesof superconductivityT~andcoherentKondoscreeningT~
2on theTh concentrationx

in U,_~Th~Be,3for differentparametersin eqs. (2) and (3): Forall diagramsa2=1.1K’, T~0=0.3K, T,20=0.246K, ).~=0.0463
andC=2.4. a, is variedwithpressureaccordingto (a)a,=l K’, (b) a,=0.74K’, (c) a,=O.73K’, (d) a, =0.6 K-’. Reentrant
behaviourappearsin (c) and(d).

sureandconcentration.Themain featuresof T~(x) sumof contributionsto the heatcapacitybothfrom
and T~2(x)dependencesare persistentfor thevalue superconductingandcoherenttransitions,leadingto
of 2v = 4/3 ineq. (4). a higherspecificheatanomaly[2,8] thanpredicted

by the BCS theory. The power laws C(T)—.T
288

[191, spin—lattice relaxation rate lIT, —~T3 [20],
3.Weshalldiscusssomeconsequencesof theabove specific behaviourof the penetrationdepth 2L( T)

phenomenologicalmodel: [21] causedvarioussuggestionsasregardsthechar-
(i) In the caseof pureUBe,

3 it seemsreasonable acterofsuperconductinggapzero-points[19] or lines
tointerpretthesoundattenuationpeakat T—~0.82K [20,21]. One of the probablesolutionsof the dis-
[17] to be associatedwith strongfluctuationsand crepancyis thatthereare,in fact, linesofzeroes,but
related to the transition into a coherentstate at C(T) datashow T

3 dependencedueto the summa-
T= T~

2.Thecoincidenceof 7’,, (-~0.86 K) andT,,2 tion of two contributionsfrom coherentandsuper-
(.-.. 0.82K) mightbeusedto describetheheatcapac- conductingtransitions.
ity behaviourC( T) [2,18] inUBe,3in thefollowing (ii) Sincethe transitionat T~2for2~2<0 tendsto
way: Below 7”,,, CversusTshouldbeconsideredasa stayverycloseto T,, (seefig. 1 a), it is quite natural

358



Volume 120,number7 PHYSICSLETTERSA 9 March1987

to expect almostidentical T,,(H) and Tc2(H) shifts 1.1 I

in magnetic fields H, as has been observed in
U,_~Th~Be,3[22]. T

(iii) Theshapeof the C(T) peakin U,_~Th~Be13 O.E (hJ1_)( h~)~ei~

alloys stronglyresemblesthe form of a typical fluc- —

tuationratherthana meanfield phasetransition(see
ref. [23]). 0.E’ ~ • P=Okbar

(iv) ThehugederivativedH~2/dTIT=T,~~

200~50° . .-+—- +

kOe/K in ~ [12] is to beexpectedfor strong + —

fluctuating superconductivity, which is almost 0.4
insensitiveto smallmagneticfields.

(v) The enhancementof fluctuationsat T= 7’,, in 8
UBe,

3 might be also responsiblefor the negative 0.4
proximity effectreportedin ref. [25]. /1 ~

(vi) In UBe13, substitutionof Th for U yields 0 , / /1 ~

inducedmagneticmomentson Th sites in the co- 0 0.02 0.04 a06
herentregime at T~T~2and in turn increasesthe X
interactionparameter212 in eqs. (2) and(3) at the
sametime. Moreover, for low concentrationsx we Fig. 2. Pressuredependenceof the superconductingtransition

expectthespecificheatpeakat T= T,,2to beroughly temperatureT, on Th concentrationx, obtainedin ref. [16].
Thesecurvescomparewith themodel results,fig. 1. For pres-

proportionalto x, in agreementwith experimental suresof 10 and12kbarareentrantbehaviourappears.Thedashed
data[23]. HenceTh inU,_~Th~Be,3at T= ~ helps line indicatesthecritical temperaturefor thesecondphasetran-

to observe the secondtransition in specific heat sitionT~2atambientpressure,asobtainedin ref. [23].
measurements.Eventuallyfor x~0.02,2,2 changes
sign and T,,(x) and T,,2(x) dependencesare split, ble secondexotic superconductingphase[2]. The
making possiblethe distinctobservationof the sec- peakbelow 7”,, simply correspondsto the transition
ond phasetransitionat T,,2 for x=0.02—0.04 [23]. intoa coherentstate,whichat thesametimerenders
In U1 ..~Th~Be13,the soundattenuationpeakis seen inducedmagneticmomentsat Th sitesfor tempera-
exactlyat T= Tc2 [24]. turesbelowT,,2.

(vii) Wesuggestthat thebranchingofT,,2(x) from Evenin thecasewhenthe superconductingtransi-
T,,(x) isaprivilegeof Th impuritiesinUBe,2dueto tionis treatedin termsofthe standard(nonfluctuat-
a much stronger7” suppressionby other impurities ing) approach,thecouplingofthe low-lying strongly
[261. Forthesesystemsthecompletesuppressionof fluctuating transitionsgreatly enlargesthe critical
superconductivityseemstooccurbeforea branching regionfor the superconductingorderparameter,in
of T,,2(x) from T~(x)takesplace. which fluctuationsshouldbeobservable[27].

(viii) Theinteractionoftwo phasesin thevicinity In conclusion,we would like to emphasizethe
of the crossingpoint is characterizedby the same fluctuating characterof superconductivityin HFS,
critical behaviour, independent of microscopic associatedwith the extremelyhigh densityof elec-
mechanisms,whenfluctuationsare strong [111. In trons participatingin the superconductingtransi-
particular,the lengthscalesfor superconductivityand tion. In this context, the interaction of
collectiveKondoscreeningat temperaturescloseto superconductivitywith anothercollectivephenome-
T,~= T,,2shouldbeofthesameorder. non, coherentKondo screening,will beveryimpor-

The main features of T~(x) behaviour in tant, especiallyfor thoseHFS where T,,2 ~Scloseto
U, _~Th~Be,3(fig. 2), especiallythe appearenceof thesuperconductingtransitiontemperature.
reentrant superconductivityunder pressure,are
qualitativelyreproducedby ourmodel(comparefigs. The authorswould like to thank A.I. Buzdin for
1 and2).As for thenatureof thesecondC( 7”) peak helpful commentsandreadingofthemanuscriptand
at T,,2 we do notneedany suggestionsabouta possi- N.A. Samarin for numerical calculations. VVM
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