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UBe13: PROTOTYPE OF A NON-FERMI-LIQUIDSUPERCONDUCTOR�N. Oes
hler, F. Kromer, T. Tayamay, K. Tenyaz, P. GegenwartG. Sparn, F. Stegli
hMax Plan
k Institute for Chemi
al Physi
s of SolidsNöthnitzer Str. 40, 01187 Dresden, GermanyM. LangInstitute of Physi
s, University of Frankfurt/Main60054 Frankfurt/Main, Germanyand G.R. StewartDepartment of Physi
s, University of Florida, Gainesville, FL 32611, USA(Re
eived July 10, 2002)We review pronoun
ed non-Fermi-liquid (NFL) e�e
ts in the low-tem-perature normal state of the heavy-fermion super
ondu
tor UBe13 (T
 �0:9K). We argue that these NFL e�e
ts may presumably be related toshort-range antiferromagneti
 (AF) 
orrelations whi
h are manifested inthe super
ondu
ting (SC) state by a �line of thermodynami
 anomalies�,B�(T ), between T � 0:7K (B = 0) and B � 4T (T ! 0). These anomaliesare shown to mark the pre
ursor of the lower of the two phase transitions(at T
1 and T
2) in U1�xThxBe13, x
1 � 0:019 < x < x
2 � 0:0455. Forx
2 < x < x
 < 0:07, a single SC transition is stated whi
h due to thermalexpansion, �(T ), and spe
i�
 heat, C(T ), measurements, 
oin
ides withthis lower transition at T
2. We dis
uss two possible s
enarios both of whi
himply an intimate interrelation of super
ondu
tivity with the symmetry-broken state that forms below T
2. Finally, we address two other lines ofthermal expansion anomalies in the T�x phase diagram of U1�xThxBe13whi
h show an only weak dependen
e on magneti
 �eld: (i) A positive�(T ) peak, along with a C(T ) peak, is found in pure UBe13 at Tmax � 2K.� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.y Present address: Institute for Solid State Physi
s, University of Tokyo, Kashiwa,Japanz Present address: Hokkaido University, Sapporo 060-0810, Japan(255)



256 N. Oes
hler et al.Upon Th doping, Tmax(x) is depressed linearly and vanishes 
lose to theupper 
riti
al Th 
on
entration x
2 at whi
h the two phase transitionsmerge to one. (ii) A negative anomaly in �(T ) develops for x > x
2 atTmin. Tmin(x) in
reases by more than a fa
tor of two when raising the Th
ontent to x = 0:1. Similar to previous results by Aliev et al. [F.G. Alievet al., J. Phys.: Condens. Matter 8, 9807 (1995)℄, an almost temperature-independent non-linear sus
eptibility, �(3)(T ), is found for U0:9Th0:1Be13,at striking varian
e to �(3)(T ) for pure UBe13. The impli
ations of thisobservation for the assignment of the valen
e state of Uranium at x = 0and x = 0:1 are also addressed.PACS numbers: 74.25.Bt, 74.70.Tx1. Introdu
tionStrongly 
orrelated ele
tron systems in a metalli
 environment remainone of the outstanding problems in 
ondensed-matter physi
s. Certainlanthanide- and a
tinide-based intermetalli
s, the so-
alled heavy-fermionmetals, are parti
ularly well suited to study strongly 
orrelated ele
tron sys-tems. While at high temperatures these materials 
ontain a dense latti
eof lo
al 4f=5f moments only weakly 
oupled to the Fermi sea of itinerant(s; p; d) 
ondu
tion ele
trons, well below some 
hara
teristi
 temperatureT � (� 10�100K), the lo
al moments be
ome progressively redu
ed, and si-multaneously new quasiparti
les are formed. These �heavy fermions� (HF)resemble the 
ondu
tion ele
trons of a simple metal but a
quire a huge ef-fe
tive mass m�, up to a thousand times greater than the free-ele
tron massas estimated from the large ele
troni
 spe
i�
 heat at low T . HF might be
alled �
omposite fermions� 
onsisting of a dominating lo
al f (the �heavy�)
omponent with some admixture of delo
alized 
ondu
tion-ele
tron (�light�)
ontributions.Residual intera
tions between HF frequently appear to result in broken-symmetry states at low T . For example, a heavy Landau�Fermi-liquid (LFL)state is found to 
oexist with small-moment antiferromagneti
 (AF) orderbelow TN (� 10K) [1℄. At even lower temperatures (T � 1K), the LFL statein these systems be
omes unstable against a super
ondu
ting (SC) transitionand HF super
ondu
tivity 
oexists with AF order below T
 (� 1K) [1℄.An in
reasing number of HF metals, however, do not a
hieve a LFLstate but rather exhibit strong non-Fermi-liquid (NFL) properties at lowtemperatures [2℄. In most 
ases NFL behaviour 
an be related to the vi
in-ity of an AF quantum-
riti
al point (QCP). Examples are CeCu2Si2 andCeCoIn5, the �rst [3℄ and one of the most re
ently [4℄ dis
overed HF super-
ondu
tors. For su
h systems, the possibility of a spin-�u
tuation-mediatedpairing me
hanism is 
urrently the subje
t of 
ontroversial dis
ussion.
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ondu
tor 257The 
ubi
 
ompound UBe13 is a parti
ularly fas
inating example of a�NFL super
ondu
tor� [5℄. Its HF-SC state forms below T
 � 0:9K out of anormal state that is dominated by strong in
oherent s
attering 
hara
terisedby an extremely large and strongly T -dependent ele
tri
al resistivity and arather low magneti
 sus
eptibility [5℄. This has led to the proposal [6℄ that (i)the valen
e state of Uranium is 4+ (5f2) with a low-lying non-magneti
 � 3
rystal �eld (CF)-derived doublet state, and (ii) a two-
hannel quadrupolarKondo e�e
t is responsible for UBe13 behaving as an �in
oherent metal�. Onthe other hand, CF e�e
ts studied via spe
i�
 heat [7℄ and Raman-s
attering[8℄ experiments as well as measurements of the non-linear sus
eptibility [9℄seem to support a trivalent (5f3) 
on�guration. Spe
ial interest in UBe13arose be
ause of the 
omplex T�x phase diagram of U1�xThxBe13, with theo

urren
e of a double-phase transition for low Th 
on
entration [10℄. Thiswill be explored in Se
t. 3. following a brief dis
ussion of the exoti
 normal(N)-state and SC properties of un-doped UBe13 (Se
t. 2). The paper is
on
luded in Se
t. 4.2. Low-T properties of UBe13Two variants of UBe13 with markedly di�erent SC and N-state propertieshave been re
ently identi�ed [11℄: While �H-type� UBe13 exhibits T
 valuesbetween 0.85K and 0.9K, �L-type� UBe13 is 
hara
terised by T
 � 0:75K.Most poly
rystalline samples reported are of type H, while all L-type samplesare single 
rystals. In the following we dis
uss the low-T properties of high-quality UBe13 single 
rystals of the �H-type� variant.As shown in Fig. 1(a), the spe
i�
 heat of UBe13 shows an anomalousenhan
ement in the SC state that develops below about 0.7K. Assuming anaxial symmetry of the SC order parameter [12℄, we 
an �t the spe
i�
 heatdata for 0.7K � T � T
 (dotted line in Fig. 1(a) [13℄) and by extrapolatingthis to low T 
an obtain an estimate for the additional 
ontribution (inset ofFig. 1). The latter would be even larger at low temperatures if one would as-sume an isotropi
 SC order parameter for whi
h the low-T spe
i�
 heat variesexponentially instead of showing a 
ubi
 T dependen
e. Our measurementsof the linear thermal expansion 
oe�
ient �(T ) shown in Fig. 2 providemore dire
t eviden
e for an additional anomaly below T
. By proje
tingthe width of the SC transition from the C(T ) onto the �(T ) data (verti
aldotted lines in Fig. 2) we �nd that upon 
ooling, the SC transition manifestsitself in the steep de
rease in �(T ) at T
 ' 0:9K, thus leaving the broadenedminimum as an independent anomaly [14℄. This assignment is 
orroboratedby a thermodynami
 analysis of the SC transition. Employing the 
onstru
-tion as indi
ated in Fig. 2 to extra
t the �(T ) dis
ontinuity at T
, ��s
,we are able to 
al
ulate the initial hydrostati
-pressure dependen
e of T
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 Fig. 1. Spe
i�
 heat�C = C � Cnu
lear of a UBe13 single 
rystal as�C=T vs T on alinear s
ale (B = 0) (a) and on a logarithmi
 s
ale for the same sample at B = 0 and12T (b). Dotted line in (a) indi
ates the quasiparti
le 
ontribution Cax assumingan axial SC order parameter [13℄. Inset shows the extra 
ontribution observed inthe quasiparti
le spe
i�
 heat, ÆC = �C � Cax, as ÆC=T vs T . Solid and dottedlines in (b) represent �C=T � log (T0=T ) and �C=T = 
0 � �pT , respe
tively.
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Fig. 2. Low-T spe
i�
 heat and thermal expansion of a UBe13 single 
rystal. Widthof SC transition is indi
ated by the verti
al dotted lines. Verti
al arrows indi
atethe position of the �2K maximum� (see text). Inset shows � vs T at varying �elds.
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ondu
tor 259by means of the Ehrenfest relation, (�T
=�p)p!0 = Vmol T
 (3��s
=�Cs
),where Vmol = 81:3 
m3=mol is the molar volume. The so-derived pressure
oe�
ient of (�T
=�p)p!0 = �(13 � 4)mK/kbar is in ex
ellent agreementwith the results of pressure studies, �(13 � 4)mK/kbar [15℄. An investi-gation of the �eld dependen
e of �(T ) reveals that the minimum in �(T )is almost 
ompletely suppressed by a �eld of 4T whi
h has, however, littlee�e
t on the SC transition (inset of Fig. 2).As in the �(T ) data, 
f. inset of Fig. 2, the anomaly in spe
i�
 heat mea-surements performed as a fun
tion of temperature at B = 2T 
an be seenmore 
learly [13℄. In Fig. 3, we display C(B;T = 
onst:)=T data taken atvarious temperatures and indi
ate that, like the SC�N transition at B
2, theobserved features may be repla
ed by idealised jumps. From these isother-mal �eld s
ans of the spe
i�
 heat as well as from the �(T ) measurementsat 
onstant �elds shown in the inset of Fig. 2, a line of anomalies B�(T ) hasbeen established in the B�T phase diagram of UBe13 (Fig. 3(b)).

0 5 10
B(T)

0

1

2

208mK

709mK

421mK

630mK

a b

C/T
(J/moleK2)

0.5 1
T(K)

0

5

10

UBe13

Bc2

B*

0

B

(Tesla)

Fig. 3. (a) Low-temperature spe
i�
 heat as C=T vs B at varying temperaturesof single-
rystalline UBe13. (b) Corresponding B�T phase diagram in
luding theupper 
riti
al �eld, B
2(T ), as determined by spe
i�
 heat (open squares) andthermal expansion (open triangles) as well as positions of anomalies observed as afun
tion of either temperature in �(T;B = 
onst:) (solid triangles) or magneti
�eld in C(T = 
onst:; B)=T (solid squares), giving rise to a line of anomalies,B�(T ).



260 N. Oes
hler et al.In the following we 
on
entrate on the N-state properties of UBe13. Inaddition to the 
hara
teristi
 s
ale T � whose estimates range from 8K [7℄ to30K [16℄, a

ounting for the extremely large e�e
tive 
arrier masses, thereexists at least one more low-energy s
ale in UBe13. The latter manifestsitself in a distin
t maximum in the thermal expansion 
oe�
ient and a lesspronoun
ed shoulder in the spe
i�
 heat around 2K, see Fig. 2. Our mea-surements of the thermal expansion 
oe�
ient �, dis
ussed below, show thatthese �2K �u
tuations� are reminis
ent of lo
al spin �u
tuations in disor-dered Kondo systems. The �2K �u
tuations� manifest themselves also in apronoun
ed maximum in the resistivity around 2K [16℄.From the maximum value of �(T ), an inelasti
 mean free path as shortas a few latti
e spa
ings 
an be inferred. As demonstrated in Fig. 4(a), al-ready moderate �elds are apt to suppress this �u
tuation 
ontribution verye�
iently. In a wide �eld range, 4T � B � 10T, we are able to s
ale the
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Fig. 4. (a) � vs T for a UBe13 single 
rystal at B = 0 and di�ering �elds; (b) thesame data as in (a), normalised to the respe
tive �(T ) value at T = 1K. Dashedline is an extrapolation to T = 0 of the data for T � 0:8K.various �(T ) 
urves within T
(B) � T � 1:2K to a universal 
urve, by nor-malising �(T ) by its respe
tive value at 1K (Fig. 4(b)). Above T ' 0:8K, alinear �(T ) dependen
e is found that 
an be extrapolated to � = 0 for T ! 0.At lower temperatures the data follow a �(T ) = �0 + b T 3=2 dependen
e [17℄.Apparently, this T dependen
e is in full a

ord with the theoreti
al predi
-tion for a three-dimensional system of itinerant AF spin �u
tuations in thevi
inity of a QCP [18℄. As shown in Fig. 1(b), the spe
i�
 heat 
oe�
ientfollows C=T � � log T for T > 0:3K and gradually deviates to smaller val-ues at lower T before a upturn sets in at lowest T . In the limited T range
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ondu
tor 2610:15K � T � 0:4K, the spe
i�
 heat 
oe�
ient 
an be satisfa
torily de-s
ribed by the dependen
e �C=T = 
0 � �pT that would 
orrespond tothe T 3=2 behaviour observed in ��(T ) = �(T ) � �0 [18℄. A more detailedanalysis of the �C(T )=T results is prevented by the up-turn below 0.2Kwhose origin is not yet resolved, as the nu
lear 
ontribution due to theZeeman splitting of the 9Be spin states has already been subtra
ted fromthe raw data. For �elds larger than 14T, the low-T resistivity turns toa �� � T 2 behaviour below 0.3 K, indi
ative of a magneti
 �eld-indu
edLandau�Fermi-liquid state with a giganti
 
oe�
ient A. The latter is de-
reasing with in
reasing B from 52�

m at 14T to 45�

m at 15.5T [17℄.To summarize, the NFL properties found for UBe13 are 
onsistent withthe nearness of an AF QCP at magneti
 �elds of about 4T. Remarkably,this �eld 
oin
ides with the line of anomalies, B�(T ), for T ! 0 whi
h hasbeen established in the B�T phase diagram of Fig. 3(b). Thus, one wouldspe
ulate that the pronoun
ed NFL e�e
ts observed in the N-state propertiesare related to the QCP (TL ! 0 at about 4T). A more detailed analysis ofthe low-T N-state properties of UBe13 is, however, hampered by the largevalue of the upper 
riti
al �eld ne
essary to suppress super
ondu
tivity.3. T�x phase diagram of U1�xThxBe13By substituting a small amount of Th for U in UBe13 one observes un-usual phenomena, su
h as a non-monotoni
 evolution of T
 and the o

ur-ren
e of a se
ond phase transition in a 
riti
al 
on
entration range x
1 =0:019 < x < x
2 = 0:0455. The most re
ent version of the phase diagramof U1�xThxBe13 [19℄ is shown in Fig. 5. Super
ondu
tivity o

urs in pureUBe13 at T
 ' 0:9K, followed by the se
ond anomaly at TL < T
 as dis-
ussed in the previous se
tion. For x < x
1 doping with Th leads to a linearde
rease of T
 upon in
reasing x. Between x
1 and x
2 two phase transitionsshow up. The �rst one at T
1 marks the appearan
e of super
ondu
tivity,while the nature of the se
ond is not yet resolved. The existen
e of verysmall magneti
 moments of �s = 10�3 �B=U below T
2 has been dedu
ed bylooking at muon-spin-relaxation (�SR) studies [21℄. Ultrasound-attenuationmeasurements reveal indi
ations for an AF, i.e. a spin-density-wave, transi-tion whi
h 
oexists with super
ondu
tivity [22℄. On the other hand, a SCnature of the transition below T
2 has been 
laimed on the basis of lower-
riti
al-�eld results [23℄.Theoreti
al models have been proposed based on the assumption of SCstates with di�erent anisotropies for the di�erent regions of the phase di-agram [24℄. The onset of small magneti
 moments below T
2 is explainedeither by assuming an AF transition 
oexisting with super
ondu
tivity [24℄or by broken time-reversal symmetry [25℄. In these models it is assumed that
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c1Fig. 5. T�x phase diagram of U1�xThxBe13. Filled symbols as
ribe phase transi-tions, open symbols indi
ate anomalies. The solid verti
al line at x = x
1 re�e
ts aphase boundary established via spe
i�
 heat experiments under pressure by Zieveet al. [20℄.T
2(x) is the 
ontinuation of T
(x), x < x
1, and that this line is 
rossing, atx = x
1, another phase boundary whi
h is identi
al with T
1(x) for x > x
1.In fa
t, a x-independent low-T phase boundary has been established throughspe
i�
 heat experiments under pressure between 0.3K and 0.38K and hasbeen assigned to the se
ond of these two 
rossing phase boundaries [20℄.By further doping with Th, T
1 and T
2 merge at the se
ond 
riti
al
on
entration x
2, su
h that for x > x
2 only one transition is observed.The position of the �2K maximum� anomaly, Tmax, observed in the N-stateof UBe13 de
reases linearly with in
reasing x and 
rosses the T
1(x) 
urveat x ' 0:03. Suppressing super
ondu
tivity by over
riti
al �elds allows oneto determine the linear dependen
e of Tmax(x) to higher Th 
on
entrations.The N-state in the region with x > x
2 is dominated by a low-T minimumstru
ture in the thermal expansion 
oe�
ient. In the following, we present adetailed dis
ussion of the evolution of the distin
t anomalies with in
reasingTh 
ontent x.3.1. The anomalies in the super
ondu
ting state at TL (x < x
1)As des
ribed above, the anomaly at TL is established by 
omparing ther-mal expansion with spe
i�
 heat data. In Fig. 6 we plot the �(T ) and C(T )data sets for a UBe13 single 
rystal and for several doped U1�xThxBe13
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rystals with 0:017 � x � 0:03 using a 
ommon temperature s
ale.The same pro
edure to extra
t the �TL anomaly� as des
ribed in the previ-ous se
tion is applied to the results of the doped sample U0:983Th0:017Be13.Upon in
reasing x towards x
1, this low-T feature be
omes progressivelymore pronoun
ed and shifts to lower temperatures.
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Fig. 6. Low-temperature spe
i�
 heat (open symbols, right s
ale) and thermal ex-pansion (
losed symbols, left s
ale) on single-
rystalline UBe13 and poly
rystallineU1�xThxBe13 with x = 0:017; 0:022 and 0:03. The spe
i�
 heat data for x = 0:017and 0.022 are taken from Refs. [26℄ and [27℄, respe
tively, the thermal expansionand spe
i�
 heat data of x = 0:03 from Ref. [14℄.We have also measured the temperature dependen
e of the DC magne-tization M(T ) for U0:99Th0:01Be13 at a magneti
 �eld of B = �0H = 0:5T[19℄. In Fig. 7(a) we plot M=H vs T . Open and 
losed symbols denotezero-�eld (ZFC) and �eld-
ooled (FC) data. The SC transition o

urs atT
 = 0:63K, below whi
h temperature a 
lear hysteresis begins. Whereasonly a small additional feature is observed in the FC data, the ZFC data showa 
lear anomaly in the s
 state, i.e. at 0.53K. Its position, T (B�), almost
oin
ides with TL observed in �(T ). In Fig. 7(b) we show the B�T phase dia-gram of U0:99Th0:01Be13 determined by these magnetization measurements.The latter 
on�rm the existen
e of a low-T anomaly at T (B�) = TL inU0:99Th0:01Be13.At x = x
1 TL be
omes 
lose to T
. Beyond this 
on
entration, theSC transition at T
1(x) starts to separate again from a low-T anomaly atT
2(x) whi
h signals a true se
ond-order phase transition. The transition
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ooled (ZFC) magnetization ofU0:99Th0:01Be13 in an external �eld of 0.5T as M=H vs T . (b) B�T diagram dueto ZFC measurements in
luding the SC phase transition at B
2 and the anomaliesat B�. Open symbols refer to temperature s
ans, 
losed symbols represent �elds
ans. Data points for B = 0 are obtained by a thermal expansion measurement.temperatures as derived from the usual equal-areas 
onstru
tion in �=T vs Tare in good agreement with literature results [10, 27℄. Comparison of theoutward appearan
e of the �TL anomaly� with the transition at T
2 stronglysuggests that the phase-transition anomaly at T
2 for x > x
1 evolves outof the minimum stru
ture at TL in the sub
riti
al 
on
entration range. Theshape as well as the sign of the anomaly at TL in the thermal expansion are
onsistent with short-range AF 
orrelations [14℄. In this same reasoning theverti
al phase boundary found near x = x
1 [20℄ might be as
ribed to theformation of long-range AF order at x > x
1 and below T = T
2 [14℄.Further arguments for the �TL anomaly� being the pre
ursor of the se
-ond phase transition at T
2 are provided by 
omparing the pressure depen-den
es of T
, T
1, and T
2 and 
omparing the jump heights of the �(T )anomalies at TL and T
 with those at T
2 and T
1, respe
tively. These valuesare shown as a fun
tion of x in Fig. 8. Fig. 8(a) displays the 
on
entrationdependen
e of �T
=�p and �T
1=�p, dedu
ed either from AC sus
eptibilitymeasurements under hydrostati
 pressure [15℄, open 
ir
les, or from the jumpheights at T
 (T
1) in �(T ) [28,29℄ and C(T ) [27℄ via the Ehrenfest relation,
losed symbols. All pressure derivatives are negative. The absolute valueof �T
=�p in
reases only weakly at small Th 
on
entration. Close to the�rst 
riti
al 
on
entration x
1, however, this in
rease be
omes quite large.Similar values are found for �T
1=�p (x � 0:03) as for �T
=�p (x = 0). Theabsolute value of the pressure dependen
e of T
2 is strongly enhan
ed priorto x = x
2 (
losed triangles in Fig. 8).
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xFig. 8. (a) Pressure dependen
e of the 
riti
al temperature T
rit (T
, T
1, andT
2) �T
rit=�p vs x. Closed symbols 
orrespond to pressure 
oe�
ients derivedfrom the Ehrenfest relation. The value for x = 0:0331 is 
al
ulated by using�� and �C values from Ref. [29℄. Open 
ir
les mark the pressure 
oe�
ientsof T
 and T
1 from sus
eptibility measurements under hydrostati
 pressure [15℄.(b) Magnitude of the absolute thermal expansion anomalies at T
 (x < x
1), ��s
,and T
1 (x
1< x<x
2), ��
1, as well as at TL (x<x
1), ��L, T
2 (x
1<x<x
2),��
2, and T
 (x>x
2), ��
, as a fun
tion of Th 
on
entration.The theoreti
al models mentioned before as well as a more re
ent one[30℄ predi
t di�erent SC states below T
 (x < x
1) and T
1 [24, 25℄. Thispredi
tion was based on seemingly di�erent pressure derivatives of T
 (x <x
1) and T
1 [15℄. However, �T
=�p and �T
1=�p behave uniformly with amaximum absolute value 
lose to x
1, indi
ating some 
riti
al (pair-breaking)�u
tuations, while �T
2=�p behaves quite di�erently.This is supported by the data shown in Fig. 8(b). Here, the evolu-tion of the jump heights j��j at T
 and T
1 as a fun
tion of x are plottedfor x � 0:043 (
losed and open 
ir
les, respe
tively). As always, ��s
 =j��(T
)j and ��
1 = j��(T
1)j as well as ��
2 = j��(T
2)j are derivedfrom equal-areas 
onstru
tions in �=T vs T plots. The jump height of theanomaly j��Lj at TL is obtained in a similar way, i.e. by repla
ing its high-temperature �ank by an idealized jump. The size and the sharpness of theminimum stru
ture at TL grow upon in
reasing x and pass 
ontinuously overinto the sharper anomaly at T
2. ��s
 and ��
1 form a uniform 
urve with amaximum near x = x
1 as already found in the spe
i�
 heat [27℄. ��L(x) is
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hler et al.also in
reasing as x approa
hes x
1, but this in
rease be
omes even strongerat higher 
on
entration. ��
2(x) turns to ��
(x) = j��(T
)j for x > x
2.The 
orresponding 
urve shows a global de
line for x > 0:038 with a lo
alminimum prior at x = x
2, i.e. where ��
1 ! 0.3.2. The anomalies at TmaxAnother anomaly has been observed in resistivity, spe
i�
 heat, and ther-mal expansion experiments performed on pure UBe13 [16,31,32℄. In spe
i�
heat and thermal expansion measurements, the low-T N-state is dominatedby a broad nearly �eld-independent maximum stru
ture around 2K. In ther-mal expansion measurements on U1�xThxBe13 with in
reasing x (� 0:03),this anomaly is found to shift to lower temperatures (
f. Fig. 9), and Tmax(x)is depressed in a linear fun
tion [32℄ (
f. Fig 5). Tmax(x) and T
1(x) were
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 Fig. 9. (a) Low-temperature thermal expansion of single-
rystalline UBe13 andpoly
rystalline U1�xThxBe13. A verti
al shift of ea
h data set has been employedfor 
larity. (b) By applying an over
riti
al �eld the maximum stru
ture 
an bere
overed for both x = 0:038 (
losed symbols) and 0.043 (open symbols). Arrowsmark the positions of the �(T;B) maxima.found to interse
t at x = 0:03, i.e. at the maximum of the T
1 vs x �dome�.For x � 0:038, a negative 
ontribution to the N-state thermal expansion,�n(T ), is found at low T . This feature 
an be easily suppressed by appli-
ation of moderate magneti
 �elds for x = 0:038 and 0.043. At the sametime a positive peak below T = 1K is re
overed whose position is slightly
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tor 267shifted to higher T , if the �eld is in
reased (Fig. 9(b)). If we extrapolatethis �eld-dependen
e to B = 0, we �nd the peak position to agree withinexperimental un
ertainty with the 
ontinuation of the Tmax(x) straight lineestablished for x � 0:03 [19℄, 
f. Fig 5.Compared to the related maximum at T ' 2K in the T dependen
e ofthe ele
tri
al resistivity [16,33℄, the 2K anomalies in C(T ) and �(T ) of pureUBe13 show (i) a very weak magneti
 �eld dependen
e, (ii) are less stronglyshifted to lower T upon doping with Th, but (iii) exhibit a similar responseto hydrostati
 pressure, i.e. a shift to higher T . The mi
ros
opi
 origin of theanomalies at Tmax is not resolved yet. Knets
h et al. [16℄, based upon theirresistivity results, proposed itinerant magneti
 �u
tuations while Kromer etal. [28℄, due to the positive sign of the �(T ) peak (Fig. 9), suggested morelo
alized (Kondo-like) magneti
 �u
tuations. Alternatively, the anomalymight be as
ribed to a non-magneti
, e.g. quadrupolar, origin due to itsweak response to the appli
ation of a magneti
 �eld.3.3. The nature of the phase below T
2In Fig. 10 the thermal expansion and spe
i�
 heat results are presentedfor 0:038 � x � 0:052 displaying the evolution of the two phase transi-tions through the se
ond 
riti
al point x
2 � 0:0455. In addition, results ofAC-sus
eptibility measurements indi
ating the onset of super
ondu
tivityare also shown in Fig. 10. The jump at T
2 rea
hes a maximum value forx = 0:038 and de
reases upon further in
reasing x. The dis
ontinuity at theSC transition at T
1 in both thermodynami
 quantities be
omes strongly re-du
ed when x ex
eeds 0.03, see also Fig. 8(b). For x = 0:038 �C
1 and ��
1are already strongly redu
ed [34℄. For x � 0:043 they 
annot be resolvedanymore, though the �AC(T ) data reveal the onset of super
ondu
tivity atT�
 > T
2. At x > 0:0455, T�
 is 
oin
iding with T
2 as is illustrated inFig. 10 for x = 0:052 and is labeled T
 in the following. Super
ondu
tivityis 
ompletely suppressed in U0:93Th0:07Be13 [28℄.The shape of the single phase-transition anomaly at T
 for x > x
2 inboth �(T ) and C(T ) looks very similar to the anomaly at T
2(x
1 < x < x
2). S
aling the transition temperature and the jump heightof the anomalies below and above x
2 to the position and absolute valueof the negative peak, Tp and �pj, respe
tively, one �nds that they all fallroughly on top of ea
h other, see Fig. 11. This demonstrates 
learly that the�T
2 anomaly� still exists beyond the se
ond 
riti
al point [28℄. Moreover,AC-sus
eptibility measurements show that the phase transition at T�
 is aSC one. For x > 0:03, the anomaly at T
1 is indi
ated only by a tiny anomalywhi
h disappears as x! x
2. A SC transition at whi
h no anomaly in either
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tor 269the spe
i�
 heat or the thermal expansion is observed points to gapless su-per
ondu
tivity due to strong pair breaking. It is straightforward to assumethat the pair-breaking e�e
t is 
aused by the �u
tuations above Tmax.As des
ribed above, these �u
tuations leading to the maximum stru
tureat Tmax may be 
onsidered lo
al Kondo �u
tuations. They seem to freezeout gradually below Tmax. Thus, no signi�
ant in�uen
e on the SC state isexpe
ted for x � 0:03. For x = 0:03 where T
1 attains a lo
al maximumthe Tmax(x) line interse
ts the T
1(x) line. The redu
tion of both T
1 aswell as of the a

ompanying phase-transition anomalies in C(T ) and �(T )upon further in
reasing x, strongly suggest the onset of a very e�e
tive pair-breaking me
hanism.3.4. Normal state of U1�xThxBe13 (x > x
2)While the thermodynami
 properties of the low-T N-state ofU1�xThxBe13 with x � 0:03 are governed by a broad maximum stru
ture,for x > x
2, a negative thermal expansion peak shows up at low T (
f.Fig. 12(a)). The temperature at whi
h the minimum o

urs, Tmin, in
reaseswith in
reasing x. These values are in
luded in the phase diagram of Fig. 5.By 
ontrast, the absolute size of this minimum, �min, de
reases with in
reas-ing x, and relative weight is shifted to higher temperatures. In Fig. 12(b)the �eld dependen
e of �n(T ) is shown for x = 0:07. While Tmin is almost�eld independent, the absolute value of �n(T ) is suppressed steadily. Evenat B = 8T, the highest �eld a

essible, the expansion remains negative. As
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oe�
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270 N. Oes
hler et al.reported in [19℄, in a plot �n(T )=j�minj vs T=Tmin all 
urves fall on top ofea
h other. j�minj is suppressed in a non-linear manner by magneti
 �elds.Low �elds hardly a�e
t �n(T ), whereas intermediate �elds are e�
ient instrongly redu
ing j�minj. For x = 0:0455 and 0.052 �min(B) saturates athigh �elds. In [19, 28℄, this negative �n(T ) anomaly has been related tointer-site 
orrelations involving extremely small magneti
 moments. In thiss
enario, the SC transition at T
 
oin
ides with the �T
2 transition�, i.e. along-range AF one. The short-range AF 
orrelations be
ome, upon in
reas-ing the Th 
on
entration, progressively frozen out at Tmin, i.e. well abovethe long-range ordering transition.Assuming that for x ' 0:1, the 5f2 (U4+) 
on�guration with a low-lying non-magneti
 �3 CF-driven doublet state and the 5f3 (U3+) 
on�g-uration with a magneti
 �6 doublet ground state are almost degenerate, anegative �n(T ) anomaly may be explained alternatively, in the 
ontext ofa two-
hannel Kondo model, by virtual f2-f3 �u
tuations [35℄. The �eld-indu
ed suppression of the negative N-state 
ontribution �n(T ) observed inU1�xThxBe13 with x � 0:038 may in this s
enario be related to the Zeemansplitting of the magneti
 5f3 level whi
h lifts the 5f2/5f3 degenera
y. Thismay result in a suppression of the valen
e �u
tuations due to the stabiliza-tion of the 5f3 ground-state 
on�guration at the 
ost of the 5f2 valen
estate [19℄.
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e of �(3) forUBe13 and U0:9Th0:1Be13. Open symbols and broken line refer to Ref. [36℄.
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ondu
tor 271This latter s
enario may also explain [19℄ the almost temperature-indepen-dent small (negative) non-linear sus
eptibility �(3) found for U0:9Th0:1Be13whi
h strikingly 
ontrasts with the apparent negative divergen
e of �(3)(T )in pure UBe13, 
f. Fig. 13. In fa
t, S
hiller et al. [35℄ showed that, at leastat higher T , a T -independent �(3) may originate in an intermediate-valen
eground state of Uranium with 70% weight of the 5f2 
on�guration. On theother hand, a pure U-5f2 
on�guration as proposed in [36℄ is unlikely sin
e,owing to the �(3)(T ) results of Fig. 13(b), the expe
ted quadrupolar orderingo

urs � if at all � at extremely low temperatures, T < 50mK [19℄.4. EpilogueWe have dis
ussed the low-T behaviour of the heavy-fermion metal UBe13and of its thoriated variant U1�xThxBe13 (x � 0:1). In the pure 
om-pound, an un
onventional (not yet fully identi�ed) SC ground state 
om-petes with an also un
onventional N-metalli
 state. The latter 
an be stud-ied only in applied magneti
 �elds at lower temperatures, where it showsstriking similarities to the N-state of other NFL super
ondu
tors, e.g. S-type CeCu2Si2 [37℄ and CeNi2Ge2 [38℄. This hints at the vi
inity of anAF QCP [39℄. We propose that the low-lying 3D AF spin �u
tuations re-sponsible for the NFL properties of N-state UBe13 are those asso
iated withthe �eld-indu
ed suppression of the �TL anomaly�, i.e. TL ! 0 at B � 4T(
f. Fig. 3(b)).The �TL anomaly� in �(T ) (x < x
1) seems to indi
ate the freezing outof AF short-range 
orrelations � due to its magneti
-�eld dependen
e andits negative sign. As is evident from Figs. 6 and 8b, this unique feature hasto be 
onsidered the pre
ursor of the lower of the two se
ond-order phasetransitions that o

ur at T
1 and T
2 for x
1 < x < x
2. It is, therefore,tempting to assume that long-range AF order (with extremely low orderedmoment [21℄) forms below T = T
2, in agreement with 
on
lusions drawnfrom early ultrasound-attenuation measurements [22℄. Further, as suggestedin Fig. 6, the SC states below and above x = x
1 are not ne
essarily di�erent,and the strong T
 depression observed at this 
on
entration may be due tosome 
riti
al �u
tuations near the long-range ordered (AF) phase transitionwhi
h o

urs at x
1 [20℄.It was shown that, in addition to TL, T
2 and T
, T
1, there exists a 
har-a
teristi
 temperature, Tmax, at whi
h a pronoun
ed positive �(T )maximumo

urs. Tmax ' 2K (in pure UBe13) is depressed in a linear fun
tion upondoping with Th (Fig. 5). Though its origin is presently un
lear, this uniquefeature has two important 
onsequen
es: (i) As Tmax ! 0 near x = x
2,the SC transition at T
1, and the transition at T
2 merge. For x > x2, onlyone (SC) transition 
an be resolved, whose outward appearan
e (a

ording
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hler et al.to our thermal expansion experiments) is very similar to that of the �T
2transition� in the 
riti
al 
on
entration range, 
f. Fig 11. (ii) Tmax(x) inter-se
ts the T
1(x) �dome� at its lo
al maximum (x ' 0:03). When in
reasingthe Th 
on
entration further (Tmax < T
1), the thermodynami
 (�;C) sig-natures of the SC transition at T
1 be
ome less pronoun
ed and disappear
ompletely as x ! x
2 (Fig. 10). This implies either a vanishing of the T
1transition as a whole or a vanishing of the SC gap in the presen
e of a �-nite SC order parameter (�gapless super
ondu
tivity�). In the �rst 
ase (T
1transition vanishes), the �T
2 anomaly� would presumably have a SC 
om-ponent not only for x > x
2, but already in the 
riti
al 
on
entration rangex
1 < x < x
2. In the se
ond 
ase (transition into a gapless SC state at T
1persists), the �T
2 transition� is pinned to the SC one at T = T
 for x > x
2.T
 is gradually depressed and vanishes near x
 ' 0:07. However, a broadnegative �n(T ) that develops at Tmin > T
 and appears to be intimatelyrelated to the �T
2 transition� is stabilized upon in
reasing x. Tmin in
reasesby more than a fa
tor of two when going to x = 0:1. Though Tmin(x) seemsto be the 
ontinuation of the TL(x) and T
2(x) line in the phase diagram ofFig. 5 and despite its negative sign, this �n(T ) anomaly shows a magneti
�eld dependen
e that di�ers from that of TL(x); T
2(x): while the latter aredepressed by the �eld, Tmin is almost �eld-independent.Finally, in an intermediate-valen
e s
enario, the U-5f3 
on�guration ispresumably the dominating one for x = 0, while the U-5f2 
on�gurationseems to dominate for x = 0:1. Su
h an assignment is suggested by the verydi�erent temperature dependen
es of the non-linear sus
eptibilities of UBe13and U0:9Th0:1Be13 (Fig. 13). This appears somewhat 
ounter-intuitive inview of the volume expansion 
aused by the doping with Th, whi
h wouldfavor the 5f3 state. We suspe
t, therefore, that this valen
e 
hange is gov-erned by the 
hange in the 
hemi
al potential when substituting Th4+ forU3+ ions.In 
on
lusion, it is fair to state that the low-T properties of the NFL su-per
ondu
tor UBe13 as well as the ri
h T�x phase diagram of U1�xThxBe13pose a number of new 
hallenges for and will, therefore, remain on the agendaof future resear
h.One of us (FS) gratefully a
knowledges a fruitful 
onversation withFrithjof B. Anders. Work at Dresden was 
arried out within the ESF proje
t�FERLIN� while work at Florida was supported by the US Department ofEnergy, 
ontra
t No. De-FG05-86ER45268.
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