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Implications for the interpretation of the T-x phase diagram

F. Kromer, M. Lang, N. Oeschler, P. Hinze, C. Langhammer, and F. Steglich
Max Planck Institute of Chemical Physics of Solids, D-01187 Dresden, Germany

J. S. Kim and G. R. Stewart
Department of Physics, University of Florida, Gainesville, Florida 32661
(Received 30 May 2000

We report on high-resolution measurements of the coefficient of thermal expansiotne heavy-fermion
superconductor Y ,Th,Be;; for temperatures 0.05KT<6 K and magnetic field8<8 T. Particular atten-
tion is paid to the properties of the low-temperature normal state and their evolution as a function of thorium
concentration. By exploring a wide concentration rangesx6<0.052, that encompasses the regian
=0.019<x<x.,=0.045 where temperature-dependent specific-heat measurements reveal two subsequent
phase transitions at;;>T.,, our study discloses features in the plane that have been overseen by all other
techniques applied to this system so féy: The substitution of uranium by thorium in UBginduces an
anomaly that manifests itself in a negatiw€T) contribution to the low-temperature normal-state expansivity.
Its distinct field dependence signals a magnetic origin. Analyzing the relative lengths changes associated with
this anomaly and that of the phase transitio gt suggests a commdipresumably magnetimature of both
features(ii) The linear concentration dependence of the second low-energyBgalewhich gives rise to a
pronounced maximum i (T) of UBe;; at 2 K (at B=0) could be followed up—by applying a magnetic
field—to concentrationg>0.03. Most remarkablyT ,.(X) vanishes ak~0.043, i.e., almost exactly at.,.
(iii ) Upon increasing to above 0.03 the normal- to superconducting-state transitidg, girogressively loses
its signatures inv. Our measurements, together with recent specific-heat results by ScleealdiSchreiner
et al, Europhys. Lett48, 568(1999] indicate that superconductivity becomes gaplessfeix.,. Hence, the
phase transition seen in specific heat as well as thermal-expansion measurements for samples witlas
to be attributed to thél., transition. Concomitant investigations of the ac susceptibility indicate that the
normal- to superconducting-state transition Xof x., how coincides withT,. As for the implications of our
observations for the interpretation of the various low-temperature anomalies, we discuss two possible scenarios
both of which imply an intimate interrelation of superconductivity with the symmetry broken state that forms
below T, .

[. INTRODUCTION n-state, the superconducting instability evolves 8¢
=0.9K.* From theT® dependence in the low-temperature
The heavy-fermion(hf) superconductor UBg (Ref. 1) specific heat, a highly anisotropic, i.e., axial order parameter
and its Th-doped homologues are distinct by showing moshas been inferretf. Even more intriguing was the discovery
complex behaviors both above and beldw. For the pure of a strongly nonmonotoni@.(x) dependence and the oc-
compound a characteristig&ondo) scale of T*~8-25K, currence of a double phase transition in temperature-
which accounts for the extremely large effective carrierdependent specific-heat measurements for the thoriated sys-
masses, has been inferred from specifictheat resistivity tem U,_,Th,Be;5 in the low-concentration range 0.04%
measurement$in addition to this predominant energy scale, <0.045%° cf. Fig. 1: After an initial drop with a rather sharp
yet another low-temperature scale has been found that maminimum atx=x;; =0.019, T, rapidly recovers and reaches
fests itself in maxima centered around,,=2K in a local maximum ak~0.03. As was observed in the above
thermodynamit® and transport propertiés’’ specific-heat measuremetitaind recently more thoroughly
Furthermore, the low-temperature nornta)-state prop- studied!® this increase inT; is accompanied by the occur-
erties are characterized by strong violations of Landau-typeence of a second phase transition in the superconducting
Fermi-liquid behavior. In fact, a closer inspection of the re-state. For further thorium addition these two transitions re-
sistivity and specific heat supports the possibility of a non-main distinct up tox=x.,~0.045 above which only a single
Fermi-liquid (nFl) arising from a nearby quantum critical phase-transition anomaly can be resolved in the thermody-
poinf similar to what was found for the canonical hf super- namic quantities, cf. Fig. 1.
conductor CeCs5i,.° Unlike the latter, however, where a  If the lower of the two transitions af., for 0.019<x

spin-density-wavglSDW) type magnetic “phasé\” com- <0.045 were to be identified as(second superconducting
petes with hf superconductivity;® no clear-cut evidence for one, this would represent clear evidence for the unconven-
magnetic order exists for UBgso far. tional nature of the superconducting state in_Wrh,Be;s.

Out of the highly resistive, strongly incoherent nFl Unlike UPt—the second hf superconductor showing addi-
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1.0 investigated in Sec. Il, we present in Sec. Il a thorough

investigation of the low-temperature thermal expansion and
ac susceptibility as well as a comparison to specific-heat
data. The results are analyzed in Sec. IV with regard to vari-
ous aspects. The implication of our findings for the interpre-

tation of the various phases and phase-transition lines are
discussed in Sec. V. The paper is summarized in Sec. VI.

T(K)

0.5 1

II. EXPERIMENTAL

Thermal-expansion measurements were performed utiliz-
: : ing a high-resolution capacitance dilatometer whose maxi-
Xoq P X mum sensitivity corresponds I/l =10 wherel is the
. : : : - sample lengtfi* The linear coefficient of thermal expansion
0.00 002 0.04 0.06 a=1"1x9l/dT is approximated by a(T)=[AlI(T,)
—AI(T)I(300K)(T,—T4)], with a mean temperature
FIG. 1. SchematicT-x phase diagram of U, ThBe,, Full  T=(T1+T,)/2 and length changes defined &K T)=I(T)
lines represent phase transitions after the recent wotRef. 16, —1(0.05K). For a determination of the superconducting
while the broken lineT | (x), corresponds to an anomaly reported in transition temperatures of our samples an ac susceptometer
Ref. 17. The existence of an additional phase boundary of secondperating at a frequencw=117Hz was employed. The
order(vertical solid ling has been inferred from specific-heat mea- peak-to-peak amplitude of the ac field was set A®

0.0

surements under pressure on a sample wih0.022 (Ref. 18. =13uT except for thex=0.043 compound, where an am-
Dotted lines ak;; andxc, define the concentration range in which plitude of AB=1.05uT was used. Since the low-
two subsequent phase transitionsTgf and T, were found. temperature flank of thg,. transition(but not the onsetwas

found to depend on the ac-field amplitude, we refrained from
using the standard 10—90 % criterion for the determination of
T.. Instead, we used the amplitude-independent nucleation
. . - temperature defined as the intercept of the linear extrapola-
Here, the problems lie both in the nature of the transition alions of x.{(T) from the n-state and from the temperature
! o . ) a

T, and—in case 't. IS a s_econd superconducting one—in thf“ange of maximum slope below the transition. The specific-
cause of FheTC splitting, i.e., the nature of the symmetry- heat measurements for the samples withO andx=0.03
breaking field. . . were conducted in our laboratory utilizing a thermal-

From the marked peak in the ultrasound attenuation beIOWelaxation techniqu#33The C(T) data for all other Th con-
Tep, a spin-density-wavéSDW) ordering was claimed centrations were taken from Refs. 16, 34, 35, where samples

This was compatible with the Increase in the muon spin '€Zut from the same batches as those investigated here were
laxation(uSR) rate belowT ., from which a very small mag- studied

netic moment of onlyugs~10"2 ug /U has been deducéd.
On the other hand, a second superconducting transition was
inferred from the abrupt increase in the slope of the lower
critical field upon cooling througf,.?* These seemingly ¢
conflicting results have been explained by proposing a supe
conducting state belowT., that breaks time-reversal
symmetry>>~2>More recent experimental results of pressure
studiest® of the anomalous mixed-state properti&é’ and Il RESULTS
of the response of , to doping® were found to be consis- '
tent with such an interpretation, cf. Ref. 29 for the discussion Below we present results of thermal-expansion measure-
of the anomalous vortex-pinning phenomena. ments on thoriated UBg samples with Th concentrations
The present work comprises a systematic dilatometrix=0.038, 0.043, 0.0455, and 0.052. This study supplements
study on thoriated UBg samples for concentrations 0.038 our recent work which was focusing on the concentration
=x=0.052, i.e., across the second critical concentratign rangex=< 0.0317 The salient results of that work are summa-
cf. Fig. 1. It supplements our previous study on samples withiized in Fig. 2 where we plot the thermal-expansion data
x=<0.031" The work is aimed afi) finding out systematics as together with results of the specific heat on the same tem-
a function ofx that may help to identify the various phases perature scale. Starting with the pure compound, the projec-
and phase transitions as well &8 looking for potential tion of the width of the superconducting transitiorertical
correlations of these states with properties abdye As  dotted lineg from C(T) (upper curveson to thea(T) data
demonstrated in previous thermal-expansion stdtiies  (lower curves reveals that besides the superconducting tran-
dilatometry has proved to be particularly suited for this pur-sition that manifests itself in the negative jumpd(T) an
pose owing to the strong coupling of the low-temperatureadditional broad negative anomaly shows up slightly below
electronic properties to the lattice degrees of freedom. T.. The independent character of both features has been
The paper is organized as follows: After presenting somelearly demonstrated by both their distinctly different field
details concerning experimental techniques and the samplelependences as well as a thorough thermodynamic

tional phase-transition lines below.—where compelling
evidence exists for multiple superconducting pha&eese,
e.g., Ref. 19 the situation for Y_,Th,Be;; is not so clear.

While for the pure UBg; single crystalline material was

ed, all Th-doped samples are polycrystals. Except
0.9621 Ng 03B€13 Where both an annealed and unannealed
ample was measured all other samples are unannealed. For
Hetails on the sample preparation we refer to Ref. 16.
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FIG. 2. Low-temperature specific he@pen symbols, right
scalg and thermal expansioftlosed symbols, left scal®en UBeg3
single crystal and polycrystalline ;U,Th.Be;3 with x=0.017,
0.022, and 0.03. The specific-heat dataxer0.017 and 0.022 are
taken from Refs. 34 and 16, respectively. The width of the superT; in both thermodynamic quantities becomes strongly re-
conducting transition fok=0 and 0.017 is indicated by the dotted duced upon increasingto above 0.03. While fox=0.038 a
vertical lines. Arrows forx=0.022 and 0.03 mark the positions of somewhat reduced though still Sizam£|Tc1 is found to-
the phase transitions @, andT.,. T, indicates the position of the
negativea(T) anomaly reported in Ref. 17, cf. text.

analysist’ Upon increasingx to 0.01 (not shown, cf. Ref.
17), 0.017, and 0.018%also not shown, cf. Ref. 36this
low-T feature becomes progressively more pronounced anglansition at a temperatufef>T,, cf. Fig. 3.
sharper. Oncex is increased to 0.022, i.e., abowve,
=0.019, the superconducting transition separates on the terntransition temperatureb;; and T, continuously narrows in
perature axis from the low-anomaly that now receives the agreement with specific heft.For x=0.052 where only a
character of a true phase transition. Using an equal-areasngle phase-transition anomaly can be resolved, the suscep-
construction to replace the broadened phase transitions Hipility data indicate that this transition coincides with the
idealized sharp ones, the transition temperatures can be denset of bulk superconductivity.

termined and associated wiihy; andT, in accordance with
literature result¢>2***The main observation of our previous expansion results for the various Th concentrations including
study contained in Fig. 2 is that the loWwanomaly forx

< X1 in the superconducting state marks the precursor of th&igure 4a) displays «(T,B)
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in the same way as the second-order phase transitions at
for x>x.; and refer to their characteristic temperature as
T, (x), cf. Fig. 2.

Before discussing the results far>0.03 in detail, we
present in Fig3 a compilation of these data together with
specific-heat results in the same way as in Fig. 2 or
=<0.03. In addition, Fig. 3 comprises results of ac suscepti-
bility measurements serving as an independent determination
of Teq.

By following the evolution of the low-temperatuee(T)
behavior as a function of Th concentration in Figs. 2 and 3,
three observations can be made.

(1) The thermal-expansion coefficient abolg changes
sign from a large positive expansivity for<0.03 (cf. also
Fig. 2) to a negative one fox=0.038. The magnitude of the
latter contribution]a,|, grows with increasing from 0.038
to 0.043 but appears to saturate for higher Th concentrations.
Remarkably enough, in the same concentration range, no sig-
nificant change can be resolved in the correspondkstate
specific heat.

(2) The discontinuity at the superconducting transition at

gether with aAa|re that is already very smalf, both
AC|t¢ andAalr become equally strongly suppressed for
x=0.043. As a consequence, no significant anomaly associ-
ated with theT,; transition can be resolved for=0.0455,
although they,. data clearly indicate a bulk superconducting

(3) Upon increasing to above 0.03 the separation of the

Below we give a detailed description of the thermal-

the data taken in external magnetic fields.
results on an annealed

transition atT.,(x) for 0.019<x<0.045. To determine the U gg.1 g o3B€13 SamMple. For comparison thg=0 data for
position of this anomaly as a function gfwe treat, for lack an unannealed sample are included. Unlike the case for
of any other well-founded criterion, the broadened features=0.03 the lowT n-state expansion coefficient of this com-

x=0.0455

x=0.052

FIG. 3. Low-temperature spe-
cific heat(taken from Refs. 16, 35
for x>0.03) (open symbols, right

N
C (J/molK)

-1.0

outer scalg thermal expansion
(closed symbols, left outer scale

and ac susceptibility(solid line,
lower inner scalpon polycrystal-
line U;_,Th.Be;; for varying x.
Arrows mark the positions of
phase transitions a.; and T,.
Dotted vertical lines correspond to
the superconducting nucleation
temperatures the definition of
which is described in the text and

00 02 04

00 02 04

00 02 04

T (K)

0.0 02 04

00 02 04 06 indicated forx=0.03.
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FIG. 4. (a) Coefficient of thermal expansion for an annealed polycrystglsiThy g38Be€;3 in magnetic fields oB=0, 2, 4, 6, and 8 T
from bottom to top. The thick solid line represent data for an unannealed polycrystal of nominally the same Th concentration. TAfpw at
marks the position of the maximum i(T) at B=8 T. The inset shows the data for the annedlganbols and unannealecsolid line)
samples close td.; on expanded scales. Broken lines indicate idealized sharp phase transifigns @) Coefficient of thermal expansion
on polycrystalline Y g57Thg o4B€13 1N magnetic fields oB=0, 2, 4, 5, and 8 T from bottom to top. The inset magnifiesBhe0 data around
T.,. The arrow afT¥ marks the position of the superconducting nucleation temperature as defined in the text.

pound is negative aB=0. Besides the pronounced phase-temperaturd that coincides with this smait(T) anomaly,
transition anomaly &l .,=438+5 mK only a tiny feature is  cf. inset of Fig. 4b) [Schreineret al. have previously found
found atT.;=580+5 mK. The latter is shown on expanded a small anomaly irC at T¢; for Uy g5-Thg 4dB€13 that also
scales in the inset. Upon increasing the magnetic field botgorresponds tdY (Ref. 38]. As for thex=0.038 sample we
phase-transition anomalies become reduced in size angq that with increasing fields the phase-transition anomaly
shifted to lower temperatures. Most remarkably, a distinch  hecomes reduced in size and shifted to lower tempera-
field dependence is observed for the negafiwtate expan- tures. This is accompanied by the suppression of the negative

sivity ary: upon increasing the field, the negativg, be- a,, . At the highest field oB=8 T a broadened positive peak
comes rapidly suppressed and a somewhat broadened pos

. ) . ) hows up.
tive peak develops. The data taken at highest fields, i.e., . .
and g T indicate t?wat the latter feature almgst saturates at thFQ Fig. 5 we display the data for ddsss Mo 0ssB€15—a Sys-
field level and that there is only a weak—if at all—shift in tem that a_lc_:cordlng to Ref. 16 1s Iocat_ed very close to the
the position of the maximur,..., towards higher tempera- second critical concentratior,,. Folloyvmg the trenpl gb-
tures. From these observations we infer that the lowServed for the smaller Th concentrations, a negatiyeis
temperaturen-state a(T) consists of at least two contribu- found to dominate the low-temperatunestate. Further on,
tions: (i) a strongly field-dependent negative past,, only one phase-transition anomaly can be resolved .at
superimposed ofii) a peak structure the position of which is =452+=10mK. Figure 5 demonstrates that the supercon-
only weakly field dependent in the field range investigatedducting transitionT.;, as indicated by the arrow ag does
B<8T. The measurements on the unannealed sample @it cause any significant responseninThe same holds true
nominally the same Th concentration reveal qualitatively thefor the specific heat, cf. Fig. 3. Applications of a magnetic
same behavidithick solid line in Fig. 4a)]. It is noteworthy,  field cause a reduction df,, and a suppression of the nega-
however, that annealing apparently affects the variousTow- tive «,, contribution similar to the observations made for the
features differently: while the anomalous contributiag,| samples with smallex values. In contrast to the latter, how-
as well as the transition temperaturg, are reduced for the ever, no clear maximum structure can be resolved in fields
annealed sample T(,=404+5mK compared to 438 upto 8 T, the highest fields available. A similar behavior is
+5mK for the unannealed samplehe transition atT.;  found for Wy g4gThg gsBe1s, cf. Fig. 5b). The negativey, is
remains virtually unchanged, cf. inset Figay of about the same size as that for te0.0455 samplénote

In Fig. 4b) we show the results for {bs:Thg gsBer3 the different scales in Figs(& and 3b)]. Only one phase-
Compared to the data for=0.038| | is enhanced for this transition anomaly at 37565 mK can be resolved. According
compound. At the same time both phase-transition anomalige the evolution of the phase-transition anomalies as a func-
are reduced in size in such a way thaffat only a break in  tion of x for x<0.0455(cf. Fig. 3), it is tempting to associate
the slope ina(T) can be resolved. The assignment of thethis feature with thel ., transition—an assignment which is
latter feature to theT., transition is corroborated by ac- also corroborated by specific-heat restitsf. Fig. 3. The
susceptibility measuremen(sf. Fig. 3 yielding a nucleation measurements of the ac susceptibility indicate that for this
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FIG. 5. Coefficient of thermal
expansion on polycrystalline
UogsaslhpossPers (@  and
Up.aasTho osBers () at varying
magnetic fields. The arrows &g
mark the positions of the super-
conducting nucleation tempera-
tures as defined in the text.
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concentrationT ., almost coincides with the onset of bulk IV. EVOLUTION OF LOW-TEMPERATURE ANOMALIES

superconductivity aT¥ . At a magnetic field of 4 T the sig- AS A FUNCTION OF Th CONCENTRATION
natures of theT;, transition are lost inx(T,B), while xac A Negative thermal-expansion contribution a,—its possible
still reveals a superconducting transition Bf(4 T)=0.1K interrelation with the T, transition

(indicated by the arrow at ¢4 T data. Although becoming

subst_ann_ally reduced with increasing f'e_ld the negatve  oisesa nonmonotonic(x) dependence accompanied by a
contribution can be resolved up 8 T for this concentration. double phase transition within a limited range but also
The positions of the phase-transition anomalies iy, ces anomalies in thestate properties that are well pro-
«(T,B=const) andyx,{T,B=const) are used to construct noynced in the coefficient of thermal expansion. Two
B-T phase diagrams for all samples investigated, cf. Figanomalous contributions have been extracted, both of which

6(b)—6(f). For comparison we show in Fig(# theB-Tdia-  yary with x: a somewhat broadened and weakly field-
gram of pure UBg; using different scales. Besides the data

for the upper critical fieldB.,, Fig. 6@ includes also the 00 04 08 , R
positions where anomalies in(T,B=const) andC(B,T e x=0 a || x=0.022 b| x=0.03 c
= const) were fount{"*® giving rise to a line of anomalies % 1°
B*. This line starts aff ~0.7K (B=0) and terminates at
B*<5T.

For thoriated samples inside the concentration range
<x<X., the two transitions remain distinct in magnetic
fields but become closer upon increasing the field. A cross_
ing of the phase-transition lines as a function of magnetic%
field is not observed. For 4s;Thy gaBe13 Where theT,
transition causes only a minor feature afT) [and C(T) 4t
(Ref. 38], its evolution with field can be followed up only
for fields B<1 T above which no significant response is ol
found in «(T,B) anymore. By means of ac susceptibility \A

As demonstrated in Figs. 2 and 3, Th doping not only

N

e x=0.052 f

measurements we were able to follow the superconducting
transition temperature to higher fields. Whil& and the
transition temperature read off the thermal-expansion data
Tg;, coincide atB=0, they deviate in small fields for rea-
sons which are not known, cf Flg(_eﬁ. Most mterestl.n.gly, FIG. 6. B-T phase diagrams of U, Th,Bey, for varyingx. The
Fig. 6(e) suggests that the critical fields of the transitions atdiagram for UBe, (a is taken from Ref. 3&note the different
T.1 and T, merge in forT—0. For W, g4gThy g5 Be; 3 the 3 y

. o scaleg. It includes the upper critical fieldB.,, and the line of
field dependence of the phase-transition temperaipyele- anomaliesB*, as determined bya(T,B=const) (¥) and C(T

duced from ther_mgl—expa_nsmn and specific-heat MEeAasUre: ¢onstB) (A) measurementsb)—(f) Field dependences of phase-
ments almost coincides with§(B). transition anomalies in the coefficient of thermal expansiofi at

Figure 7 compiles in &-x phase diagram our results on (¢) and T, (¥) as well as superconducting nucleation tempera-
the various anomalies and phase transitions fokures TY () derived from ac susceptibility measurements. The
U;_,Th,Be;s. solid lines are guides to the eyes.

o

0.0 02 04 00 02 04 06
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0 v
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FIG. 9. Relative length changed /I vs T of U, _,Th,Be,; for
x=0.043, 0.0455, and 0.052. The data fer0.043 and 0.052 have
been shifted vertically so that they collapseTat 6 K (for the x
=0.0455 data, see text Broken lines represent the high-
temperature part of the data takenBr8 T.

0.0 T y T
0.00 0.02

x  0.04 0.06
phase transition af.,: the larger the negative contribution
FIG. 7. T-x phase diagram of J ,Th.Be;;. Open symbols and |a,| the smaller the phase-transition anomaly gt. In fact,
solid lines indicate phase transitions while closed symbols and brasuch an interrelation becomes obvious when plotting the
ken lines mark anomalies & (V) and T, determined fronB  relative length changeg\|(T)/I, as a function of tempera-
=0 (@) andB+0 (#) data as described in the text. Vertical dotted ture for the compounds 0.043, 0.0455, and 0.052, i.e., for
lines as in Fig. 1. systems close ta,, that lack the peak anomaly at,,, in

zero magnetic field, cf. Fig. 9. In order to compare the

dependent peak anomaly @, besides a strongly field- anomalousAI(T)/I. C(_)ntributi.ons for the three compounds
dependent negative contributios,. The latter dominates ON & more quantitative basis, the curves %or0.043 and

the low-T n-state expansivity for samples wik0.038. To 0.052 where data upt K are available have been vertically
follow its temperature ang dependence we plot in Fig. 8 the shifted so that they collapse at the high-temperature end.
«(T) data for some selected Th concentrations over an enthere, the identical slopes of the data indicate a concentra-
larged temperature range. Upon cooling, the negative contrion independent(T) behavior at higher temperatures. For
bution gradually grows with an onset temperature around 31€ lack of high-temperature data for0.0455, the position

to 4 K that augments with increasinglnterestingly enough, ©f the corresponding\I(T)/I curve in Fig. 9 is somehow

the data suggest an anticorrelation of this feature with th@rbitrary. It can be roughly estimated, however, by consider-
ing the slope of the data at highest temperatures being inter-

mediate between the slopes for the=0.043 and 0.052

0 2 4 6 T(K) 8 curves. As indicated fok=0.043 and 0.052, thal/l data
; T - . ; . ; . taken in magnetic fields d=8 T split off from theB=0
0 mm——— o— curve at elevated temperatures of, respectively, 3 and 5 K,
[ x=0.038 reflecting the strong field dependence of the anomalous up-
\’ 0 ) 1 turn in AI(T)/l (negativea,, contribution. The comparison
—~ ols | . : aesssosser ] of the AI(T)/I curves in Fig. 9 reveals an overall length
X t ..,..w"“'"" change(elongation upon cooling fran 6 K down to 50 mK,
o By '/ x=0.043 1 the lowest temperature of our experiment, which is similar
= als e i for the three compounds. Fig. 9 suggests that what happens
. ;: upon increasing from 0.043 to 0.0455 and 0.052 is a shift
L e of relative weight of the anomalousl (T)/I contributions to
6l . : ] higher temperatures: an increase of the gradual length change
I . at higher temperaturgsegativea,, contribution) at the cost
] ; of the rapid elongation associated with the transitiof at
8 . . . . . . _ . This observation hints at a common nature of both

phenomena—an assignment that is also corroborated by their

FIG. 8. Coefficient of thermal expansion on polycrystalline Strikingly similar, strong field response, cf. Figs. 4 and 5.
U,_,Th,Be;; for x=0.038, 0.043, and 0.052 over an extended tem-We, therefore, propose that, is due to the freezing out of
perature range. The curves are shifted along both axes for claringhort-range correlations above the long-range ordering at
The data forx=0.052 include results taken B=6 T (solid line). Teo.
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o

hydrostatic-pressure conditions by Lambetral *°. To allow
................ .0 for comparison with the above thermodynamic results for

| dT(x)/op and dT 4 (x)/dp we approximate their initial
’ slope,dT.(x)/dp, by using theT.(x) curves atp=0 and 2
kbars (Fig. 2 of Ref. 40. Except for small differences at
. concentrations abovg.; where dT.1(X)/dp shows a pro-
nounced minimum, both data sets are in fair overall agree-
ment. Figure 10 demonstrates that Th substitution affects the
pressure dependence in a rather nonmonotonic manner: after
a smooth initial increase iWT.(x)/dp|, the pressure coef-
-100 i . ficient sharply peaks at a concentration slightly abaye
_ For x sufficiently far above x,;—but still below
ot o2 Xeo—|dT¢1(X)/dp| drops again to a value close to the one
: ! . L . ' ] found forx=0. Rather than reflecting two different types of

0.00 0.02 0.04 0.06 superconductivity separated by;, as is frequently stated,

X the above results fofdT,(x)/dp| indicate an anomaly that
should be associated with a critical Th concentration—most

_fop (mK/kbar)

aT crit
9]
o

FIG. 10. Pressure dependences of the critical temperaturﬁkely X
Teit (=Te, Ter, andT,) vsx. Closed symbols correspond to pres- ) ~cl- . .
sure coefficients derived from the Ehrenfest relation, see text. The F'QL,”e 10 also includes the pressure coefficient of the
corresponding pressure coefficient fo=0.01 is taken from Ref. transition temperaturelc,,dTc,(x)/dp, as calculated by
17, the one fox=0.0331 is calculated by usinfr andAC values ~ Means of the Ehrenfest relation. We find a strong concentra-
read off data shown in Ref. 30. Open circles mark the pressuréOn dependencaldfaTcz(x)/&p| with a distinct maximum
coefficients ofT andT,, as read off susceptibility data taken under aroundx=0.038." We note that forx=0.022, the above
hydrostatic-pressure conditions in Ref. 40. Vertical dotted lines inthermodynamic results are at variance with the pressure co-

dicate the critical concentrations; andxc,. efficient inferred from specific-heat measurements performed
under uniaxial stress and converted to hydrostatic-pressure
B. The normal- to superconducting-state transition at units of 9T, /dp= — 14+ 3 mK/kbar®

T.(x) and T.1(x)

Following the shape of the phase-transition anomalies in
the concentration range where they are well pronounced, i.e.,
for 0=<x=0.03, our data do not support the notion of two  The low-temperature-state expansivity of UBg is gov-
different types of superconducting phase transitions on botkrned by a pronounced peak centered arolipg—2 K. At
sides ofx.;. Rather thea(T) results indicate a common the same temperature more or less pronounced maxima are
nature of the two transitions, i.e., that(x) connects to found also in the electrical resistivity*** and specific
T.1(x), and that thisT,(x) — Te1(X) line persists in staying heat® Via thermal-expansion measurements on thoriated
above theT| (x) — T¢»(X) line, cf. Fig. 7. Hence, our thermal- samples withx<0.03, a strictly linear suppression ®f,.x
expansion data are inconsistent with a crossing of two phaseith increasingx was observed This result is in accor-
boundaries as a function afat x.; that has been discussed dance with the positions of th€(T) maxima reported in
by several authors?°Likewise, no evidence is found for a Ref. 6. Most interestingly, an intersection ®f,,{(x) and
crossing of the phase boundaries as a function of magnetit.1(x) was found to occur right ax=0.03% i.e., where
field, cf. Fig. 6 and Ref. 39 fox=0.022. T.1(X) attains its maximum value. The maximum structure
in a(T) is shown for the various Th concentrations in Fig.
11. For weak Th dopings, i.ex=0.01, 0.017, and 0.022 the
o N ) ~_ maximum progressively grows in size and narrows. xAt

Combining the phase-transition anomalies shown in Figs=0.03 the maximum is reduced while its position is found to
2and 3 aflcyp in @, Aaypp, with those inC, ACy,, viathe  coincide with the superconducting transition &, that
Ehrenfest relation allows for a determination of the manifests itself in the steep drop afT) upon cooling. This
hydrostatic-pressure dependence3 gf, in the limit of van-  coincidence aB=0 can be demonstrated by applying a field

D. The 2 K maximum

C. Hydrostatic-pressure dependences of ;;(x) and T,(x)

ishing pressure: of B=3 T that causes a reduction ©f; by more than 0.2 K,
cf. Fig. 11. Furthermore, a comparison of the vari@ss0
t?Tcl/z) VT AByp curves with the corresponding ones takerBat2 T in Fig.
p mol “c2AC, ' 11 indicate a distinct, with growing field dependence of the

low-temperaturea(T) behavior. Assuming that the 2 K
where for the present cubic systems, the discontinuity in thenaximum itself is rather robust against magnetic fields as
volume-expansion coefficie®¥g is related toAa via ABy;»,  observed for pure UBg [see also Ref. 4 fo€(T,B) datd
=3Aay». For the molar volume we use that of pure YBe and also indicated by the only weakly field-dependent maxi-
of Vpo=8.13x10 °cm®mol. The Aa and AC values for  mum position, it is tempting to attribute the field dependent
x=0.0331 were read off the data shown in Ref. 30. In Fig.a(T) contribution to the presence of a finite,<0 at B
10 we compare the so-derived numbers with the initial pres=0. The small but finite field effect visible in the data for
sure coefficients as read off susceptibility data taken undex=0.01 suggests that the negativg contribution is already
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x=0.03] x=0.038 x=0.043

FIG. 11. A section of the low-temperature
thermal-expansion data on, U Th,Be;3 around
the peak anomaly &, for varying x. For x
=<0.03, where the peak anomaly is visible already
atB=0 (W), dataaB=2 T (<) [and 3 T(®) for
x=0.03] are included. A finite field is necessary
for x=0.038 and 0.043 to make the anomaly vis-
ible.

a(10°K™)

T(K)

present at this low doping level and that it grows wihcf. V. DISCUSSION
Fig. 11. Forx=0.03 the negativer,, may be directly seen at
temperaturesT.;<T=<T., where « exhibits a plateau at

negative values out of which the transitionTa, emerges, Despite the numerous attempts to unravel the nature of
of. Fig. 2. the state below the transition @t, no consensus has been

- . achieved yet. Important early experimental findings include
As shﬁwn n Figs. 4_and 5 for the cqmbrl)oqnd; with (i) a pronounced peak in the ultrasound attenuatiofi .t
>0.03, there is no maximum structure visible in the€T)  jgicative of a SDW-type ordering beloW,, (Ref. 20 that

data a8 =0. Here, ther-state expansivity is governed by the ¢oexists with superconductivityii) A sudden increase in the
negativea, contribution that sets in at somewhat elevatedsjope of the lower critical fieldB.;, when cooling the

temperatures. In finite fields strong enough to substantiallgample belowT.,.?? This result has been interpreted to re-
reduce this negative contribution, however, a rather smalflect the increase in the Cooper-pair density as a consequence
maximum structure can be resolved at low temperatures, chf a second superconducting transitioriTas .?* It has been

Fig. 4 and 11. Unlike the weakly doped systems;0.03, suggested by these authors that bellw additional parts of

the position of the maxima for=0.038 and 0.043 appears to the Fermi surface participate in the superconducting order
be affected by the field—an effect which is most likely dueParameter(iii) On the other hand, muon spin rotation mea-
to both an energy scald, ., being already very small for Surements revealed that an t_affectlve electronic g]agnenc mo-
the latter systems as well as the higher fields used in order t§€nt of 10%ug per U atom is formed below., .

make the anomaly visible. To account for this effect in de- 1heS€ seemingly conflicting experimental results have
termining T,,.,, for these higher concentrations, we employ aP€€" €xplained by proposing a superconducting state that
linear extrapolation off ,,,,(B) to B=0. As demonstrated in p (kbar) _

Fig. 7, the so-derived temperatur&s,,(X) for x>0.03 do 6 O 5 0 -

fall within the experimental uncertainties on the continuation
of the linearT,,(X) dependence observed fro=0.03.

From specific-hedt*® and resistivity®*’ studies under
pressure it is known that ,5{p) shifts to higher tempera- g
tures with increasing pressure. Since Th doping causes an
increase of the lattice parameter, corresponding to a negative
pressure, a reduction d%,,,(X) as a function ok is expected
as a result of the Th-induced expansion of the unit-cell vol-
ume. In order to quantify the relative role of the pure volume
effect on theT ,,,(X) dependence, we compare in Fig. 12 the
shifts in T, caused by the application of pressure to pure
UBe;; with those induced by Th doping. The room-
temperature lattice constants are used as an abscissa. For tr
thoriated compounds the lattice parameters are known from 1022 1024 1026 1028
x-ray-diffraction studies® For the pressure experiments on
pure UBg; we convert the pressure values into lattice pa- a (A
rameters using the isothermal compressibilily=—V 1!

X VI9p=0.97(Mban . ) ) i with the lattice parameter. For UBgthe results of pressure studies

As clearly demonstrated in Fig. 12 the reduction of o the specific heatRef. 44 (open triangle and resistivity(Ref.
Tmax(X) for the Th-doped compounds is much stronger com7) (open squargsare used, where the pressure val(gper scalg
pared to the shift expected for the pure volume effect. Theye transformed into lattice constariswer scalg by means of the
latter accounts for about 15% of the obserVeg, reduction.  jsothermal compressibility. Closed squares indicate positions of the
Hence, the dominant effect ofh,,(X) can be attributed to  thermal-expansion maxima &, for the various Y_,Th.Bej;
Th-induced changes in the electronic properties at low temsamples investigateck&0.03). Thelattice parameters were taken
peratures. from Ref. 16.

A. On the nature of the phase transition atT .,

Tmaxa(x)
T e (P)

Tmaxp(p) T

3

FIG. 12. Variation of the position of the peak anomalyTat,,
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breaks time-reversal symmetry and, thus, shows magnetic A new and important piece of information provided by
signature$>%° On the basis of the phase diagram given inthe present work on the nature of tfig, transition is the
Ref. 48 that is similar to the one shown in Fig. 1 except forobservation of its close interrelation with the anomalous
the line T (x) and the curvature off .»(x), it has been properties slightly abové&,, i.e., the negative contribution
proposeé® that as a function ok, two different types of  a,(T) that grows withx. Our data suggest that with increas-
(anisotropi¢ superconductivity cross at=x.;~0.019. As a ing x, relative weight of the transition at., becomes pro-
consequence, the states beldwfor x<x.; and T, for x  gressively transferred to this anomalous state abibye
>X.; were attributed to single but different representationsWhile a superconducting origin of the negatiwg can be
of the cubic symmetry group while the state bel®w was  definitely ruled out by oury,. measurements, both the sign
considered to be a combination of these two representationas well as the strong field dependence of this contribution
Since this state is nonunitary it is expected to generate cerather signal a magnetic character.
tain magnetic propertiéSthat may explaif? the experimen- As for the implications of these new findings for the in-
tal observations. terpretation of the various phases and phase transitions in the
More recent experimental investigations brought to lightT-x phase diagram of {J,Th,Be;; we arrive at two pos-
results that, on the one hand, provide intriguing new detailsible scenarios both of which imply an intimate interrelation
on theT-x phase diagram. On the other hand, in some casesf superconductivity and the symmetry-broken state that
these results call into question the analysis and interpretatioforms belowT,.,. Fundamental to both scenarios is the ex-
of the above discussed earlier experiments. As an example @tence of the lind (x) <T.(x) for x<x.; that evolves into
the latter, we mention investigations of the vortex dynamicghe T, line for x>x.,. Judging from the broad features in
in the mixed state of single crystalline,b2sThy o27Be€13 by @(T) at T, and the even less pronounced one€iiT),*” it
Mota et al?’ The authors find an abrupt increase of the pin-appears unlikely thal| manifests a true phase transition
ning strength upon cooling the system beldyy. Since pin- even if allowing for a substantial inhomogeneous
ning affects the critical field above which the diamagneticbroadening? Rather we believe that the shape as well as the
magnetization of a superconductor exposed to a weak magign of the «(T) features indicate short-range correlations
netic field departs from a linear field dependence, this abruphost likely of antiferromagnetic nature.
increase of the pinning strength may provide a natural expla- (1) Upon increasing to abovex.; these correlations be-
nation for the observed increase of that experimentally detelxgme long range and.,(x) manifests a purely antiferro-
mined critical field[>B,, (Ref. 50] upon cooling through  magnetic transition, i.e., a SDW orderiffjaccompanied by

Tea- a very small ordered moment of about P . The sizable

Careful specific-heat measurements on a new generatio(ﬂscontinuity in the specific heat at., indicates that a fair
of U, ThyBey3 polycrystals revealed) a pronounced peak- g, ion of the Fermi surface is involved in the SDW forma-

ing of the phase-transition anomalyC, upon approaching tion. As soon as long-range order has formed:atx;; the

X1 andxe, from outside the two-transition regighand (ii) superconducting transition temperature recovers by an as yet

an in-T linear contribution, Cjj,= y,esf, to the low-
temperature specific heat in the superconducting state thg{]known reason. One may speculate that the drdp(w) at

varies systematically with5* It was argued that both the X=X¢1 mig_ht be the result of critical fluctuations that precede
size and concentration dependence of. are consistent the_formatlon of the I_ong—range_ordered state. At a concen-
with Th acting as resonant scattering centers in an anisgf@tion x=0.03 at whichT,, attains a local maximum, the
tropic superconducting state with gap nodés. Te1(X) line intersects with thé@ ,,(X) line. The reduction of
On the other hand, our previous dilatometric investiga-P0th Tci(x) as well as the accompanied phase-transition
tions on thoriated samples with<0.03 provided clear evi- anomalies inC(T) and «(T) upon further increasing,
dence for the existence of an additional line in The phase  strongly suggest the onset of a very effective pairbreaking
diagram of U_,Th,Be;; at T (X)<T(x) for x<x¢.!” mechanism in this part of the phase diagrésee below.
Most importantly, these results demonstrate thatx) for Upon approaching.,~0.045 from inside the critical con-
X<X¢1 Mmarks the precursor of the phase transitiofgtat  centration range, the transition into the superconducting state
X>X¢q1, 1.€., Teo(X) represents the continuation @f (x) at  atT.; becomes gapless, i.e., loses its signature3(if) and
X>X¢1. It is clear that this finding is incompatible with all «(T). With increasingx to abovex.,,T.1(x) merges from
scenarios that consider a crossing of two phase transitioabove in theT;,(x) line at which it becomes “trapped.”

lines atx;.272° Though this scenario explains some of the experimental
Arguments in favor of such a crossing were derived fromobservations, several points remain puzzling:
pressure studies oR,(x) performed on both sides of.; .4 Does the absence of a linewidth broadening Bn

As Fig. 10 clearly demonstrates, however, the variation of=0 uSR experiments on both sides of the critical concentra-
dT./dp with x does not support the above proposal of twotion range simply reflect an U moment smaller than
different superconducting states separatedxpy For ex- 10 3ug, i.e., too small to be detected?

ample, the pressure coefficients for0 andx=0.0331 of, Why does the long-range antiferromagnetic ordef gt
respectively, dT./dp=—13mK/kbar and JT./dp= for x>x., “trap” the superconducting transition while the

— 14 mK/kbar are almost identical. The results depicted inphenomenologically related short-range correlations above
Fig. 10 rather suggest that the anomalydit;(x)/dp|, i.e., T, leave superconductivity unaffected?

the large pressure dependenceTgfin a narrow concentra- What causes the field dependencelgf to be so similar
tion range is caused by the nearnessdp to—and on increasing even approaching—that df.,?
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On the other hand, a purely superconducting transition abf I',«=100=20 typical for low-lying Kondo
T, would be in conflict with both the broad featuresTat  fluctuations>®®° Sincer is related to the volume dependence
for x<x.; as well as the close interrelation with the short-of the characteristic temperatureT,,, via I'=
range (most likely  magnetic phenomena at —jIn T, /dINV=kTmax * Tmax/dp, it is instructive to
T>Tc,. Therefore, we consider as an alternative scenari¢ompard’,  with this number, i.e., the Gneisen parameter
the possibility of combined magnetic and superconducting- using the results of pressure studies oa thK anomaly.
order parameters: . _ Both resistivity®*” as well as specific-heat measurements

(2) The formation of magnetic correlations below the qer hydrostatic-pressure conditi8h® yield I'~110 in
TL-Te; line is intimately coupled to a second superconduct-y,qq agreement with the above thermodynamic results.
ing order parameter. FOr<Xc; the correlat|or_13 are shqrt . With increasing Th concentration the characteristic tem-
ra_nged and there is no _second superconducting transition Werature(energy scaleT,,,, becomes linearly suppressed. It
?glr?ggarrr:aogfntgt?cpcr:)?feela(:ilgg;ag]ell (gbgélélggévs\\//i?r:'alosnegc- was shown that this reduction is pr.edominantly caused by
ond superconducting transition. Azs tHe, transition be- Th-mduced changes in the electronic statgs and_to an only
comes gapless for—x.,, the transition seen fax>x., is minor exteqt mfluen_ced by th(_e apcompame_d lattice expan-

! sion. Investigations in magnetic fields sufficiently strong to

then into this combined magnetic superconducting state. . . . .
Besides the problem connected with the size of the magl_s_ruppress both the phase-transition anomalies associated with

netic moment on both sides of the critical concentrationlc1 @nd T, as well as the negative,, aboveTe, for x
range, this proposal faces the questions: >0.03 demonstrate thatét2 K anomaly persists in this part

What causes the intimate coupling of the second super@' the phase diagram. Its position follows, to a good approxi-
conducting to the magnetic order parameter? Is it the stronglation, the linearTyx(x) dependence found fox<0.03.
tendency towards a SDW formation that is inherent to anisoMoreover, Fig. 7 suggests th@ih,,(X) terminates at a con-
tropic superconducting statéén this case, where the pri- Céntrationx~0.043 that is very close ®.,. Whether this
mary order parameter associated witl, would be of su- coincidence is accidental or whethig,,,—0 even marks the
perconducting nature, how do we have to interpret the broagécond critical concentration remains an interesting question
features afl| (x)? that dgserves fgrther investigation. o

Why do two superconducting transitions @, and T, An interrelation ofT,,(X) and supercond_uctlw_ty is sug-
occur? Are they connected to different portions of the Ferm@€sted by the fact that thk:,(x) andTp,y(X) lines intersect
surface?® Can these two superconducting order parameterfght atx=0.03 whereT,, attains its maximum. As pointed
form a combined one beloW,, such that the strong pinning ©ut in Ref. 36 the reduction of¢; for x>0.03 would be

effectd” are explained by dissociation of vortices in domaincompatible with T, representing the characteristic tem-
walls?° perature of local Kondo-type spin fluctuations: As long as

Tma> T, these fluctuations are to a substantial extent frozen
out, i.e., harmless for superconductivity. Once this inequality
is reversed ax=0.03, i.e., Tax has become smaller than
T.1, however, these fluctuations represent an effective pair-
Besides the characteristi&ondo) scaleT* of the order  breaking mechanism which may account for the strong pair-
8—25 K233 which accounts for the extremely large effec- breaking effects found fox=0.038, i.e., the efficient reduc-
tive carrier masses, there exists at least one more low-energipn in Aa; andAC,. The above results are consistent with
scale in UBgs. The latter manifests itself in a distinct maxi- a two-band scenario whefg, ., has the meaning of a Kondo
mum in the coefficient of thermal expansion and a less protemperature of “more localized” b states, while T*
nounced shoulder in the specific heat around it about  ~8-25K is the characteristic temperature of the “less lo-
the same temperature, a distinct maximum shows up in thealized” ones. The latter are the carriers of heavy-fermion
resistivity as well*2 Remarkably enough, the response ob-superconductivity.
served for the peaks in the resistifty’ and specific On the other hand, an interpretation o&tB K anomaly
heaf*“®is identical to the application of external press(ire  greatly contrasting the one given above has been put forward
the pressure range where both quantities have been studias; Knetschet al? based on the analysis of resistivity mea-
i.e., p<4.4kbar), but is strikingly different to magnetic surements. The authors found a strongly nonlinedepen-

fields. While the peak irC (and ) has an only very weak dence of the resistivity maximumi?,,., which extrapolates

field dependendehe resistivity maximum is rather sensitive into the critical point which marks the local minimum of

e 1142
to magnetic fields: o T.(X) atx=x.;. Based on the location &f%,_(x) in the T-x

As discussed in Ref. 36 both the positive sign and the,pase diagram, this feature was interpreted to represent non-
shape of thex(T) anomaly afT 5 are reminiscent of local |5¢ca| spin fluctuations that are pair breaking as long as
Kondo-type spin fluctuations. In fact, a crude estimate of thel-pmax(x)>-|-c(x)_ OnceT?,.(x) becomes exceeded By(x) at

respective contributions to the thermal expansdan  and 'y " these fluctuations are frozen out allowifig,(x) to
specific heatdoC, x=C(x=0)—C(x=0.06) as read off the ;.3

data shown in Ref. 3, yields a corresponding @isen pa- Although one cannot definitely rule out the existence of

rameter for pure UBg two distinct low-T scales measured B, and T,,, which
V.8 are degenerate at=0 but split off at finitex and have, e.g.,
_ 2 Vmol9%2 K to be associated with independent anomalies in the charge

2T 8Cyk and spin channels, the above discrepancy might simply re-

B. The second low-energy scal& ., and its implication for
superconductivity
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flect difficulties in following the rather small feature &,,,  ishes ak~0.043, i.e., almost exactly at, suggests a close
as a function ofx. The latter notion is supported by the interrelation of this energy scale with the second irregular
equivalence of the Gneisen parameters derived from resis-point, X, in the T-x plane. As for the nature of the various
tivity measurements at=0 under pressure and from the phases and phase-transition lines below the normal- to

ambient-pressure thermodynamic results. superconducting-state transition, the present study together
with our previous work’ reveal intriguing new aspects: An
VI. CONCLUSION anomaly in the superconducting state was found at T,

for x<x.; that marks the precursor of the transitionTap

By means of high-resolution thermal-expansion measurefor x>x.,. As an important consequence, this observation
ments the low-temperature normal- and superconductingyles out all scenarios that consider the crossing of two dif-
state properties of {J ,Th,UBe,3 have been explored over a ferent types of(anisotropi¢ superconducting states &; .
wide concentration ranges9x=<0.052. Owing to the strong Rather our data indicate that,(x) for x<x; connects to
coupling of the low-temperature electronic properties to ther , (x) at x.; and that the correspondinf.-T,; line stays
lattice degrees of freedom that characterizes this systempove theT | - T, line. Upon increasing to above 0.03, the
these studies enabled us to disclose new features ifi-the progressive reduction of the phase-transition anomalies at
plan_e that have been overseen by all otherteghniques appliqdcl in both thermal expansioA «; and specific heaAC;
to this system so far. Besides a nonmonotonéependence jndicate the action of an effective pair-breaking mechanism
of the superconducting transition temperature and the occufn this part of theT-x phase diagram that leads to a gapless
rence of a second phase transition as a function of tempergyperconducting state for—X.,. As a possible source, we
ture within a certairx range, the substitution of thorium for propose local Kondo-type spin fluctuations that manifest
uranium is found to cause additional anomalies that appear t§,emselves in the anomalies Bl (X). Since atx=x, the
be intimately related to the irregular points in thex phase T, transition has lost its signatures in bathiT) andC(T),
diagram: The presence of thqrium ipducgs an anomaly in thg,e phase-transition anomaly seen f0fx., has to be asso-
low-T normal state that manifests itself in a negatT)  cjated with theT,, transition. Concomitant measurements of
contributiona, . Our analysis indicates a comm@oresum- e ac susceptibility indicate that in this part of the phase
ably magnetitnature of t_h_ls feature and the lower of the two diagramT,, coincides with the normal- to superconducting-
subsequent phase transitionsTgf for X, <X<Xcp: We pro-  gtate transition. Whether this coincidence reflectgapless
pose thatw,, is due to the freezing out of short-range corre-syperconducting stat@t T.,) that is trapped by an as yet
lations above the long-range .or.der beld'\&. Forx<0.03  ynknown reason by a magnetic phase transiarT,), or
the low-T normal-state expansivity &=0 is governed by a \yhetherT,, represents a transition into a state characterized
pronounced maximum &tpa,(X) with Tra(0)=2K that, be- by 5 combined magnetic arisecondl superconducting order
sidesT* ~8-25K, marks a second low-energy scale in thisparameter remains an open question. Further work, in par-

system. As we have discussed previouSITh substitution  ticylar from the theoretical side is required to explore the
causes a linear reduction df,(x) that intercepts with |atter possibility in more detail.

T.1(X) right atx=0.03, i.e., where the latter attains its maxi-

mum. Our present measurements in magnetic fields indicate

that (i) this fea_lture.p_er3|sts also for>0.03 where, in the ACKNOWLEDGMENTS

absence of a field, it is masked by the superconducting tran-

sition and(ii) that it follows the linear concentration depen-  Numerous fruitful conversations with P. Thalmeier, E.-W.
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