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Specific heat study in U12xThxBe13: Enormous DC and strong coupling at x5xc1 and xc2 ;
Correlation between g and unusual superconductivity
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Specific heat measurements of samples of U12xThxBe13 utilizing extremely fine gradations ofx nearxc1 and
xc2 , where two superconducting phases are known to occur forxc1,x,xc2 , were undertaken to study the
genesis of the second transition. Surprisingly, this precise delineation ofx in the critical regions of the phase
diagram has revealed a strong peaking of the discontinuity in the specific heatDC at the superconducting
transition that varies rapidly withx as the two transition concentration regime is approached from either side
in the phase diagram. This was not seen in earlier pressure work. Correlated with the discovery of a sharp
increase inDC at Tc at bothxc1 andxc2 , the present work observes also a sharp increase in the normal state
specific heatg at bothxc1 andxc2 , as well as peaks inDC/gTc at both critical concentrations. The implica-
tions for understanding the superconductivity in U12xThxBe13 are discussed, including the possibility that the
second transition for xc1,x,xc2 is caused by the anomalous behavior ing}N(0)(11l).
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INTRODUCTION

The discovery1 by Ott et al. of two distinct transitions in
the specific heat of U12xThxBe13, ;0.02,x<;0.04, re-
mains a focus of considerable interest due to the as yet
known type~s! of superconductivity involved. Several rece
reviews2–4 have quite thoroughly discussed the large body
experimental and theoretical work carried out in trying
determine the following.~1! Why does Th of all dopants
produce a second, apparently superconducting, transitio
U12xThxBe13 beginning atx;0.02? ~2! What kind of su-
perconductivity is involved at the two transitions?~3! Why
does the second transition disappear with increasing Th
tent at aboutx50.04?

Concerning the second question, current thinking4,5 holds
the superconducting transition forx,xc1 ~;0.02! and the
upper transition forxc1,x,xc2 ~see Fig. 1 below for a plo
of Tc vs x! to be different in nature since the suppression
the two transitions with pressure differs6 by more than a
factor of 2; in contrast, the same measurements establi
that the superconducting transition forx,xc1 has the same
pressure dependence as the lower transition forxc1,x
,xc2 . Further differences exist between the two transitio
for xc1,x,xc2 . At the lower~but not the upper! transition a
large peak in the ultrasound attenuation,7 the onset of a smal
(;1023mB) magnetic moment measured8 via mSR, an
increase9 in the slope ofHc1 vs T ~taken as an indication tha
the lower transition is, in addition to its coincidence wi
magnetic behavior, also superconducting!, and a large
anomaly10 in the thermal expansion are observed. The m
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netic field dependences of both transitions have been
ported forx50.022~Ref. 11! andx50.03~Ref. 12! with the
common result that the slope of the upper critical field w
temperature nearTc(H50), Hc28 , is the same for both tran
sitions. At higher fields, Ref. 11 found that the upper tran
tion merges into the lower one. Consistent with the fact~see
Fig. 1! that Tc grows with increasingx.xc1 ~⇔ increasing
impurities! for the upper transition, while it falls for the
lower transition, theorists generally3,5 consider the upper
transition to bes-wave superconductivity~BCS! while the
lower transition has been variously2–5 described, including
d-wave superconductivity. A recent doping study,14 where
the response of the two transitions to magnetic and unm
netic ~La, Gd! doping of U0.97Th0.03Be13 was studied, found
evidence that indeed the upper transition behaves similarl
a conventionals-wave superconductor while the lower tra
sition does not. A further study15 of the temperature depen
dence of the specific heat below the upper transition a
concluded that this transition was consistent withs-wave
BCS superconductivity.

Experimental or theoretical insight into the other two e
tant questions for understanding U12xThxBe13, i.e., concern-
ing why Th produces these two transitions f
xc1,x,xc2 , is mostly lacking. It has been remarked16,17

that the peak in the resistivityr of UBe13 at 2.5 K shifts
downward with Th doping such that the peak inr at xc1 is
just shifted toTc(xc1), ‘‘allowing,’’ not causing, other phase
transitions to occur. The peak inr at 2.5 K in UBe13 corre-
sponds to a peak in the specific heatC also at 2.5 K, whereby
the peak inC can be more precisely followed as a function
15 153 ©1998 The American Physical Society
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Th doping. A study18 of this peak inC in U12xThxBe13
found a suppression of the peak in temperature and als
size with increasingx, with the peak still clearly present a
T;1.5 K for x50.02 and absent forx50.03. Another
study19 of the peak inC as a function of Th content found th
peak still present~in size about 15% ofDC in pure UBe13!
for x50.0245, contradicting the~less precise! resistivity
data. The entropy@S5*(C/T)dT# under the peak in pure
UBe13 ~0.7 J/mol K! shifts downwards with increasingx and
appears18 in the low temperatureg ~[Cextrap

normal/T, hereafter
Cn/T, asT→0!. Thusg for U0.97Th0.3Be13>2300 mJ/mol K2

vs g51000 mJ/mol K2 for pure UBe13.
12

In order to investigate the role of Th in U12xThxBe13, as
well as to better understand the genesis of the double su
conducting transitions, an investigation of the specific hea
the closeneighborhood ofxc1 (xc2) where the second tran
sition first appears~disappears! has the potential to revea
new information. Data to date1,20 for x50.019, 0.0216,
0.0378, and 0.0433 reveal no trace of a separate transitio
x50.019 and 0.0433, and quite sizable double transiti
(DC1;DC2) already existing atx50.0216 and 0.0378
Thermodynamic considerations21 demand either that~a! one
of the observed superconducting transitions at the crit
points be first order,22 ~b! if the transitions are second orde
a second, as yet unobserved,23 superconducting transition
must exist forx just nearxc , but outside ofxc1<x<xc2 , ~c!
as x→xc from within xc1<x<xc2 , dTc1 /dx5dTc2 /dx
where Tc1 is the transition temperature of the higher te
perature, upper transition andTc2 is the transition tempera
ture of the lower transition~‘‘tangential approach’’!, or ~d! as
x→xc from within xc1,x,xc2 , eitherDC1 or DC2→0.

Until now, the only careful specific heat investigatio
nearxc was a pressure experiment6 for U0.978Th0.022Be13 ~i.e.,
near xc1! up to 2.5 kbar where the two transitions we

FIG. 1. Tc for U12xThxBe13 is plotted vsx, whereby forxc1

,x,xc2 two transitions in the specific heat are observed. In ad
tion to the increased concentration of points nearxc1 andxc2 , note
two main features of this diagram that are different than the d
grams of Ott13 and Heffneret al.3 ~1! As shown here for high qual
ity, high purity samples,Tc of the lower transition (Tc2) decreases
significantly forx.xc1 , before rising again asx→xc2 whereby in
the literature ~Refs. 3, 13! Tc2 is approximately constant.~2!
Tc(xc1) appears to be constant over a range of composition in
single transition region asx→xc1 whereby forx→xc2 , from above,
Tc does not appear to have a region where it is constant. See
the text and Figs. 3 and 4. The dashed line marked by ‘‘a ques
mark’’ to the left of xc1 indicates a possible fourth transition, co
sistent with thermodynamics—choice~b! in the text.
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brought together around 2 kbar. In that study, pressure
equated to decreasing Th content~Th expands the UBe13
lattice!, i.e., electronic effects~La and Pr also expand UBe13,
but generate no second transition! were outside the scope o
the study. Thus, 0.1 kbar>0.0002 Th content, such that th
double transition regime was suppressed around~an equiva-
lent! x50.018. Additionally, the size of the jump inC at Tc ,
DC(Tc), was found6 to decrease with increasing pressure

In order to further investigate the region nearxc1 , includ-
ing electronic effects, as well as to perform a detailed s
cific heat study nearxc2 the current work presents specifi
heat measurements of U12xThxBe13 with very small steps
(Dx>0.0007) inx nearxc1 andxc2 . Samples were made a
the work progressed based on the unfolding results so
the very high purity U and Be could be used as efficiently
possible for the critical concentrations. Thus, we report h
on high purity samples of U12xThxBe13, x50.01, 0.017,
0.0178, 0.0185, 0.022, 0.043, 0.0455, 0.0465, 0.052.

EXPERIMENT

As correctly stated in the specific heat under press
experiment6 by Zieve et al. on U0.978Th0.022Be13, studying
the vicinity of a critical point using composition of physica
samples as a~extremely fine! control parameter is difficult.
In order to avoid, as much as possible, sample variation,
highest available purity starting materials—electrotransp
refined U from Ames Laboratory and 99.999% pure cryst
line ‘‘MBE quality’’ Be from Atomergic ~at $800/g!—were
used. Samples were melted in a dedicated-for-Be-use
melter under a purified Ar atmosphere. In order to precis
monitor any possible Th loss~Th masses for a nominal U
charge of 400 mg were as low as 3.9 mg! during the first
melting of Th with other material, U and Th were firs
melted together. Since both have low vapor pressures at
melting temperatures~in contrast to Be!, any loss could be
controlled to 0.05 mg, or approximatelyDxTh50.0001. All
meltings were done using the same procedures and
formed by the same operator. After arc-melting the U and
together three times, the resulting metal button was me
together with 1.06 times the correct stoichiometric amoun
Be ~to allow for Be weight loss! and then flipped and re
melted two successive times. All samples were x rayed us
a Siemens D5000 diffractometer; the powder was mix
with Si powder to provide an internal reference. The cu
U12xThxBe13 lattice parameters so obtained, including al
data forx50.03, 0.038, and 0.10 from our previous wor
are shown in Fig. 2 and Table I. Nearxc2 , for example, the
deviations from the linear Vegard’s law lattice parameter
havior shown in Fig. 2 would indicate that thex50.043
sample is reallyx50.042 and that thex50.0465 sample has
the actual Th concentrationx50.487. None of these possibl
deviations either bring the composition of one sample—
determined by lattice parameter—onto that of an adjac
composition or, as will be seen below, change any conc
sions.

Specific heat measurements24,25 were performed on 1–2
mg pieces of each sample taken from the top of the resp
tive arc-melted buttons. As an indicator of homogeneity
second sample ofx50.0455 was also measured from th
middle of the arc-melted button and gave aDC 11% smaller
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and the sameTc . As will be seen below, such a variatio
also does not change any trends or conclusions.

RESULTS AND DISCUSSION

The specific heats divided by temperature of the sam
nearxc1 are shown in Fig. 3, while the data for the samp
nearxc2 are shown in Fig. 4. As may be seen, without r
course to any optimizing of the jumps in the specific h
using the equal area construction,26 the size ofDC/T grows
significantly and quite rapidly as a function ofx near both
xc1 andxc2 . @For want of a more precise definition, let us f
the following definexc1 (xc2) as the concentration wher
DC/T is a maximum asx approaches~departs! the double
transition regime, i.e.,xc1>0.0178 andxc2>0.0455.#

xc1 . This peaking inDC/T effect was absent from th
scanning6 of xc1 using pressure, where adecreasein DC/T
was seen scanning ‘‘downward’’ in composition fromx
50.022 using pressure, and no other previous experim
nearxc1 combine to offer the fine scale on which Th conce
tration is varied here. Thus, previous data20 for x50.019
show a peak inC/T within 3% in value of that measured20

FIG. 2. Cubic lattice parameter vs Th concentration
U12xThxBe13. These data show that the monotonic fine-tuning
the nominal composition nearxc1 andxc2 in fact succeeds in pro
ducing monotonic variation in the actual resulting compositio
Compositions used in the text are the nominal ones, due to
inherent scatter in the x-ray results.
s
s
-
t

ts
-

for x50.0172 vs a 74% difference inDC/T ~see Table I! for
the x50.0178 (>xc1) data compared to thex50.0170 data
shown in Fig. 3. Also, as has been remarked on12 before,
purity has been seen to play a role inDC, especially for the
lower transition for xc1,x,xc2 where high purity
U0.97Th0.03Be13 showed12 a DC2;1.5 that observed in
samples with the purity in, e.g., Ref. 20. Thus, the fact t
peaking inDC/T at xc1 has not been previously observe
may also be partly due to the purity of the samples.

xc2 . Despite a much coarser delineation inx in the previ-
ous combined low-temperature specific heat studies
U12xThxBe13 nearxc2 @x50.0378,1,12 0.0433,20 0.052,11 and
0.0603~Ref. 1! have been measured# compared to that in the
present work, the peaking observed inDC/T at xc2 in Fig. 4

f

.
e

FIG. 3. Specific heatC divided by temperatureT vs T for
U12xThxBe13 nearxc1 . Note ~1! the ‘‘pinning’’ of Tc at approxi-
mately the same value for 0.017<x<0.0185 as remarked upon i
Fig. 1, ~2! the increaseof DC for x decreasing from 0.022, in
contradiction to pressure results~Ref. 6!, and ~3! the lack of any
increase inC for T,0.4 K with decreasingx below 0.022, again in
contradiction to the pressure induced transition observed in Re
Also, note the increased normal stateC/T for x50.0178 and 0.0185
vs that for x50.017, as well as the broadened superconduc
transitions for the former vs the latter. The slight anomaly at 0.34
in theC/T data forx50.017 may be the thermodynamically posite
fourth phase transition shown as a dashed line to the left ofxc1 in
Fig. 1 and discussed in the text. Measurements onx50.0174 are
planned. The equal area construction method~Ref. 26! for deter-
mining DCideal is shown here forx50.01.
8
5
55
35

0.2626
TABLE I. U12xThxBe13.

x @at. % Th# 0 1 1.7 1.78 1.85 2.2 3 3.8 4.3 4.55 4.65 5.2
Tc @mK# 941 624 525 519 519 460 415 380
Tc1 @mK# 558 585 532 533
Tc2 ~mK! 425 353 396 465
DC ~mJ/mol K! 1810 1250 940 1615 1635 2340 1425 895
DC1 ~mJ/mol K!a 510 840 765 115
DC2 ~mJ/mol K!a 810 620 660 1890
DC(1) /gC1TC(1)

a 2.65 2.06 1.8 2.73 2.90 0.84 1.24 1.34 0.20 4.38 2.72 1.8
S(TC) ~mJ/mol K! 810 810 700 830 800 905 1105 1035 890 850 765 60
g* (mJ/mol K2) 725 970 990 1140 1085 1085 1160 1075 1080 1160 1260 12
g ~mJ/mol K2! 995 1630 1700 2060 2000 2610 2615 2820 2230 2535 2415 19
g rest (mJ/mol K2) 100 350 450 415 365 400 600 700 430 300 715 650
a ~Å! 10.2564 10.2573 10.2574 10.2576 10.2584 10.2588 10.2607 10.2610 10.2618 10.2620 1

aAll DC values are determined using the equal area construction method~Ref. 26!.
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at x50.0455 was already qualitatively evident in the disco
ery work1 by Ottet al. In that workCmax/T for x50.0378 for
DC2 ~a weak upper transition was still observable! was 4.6
J/mol K2, compared to 3.5 J/mol K2 for x50.0331 in the
same work, 3.5 J/mol K2 for x50.0433 in Ref. 20~vs 4.3
J/mol K2 for x50.043 and 5.1 J/mol K2 for x50.0455 re-
ported here!. The ability in the present work to see the pr
cise point in the phase diagram~see Fig. 1! where the second
transition first occurs~at x50.043, see Fig. 4! shows how
rapidly as a function ofx the behavior of U12xThxBe13
changes nearxc2 ~which would, given the proper compos
tion, presumably also be the case forx nearxc1!. What the
present work also observes forxc2 which was not previously
seen~also not in the present work atxc1! and which may
shed light on the nature of the superconducting critical po
is that the peak inDC/T occursjust before~see Fig. 4!, asx
approaches the regionxc1,x,xc2 from above, the second
transition occurs atx50.043.

A question arises: is the peaking inDC/T at xc1,2 due to
an as of yet not understood physical phenomenon~possibly
linked to the genesis of the second transition! or is it simply
that the second transition seen forxc1,x,xc2 has the same
Tc at xc1 (xc2) as the transition observed forx,xc1 (x
.xc2) and that the sum of the twoDC’s is large? In order to
consider this question, consider the plot ofDC vs Th con-
centration in Fig. 5. Away fromxc1,2, i.e., for 0.022<x
<0.038, one cannot extrapolate the sumDC11DC2 to come
anywhere nearDC(xc1,2). As one approaches anxc from
within ~without! xc1,x,xc2 , however,DC2 (DC) grows
enormously with aDx of only at most 0.005~0.0008!, where
the correct limiting value forDx for DC2 is likely smaller
than 0.005 as would be revealed by further experiments
x50.0195 and 0.041. Thus, something unusual, directly
the vicinity of xc1,2, appears to occur.

Why the lower transitionDC2 grows so sharply—just a
the upper transition is splitting off atx50.043—in compari-
son withDC2 at x50.038 and why the single-transition re
gion DC also jumps as the two transition region is a
proached from either side is the central question arising fr
this work and the focus of the further discussion. We treat
advance of more data in the exact vicinity ofxc1 ~at, e.g.,

FIG. 4. Specific heat divided by temperature vs temperature
U12xThxBe13, x nearxc2 . Note the shoulder above the largeDC for
x50.043 which corresponds to the beginning of the presence
DC1 in the double transition region of the phase diagram. Ac s
ceptibility confirmsTc

onset for x50.043 to be;0.56 K. This very
small DC implies that, at least atxc2 , DC1→0.
-

t,

or
n

m
n

x50.0195!, xc1 as similar toxc2 as regards the behavio
observed forx50.043.27 The early work of Ottet al. for x
50.0378, where a very largeDC2 had a smallDC1 shoul-
der, is—in terms of the results of the present work
seemingly equivalent to ourx50.043 or possibly to~as yet
unmeasured! x>0.041. This sample dependence, alrea
commented on above for samples nearxc1 and discussed also
in Ref. 12, makes it clear that the intercomparison of h
quality samples—all prepared using the same starting m
rials and preparation techniques—is absolutely necessar
exploring the critical behavior nearxc1 andxc2 . The changes
observed in the consistently made samples in the pre
work—although startingly rapid atxc1 and xc2—all behave
monotonically withx. Further, the peaking behavior inDC/T
at xc1 is mirrored atxc2 , on the scale of things a great dis
tance away in composition.

TOWARDS UNDERSTANDING THE LARGE dDC/dxzxc

If this large peaking inDC/T at xc is due to an as of ye
unobserved phenomenon~which would have implications for
the genesis of the second transition!, then unusual behavio
at xc1,2 should be observed in other superconductingand
normal state observable quantities. Conversely, the sim
melding together of two transitions at a commonTc at xc1,2
to cause a largeDC would not produce sharp changes atxc1,2
in the other superconducting and normal state propert
Specific heat measurements lend themselves to a determ
tion of an important normal state parameterg proportional to
the dressed density of statesN(0)(11l). In addition, spe-
cific heat data allow the determination of an important m
sure of the strength of the coupling of the superconduct
electrons, namely,DC/gTc , equal to 1.43 for a weak
coupled BCS superconductor.

g. The discussion of the specific heatg ~[Cn/T as T
→0! in UBe13 and U12xThxBe13 is complicated by the fac
that these materials—unlike most ‘‘nonheavy fermion
systems—are not Fermi liquids by 1 K. This means th
C/T, which is an indicator of the bare density of states at

r

of
-

FIG. 5. The jump in the specific heat atTc , DC, determined
using the equal area construction~Ref. 26! vs Th concentration in
U12xThxBe13. In the regionxc1,x,xc2 where there are two tran
sitions,DC1 ~squares! andDC2 ~circles! as well as their sum~as-
terisks! are plotted separately. It is clear thatDC for x,xc1 , as
well as DC for x.xc2 , peaks asx→xc from outside xc1,x
,xc2 , serving as a harbinger of the second transition. Note
DC1→0 asx→xc2 .
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Fermi energyN(0) times a factor 11l which describes the
electron interactions, is still changing as a function of te
perature below 1 K. Thus, in U0.97Th0.03Be13 C/T
>1150 mJ/mol K2 just above Tc1 , and rises to
Cn/T>2600 mJ/mol K2 at T→0 ~see Table I and Ref. 12!.
The determination ofCn/T below Tc can be carried out via
measurements in magnetic field12 to suppress the supercon
ductivity or by matching the~measured! superconducting
state entropy (Ssc5*0

TcCsc/TdT) with the extrapolated nor

mal state entropy (Sn5*0
TcCextrap

n /TdT) under the assump
tion that the transition is second order, i.e.,Ssc5Sn . Thus,a
priori there are twog’s one can consider—the measuredg or
more properlyC/T, aboveTc1 ~here calledg* ! and the lin-
early extrapolated, via entropy-matching determin
g5Cn/T asT→0. These are listed in Table I and plotted
Fig. 6. As may be readily seen, the normal stateg ~[C/T as
T→0! as well asC/TuT5T

c1
1 (5g* ) both show structure asx

approaches the double transition regionxc1,x,xc2 . Since
g is a normal state property, this sharp structure atxc1 and
xc2 in g is certainly consistent with the huge jumps in t
specific heat at the superconducting transitions atxc1 andxc2
being indicative of some underlying physical phenomen
and not just simply the crossing of two superconduct
Tc(x) phase lines. Something is occurring in thef-electron
density of states and/or with the electron interactions tha
connected with the sharp peaking inDC at xc1 andxc2 , after
which, asx enters the regionxc1,x,xc2 , two supercon-
ducting transitions appear. Obviously, a largeg implies a
large entropy (S5*0

TcCsc/TdT)—shown in Table I. Thus, as
g peaks forxc1,x,xc2 , so does the entropy~⇔ f -electron
degrees of freedom!. This increase in entropy is of cours

FIG. 6. g~[Cn/T as T→0! vs Th concentration~squares! as
determined by linear extrapolation ofCnormal/T below Tc to match
the observed superconducting state entropy as discussed in the
Cn/T at Tc

1([g* ) is also shown plotted as triangles. The lar
difference between the two values at a givenx is proof of the
continuing evolution at low temperature of the dressed density
states in these materials. Note the sharp rise in bothg and g* as
x→xc1,2 from outside the double transition region. In the superc
ducting state for U12xThxBe13, in contrast with other superconduc
ors, Csc/T does not approach zero asT→0, but rather has a rema
nent valueg rest, see Table I and Ref. 11. Thisg rest varies between
20–30 % ofg and has also been seen in Ref. 11. Ifg2g rest is
plotted~not shown!, the data shown forg are merely shifted down-
wards with no strong change in the observed structure atxc1 and
xc2 .
-

d

n
g

is

necessary for~and probably connected to! the multiple large
peaks inCsc/T observed forxc1,x,xc2 . That the entropy
rises already atx;0.02 is, as discussed above, connec
with the suppression of the peak inC at 2.5 K in pure UBe13

with Th doping. The jump ing at x50.0178 (xc1) occurs,
however, before this 2.5 K peak is completely suppresse19

Thus, an exact correlation16,17 is lacking at xc1 , and of
course this peak suppression is long since complete be
the behavior atxc2 occurs.

DC/gTc . Figure 7 shows DC/g* Tc vs x for
U12xThxBe13, where g* 5C/TuT5T

c
1. This is the sensible

choice, since the energy gap opens up in the dressed de
of states present atTc , not the eventualg ~[Cn/T as T
→0! that is obtained well below the superconducting tran
tion. ~Measurements12 of the normal state in a 2 T applied
magnetic field—low enough not to affectC/T aboveTc(B
50)—show indeed a continuing gradual increase inC/T
with decreasing temperature, not a sudden jump inC/T.! If
we compare the values shown in Fig. 7 with the wea
coupling BCS result ofDC/gTc51.43, clearly the vicinity
of xc1 and xc2 in U12xThxBe13 sees very strong coupling
~Even without using an idealized26 DC for an infinitely sharp
transition,DC/g* Tc at x50.0455 is 3.1, far in excess of th
BCS value.! In fact, the value forDC/g* Tc observed atxc2

is larger than seen in any other superconductor with the
ception of UBe12.97B0.03, where DC/g* Tc is also
observed28—for an idealized transition—to be 4.4, althoug
without any two transition region found in the phase d
gram. The important implication to be drawn here from t
data in Fig. 7 is, however, not the very strong coupling wh
compared to BCS but rather the sharp structure peakin
xc1 andxc2 just as forDC andg discussed above. The larg
DC/g* Tc values themselves, if taking place4,5 in a non-BCS

ext.

f

-

FIG. 7. The discontinuity in the specific atTc , DC, ~DC1 for
xc1,x,xc2! determined via the equal area construction~Ref. 26!
divided byg* [C/TuT5T

c
1 multiplied byTc ~in the single transition

regimes! or Tc1 ~in the double transition regime! vs Th concentra-
tion in U12xThxBe13. The BCS value for weak coupling superco
ductors is 1.43. IfDC2 /g? Tc2 were plotted atx50.043, or gener-
ally for xc1,x,xc2 , the value forg? used would be fromCn/T
data aboveTc1 extrapolated down toTc2 using the entropy con-
straint. The resultantDC2 /g? Tc2 at x50.043 is about 3.2, i.e., the
fact that DC2 /g? Tc rises asx→xc1 ~from below! and x→xc2

~from above!, and then falls forxc1,x,xc2 is independent of what
is used in the two transition region forDC2 /gTc .
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superconductor, can first be quantitatively discussed only
ter the precise ground state is known.

CONCLUSIONS AND FUTURE WORK

It seems that the two phase region in U12xThxBe13 for
;0.0178,x,0.0455 is preceded on both the Th-richer a
-poorer sides by enormous increases in the size of the
cific heat jumps at the superconducting transition, in the s
of g ~defined either asC/T at T5Tc

1 or atT→0!, and in the
size of DC/g* Tc ~⇔ superconducting coupling strength!.
These facts taken together argue that such peaking atxc1,2 is
not simply a crossing ofTc(x) phase lines of two transitions
but rather is more fundamental in nature. Considering n
the central questions~type of superconductivity and why T
produces two transitions forxc1,x,xc2! which this work
was undertaken to try to answer, the extremely largeDC and
DC/g* Tc for x approaching the two phase regime, whe
according to, e.g., pressure work6 the lower transition for
xc1,x,xc2 corresponds to the large single transition forx
,xc1 , do not appear consistent with BCS theory. The stro
increase ing and alsog* at xc1,2 ~see Fig. 6! is consistent
with some double resonance structure, with a shallow m
mum between, in the dressed density of states mov
through the Fermi energy as a function of increasing Th c
centration such that the Fermi energy is between the
sharp peaks forxc1,x,xc2 . As we have discussed before,12

one important difference between Th, which creates t
separate transitions and, e.g., La, which does not, is the
of the peaks in N(0)(11l) caused by Th. For
U12xThxBe13, g ~5Cn/T asT→0! exceeds 2.6 J/mol K2~see
Table I! while for U12xLaxBe13, values of ‘‘only’’ 1.5
J/mol K2 are reached.18

Why and whether the genesis of the two transition reg
in U12xThxBe13 is linked to a non-BCS superconductin
mechanism caused by large values ofg in g@}N(0)(1
1l)# as a function ofx asx moves throughxc1,2 provides an
incentive for further experimental and theoretical work. C
tte
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.
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tainly the clues revealed here, thatDC and DC/g* Tc peak
sharply atxc1,2, before the two transition region occurs
should provide a helpful initial direction. Electron tunnelin
measurements on U12xc1,2

Thxc1,2
Be13 are planned to directly

determine the energy gap, another indicator—in addition
DC/g* Tc—for the coupling strength.

Concerning the search23 for a second transition forx
,xc1 and x.xc2 @so that the thermodynamic structure
Yip, Li, and Kumar21 ~YLK ! that three second order phas
transition lines cannot meet at a point is obeyed as discu
above in the Introduction#, the present work with all its fine
gradations in Th concentration can offer only hints for fu
ther work. As seen in Fig. 3, theremay be a small second
transition at 0.34 K below the large transition at 0.5 K
U0.983Th0.017Be13. ~Whether this small anomaly is related
the very large anomaly in the ultrasonic attenuati
observed7 at 0.36 K forx50.0175 is a question of how in
tercomparable the differing preparations are, as discus
above when comparing Ott’sx50.0378 results with ourx
50.043 data.! This implies an almost verticalTc(x) for this
second transition—work atx50.0174 is planned. As dis
cussed above, the YLK stricture can also be fulfilled in t
special case that, in the two phase region,dTc1 /dx
5dTc2 /dx as x→xc . This, based on the present work, r
mains an open question at bothxc1 and xc2 . However, the
last way to fulfill the YLK stricture~barring a first order
phase transition!, i.e., DC1→0 beforexc is reached so tha
there are not three phase lines, seems to be consistent
the data~see Fig. 4 and 5! at x50.043 nearxc2 . Thus, to
decide the thermodynamic behavior nearxc1 requires further
data onDC, for 0.0185,x,0.022, as well as the continuin
search for the almost vertical phase line atx50.0174.
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