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PHYSICAL REVIEW B VOLUME 44, NUMBER 13 1 OCTOBER 1991-I

InAuence of boron impurities on the superconducting phase transition of U& „Th„Be,3

H. R. Ott and E. Felder
Laboratorium fu'r Festkorperphysik, Eidgenossische Technische Hochschule Honggerberg, 8093 Zu'rich, Switzerland

Z. Fisk, R. H. Heffner, and J. L. Smith
Los Alamos National Laboratory, Los Alamos, New Mexico, 87545

(Received 2 May 1991)

It is demonstrated that weak boron doping of UBe&3 drastically alters the temperature dependence of
the specific heat just above and also below the superconducting transition. A strong enhancement of the
anomaly at T, and distinct deviations from mean-field behavior are the most significant features. The
influence of small amounts of boron replacing Be in thorium-doped UBe&3 is shown to depend on the
concentration of Th impurities. Excessive specific heat well below T, in these compounds indicates con-
siderable variation of the electronic spectrum even at very low temperatures.

It has been shown previously that most impurities in-
troduced either on U or Be sites cause a strong depres-
sion of the superconducting transition temperature T, of
UBej3. Apart from the decrease of T„specific-heat mea-
surements ' revealed a considerable reduction of the
specific-heat anomaly at T, . In some cases it was ob-
served that, although resistive and magnetic transitions
to the superconducting state could still be identified, no
visible anomaly in C~(T) gave a manifestation of the
transition at the respective temperatures. Since these
features occurred for both magnetic and nonmagnetic im-
purities at concentrations of less than 2 at. %, it was con-
cluded that pair-breaking effects on an unconventional
type of superconductivity are the reason for these obser-
vations.

At the same time it was also realized, that replacing U
by Th with the same concentration level of a few at. % re-
sulted in a distinctly different behavior. Although for
small concentrations x of Th, T, decreases on a scale
similar to that for all other impurities on the U sites, the
specific-heat anomaly, measured on the scale of the
normal-state electronic specific heat at T„i.e., C„'=yT„
keeps its size which is slightly larger than the BCS value
for pure UBe&3. For x=0.018, T, reaches a minimum
and increases again with a further increase of x, passing
over a maximum in the range of x between 0.03 and
0.035. A second phase transition in the superconducting
state as indicated by C„(T) data for x )0.02 leads to a
very unusual superconducting phase diagram which,
again, gives evidence for unconventional superconductivi-
ty in this system. A recent microscopic study employing
the pSR technique and detailed specific-heat measure-
ments established the boundaries of the phase diagram
in some detail.

In further studies related to impurities in UBe&3 it was

found that boron doping on the Be sites again leads to ex-
traordinary features concerning the sup erconducting
phase transition. Small concentrations of B for Be in

UBe, 3 ~B (0.01 &y (0.045) were found to lower T,
somewhat. More surprising was the concomitant in-

crease of the specific-heat anomaly at T, which became
considerably larger than that observed for pure UBe&3
and surpasses the usual BCS value by a large margin. As
will be shown below, extrapolations indicate that the usu-
al balance of entropy can only be achieved if extreme
enhancements of the C /T ratio in the hypothetical nor-
mal state at temperatures below T, are postulated. In
view of the results obtained for U, „Th Be,3, we conjec-
tured that again two transitions of similar type occur in
UBe&3 yBy which, however, cannot be resolved on the
temperature scale. This explanation for the enhanced
anomaly could not be substantiated in recent pSR experi-
ments. '

Before this microscopic study just mentioned was
made, we investigated the inhuence of B doping on pure
UBe&3 and some U, Th Be&3 compounds. Of course, it
was of interest to coarsely study the effect of B doping on
the superconducting phase diagram mentioned above and
therefore we report here on measurements of the specific
heat of U& Th Bei3 B compounds below 1 K. Since
previous measurements on UBe&3 y By gave essentially
the same results for either polycrystalline or single-
crystalline samples with the same B concentration y, we
continued to do the experiments, whose results are
presented here, on polycrystalline specimens. Our ma-
terial was obtained by arc-melting the constituents in in-
ert atmosphere, taking the usual necessary precautions to
ensure homogeneity. The specific heat was determined
using a relaxation technique with samples of approxi-
mately 100 mg weight. For all samples, the supercon-
ducting transition was checked by ac susceptibility mea-
surements.

In Fig. 1 we show the variation of C (T) below 1 K
upon changing the 8 content in UBei3 yBy in the form
of C /T versus T plots. It should be realized that the
small boron concentrations introduced here are very
difticult to control and determine on an absolute scale in
the resulting material. The most clear distinction with
respect to pure UBe&3 is actually achieved by these very
measurements. No clear trend of T, (y) can be estab-
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FIG. 2. C~/T of superconducting boron-doped UBe», previ-
ously used in a pSR study (Ref. 5), between 0.1 and 1.2 K. The
broken line indicates the discontinuity at T, as expected from
the BCS theory in the weak-coupling limit.
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FIG. 1. C~/T vs T for superconducting UBe» ~B~ between
0.05 and 1 K. The solid lines are meant to guide the eye.

lished and also the shape of C~(T) does not change sys-
tematically and seems to depend on the sample quality.
Nevertheless, it appears that the largest enhancement of
the Cz anomaly at T, is obtained for y -0.03 and there-
fore we concentrated on using material with this B con-
tent in subsequent experiments. The normal-state C /T
ratio at T, is distinctly larger than for pure UBe», a
feature that has been studied in more detail in Ref. 8. It
may be seen from Fig. 1 that the entropy balance dictated
by a superconducting transition can only be achieved if a
large enhancement of the Cz/T ratio in the normal state
toward T=O K is assumed.

In Fig. 2 we show analogous data that were obtained
from investigating a small piece that was cut from the
sample used in the above mentioned pSR study. We re-
call that no difference in the temperature dependence of
the muon-spin relaxation rate between this material and
pure UBe» was observed below 1 K. Although the nomi-
nal concentration y is also 0.03 here, the curve in Fig. 2 is
distinguishable from the corresponding curve in Fig. 1.
The reason for this discrepancy is not really known, but it
may be sought in a slight difference of the actual boron
concentrations in both materials which, according to Fig.
1, may well account for the different behavior. In any
case, also the data in Fig. 2 are far from being compatible
with simple BCS behavior at T„which is indicated by
the broken line in Fig. 2, and also quite at variance with
the data for pure UBe» shown in Fig. 1. Since the micro-
scopic probe (pSR), which is sensitive to both structural
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FIG. 3. The same data as shown in Fig. 2 but plotted as C~ vs
Ton logarithmic scales.

and magnetic phenomena, gives no evidence for an addi-
tional phase transition, the reason for this unprecedented
large anomaly at the superconducting phase transition of
B-doped UBe» is a puzzle. It is also of interest to com-
pare C~( T) data of this material with those of pure UBe»
at temperatures well below T, . To this end we have plot-
ted the data of Fig. 2 on a graph with logarithmic scales,
which is shown in Fig. 3. At the lowest temperatures,
C~( T) tends to vanish proportional to T . Analogous re-
sults for pure UBe» to even lower temperatures indicate
a T dependence there. '

The specific-heat features at the superconducting tran-
sition of boron-doped UBe» imply a dramatic increase of
the strong-coupling character of this phase transition.
The data in Fig. 2 further indicate distinct deviations
from the usual mean-field behavior of superconductors,
especially when taking into account the increase of the
C /T ratio at lower temperatures which we need to pos-
tulate for obtaining the necessary entropy balance.

As mentioned above, it also seemed of interest to inves-
tigate the inAuence of B doping on material of the type
U& Th Be&& with different values of concentration x.
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Keeping in mind the features of the T, (x) phase diagram
of U, „Th„Be», at least three different regions of in-
terest may be identified. In a first experiment we checked
whether the enhancement of the C anomaly persists in
Th-doped material with values of x less than 0.018, i.e.,
the concentration for which a relative minimum of T, has
been established. In Fig. 4, it may be seen that this is
definitely the case and we also note, taking into account
the slightly different Th concentrations in the two sam-
ples, that addition of B does not result in a large decrease
of T„ if any. Again, the requirement of entropy balance
is obviously a problem.

Particularly intriguing is the behavior for x values
slightly exceeding 0.0 18. Our results of previous mea-
surements on thorium-doped UBe» indicate, that for
x =0.019, while T, is higher than the minimum value for
x =0.018, no second-phase transition is indicated by
specific heat measurements above 0.1 K (see Fig. 5). Bo-
ron doping of such material leads to the observation of
two distinct and well-resolved transitions, as demonstrat-
ed in Fig. 5. Some caution in connection with their inter-
pretation is necessary here, however. It is not yet quite
clear, whether the appearance of the second peak in
C~(T) is due to B doping or whether it has to be traced
back to a slightly higher Th concentration in the sample
also containing Boron. Combined C (T) and pSR mea-
surements indicate that the phase boundary for the
second transition is almost vertical in this range of x
(Refs. 5 and 6) and very small shifts in concentrations of
Th are obviously very difficult to control. In any case, it
is clear that the two-phase transitions in Th-doped UBe»
survive small amounts of B impurities on Be sites. This is
definitely not so, if similar amounts of Cu atoms are in-
troduced to replace Be. Both transitions are completely
wiped out in this latter case.

At higher Th concentrations, also boron seems to be a
harmful ingredient, as may be seen from Fig. 6. Apart
from a distinct decrease of T„a considerable quenching
and broadening of the C anomaly is observed.

This investigation on which we brieAy reported here al-
lows for at least four conclusions.

(i) Small amounts of boron replacing Be in UBe, 3 and
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U, Th Be» with x & 0.018, lead to unexpected
enhancements of the specific-heat anomaly at the super-
conducting transition of these compounds. Especially in
UBe», this enhancement is, to our knowledge, of unpre-
cedented size and indicates a considerable tendency to-
ward strong coupling in the subsystem providing super-
conductivity.

(ii) It may be recognized, that B doping influences the
T, (x) phase diagram of superconducting Ui Th„Be,3.
Of course, more experiments to establish the details have
to be made.

(iii) The requirement of entropy balance for a super-
conductor at temperatures between 0 K and T, can only
be fulfilled in these compounds, if their hypothetical
normal-state C„'/T ratio below T, is strongly enhanced,
as we postulate (C„'= specific heat of the charge carriers
that provide superconductivity). This implies that some
unknown degree of freedom needs to be considered.

(iv) The temperature dependence of the specific heat is
distinctly different from BCS behavior. For boron-doped
UBei3 the loss of mean-field character is the most intrigu-

FIG. S. Inhuence of B doping on the specific-heat anomaly of
superconducting U, „Th Be» for x =0.019, i.e., in the vicinity
of the T, minimum observed at x =0.018.

O
E

I—

~ p
e

O

O 0
(D

Oo
P ~ %

~ 00 ~

c5
o

o
O ~

0

I
I

U 0.98278Th o.ol 72 2 Be
I 5

U0.9848Th O.OI52BeI2 97 BO.OS

C)
E

I—

0

I

od
O

O

0
O

O

0
O

P ~ ooQ

(D 0'0 0

U 0.9567Th o.0435 Be
I 3

Uo.gg8T" O.o42Be I2.97 Bo.os

oQ& ~
Oo ~ pga ~ ~ 40 ~

0 0.5
T(K)

I

0.2
I

0.4 0.6
T(K)

I

0,8
I

I.O

FIG. 4. Comparison of C~ /T vs T for UQ 983ThQ Q$7Be» and
UQ 985ThQ Q]58e]2 97BQ Q3 below 1.1 K.

FIG. 6. Inhuence of B doping on the specific-heat anomaly at
the superconducting transition of U, Th„Be» for x =0.043.
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ing new feature. At the lowest temperatures, the experi-
mental results may have to do with anomalous back-
ground features of C~(T) as mentioned in (iii), but they
may also be caused by properties of an unconventional
superconducting state. With this in mind, we plan to
study C (T) of these compounds to still lower tempera-
tures.
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