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Effects of boron substitution on the superconducting state of UBe,;
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Specific heat, magnetic susceptibility, and resistivity were measured on polycrystalline samples of
U(Be;_B, );; with 0<x <5.2X 1073, Small amounts of B greatly affect the specific-heat discontinuity
at the superconducting phase transition in UBe,3;, while only weakly decreasing the superconducting
transition temperature. The presence of B impurities also influences the resistivity. These observations
are discussed in terms of possible impurity-induced changes in the symmetry and/or pairing interaction

of the superconducting state in UBe,3.

I. INTRODUCTION

For almost a decade! there has been a great deal of in-
terest in the exotic superconducting properties of UBe,;.
Measurements® sensitive to thermal excitations of quasi-
particles show power-law temperature dependencies, in-
dicating that an anisotropic superconducting gap exists
with either an axiallike or polarlike gap structure.
Theoretical models incorporating superconducting order
parameters with nonzero angular momentum com-
ponents and possible nonsinglet spin states have been
used to describe these properties.>

While investigations of the symmetry of the gap struc-
ture continue, the mechanism for the superconducting
pairing interaction has also yet to be confirmed. The evi-
dence for nodes in the superconducting gap structure
mentioned above, the presence of antiferromagnetic
(AFM) correlations in most heavy-fermion superconduc-
tors, and the strong on-site Coulomb repulsion between
the superconducting f electrons has led to the inference
that AFM spin fluctuations rather than phonons play an
important role in mediating the attractive pairing in-
teraction. Theoretical studies* further confirm this con-
cept, although no experimental proof for this hypothesis
exists. For example, although neutron-scattering experi-
ments® have found evidence for AFM correlations in the
normal state of many heavy-fermion superconductors,
quasielastic neutron-scattering experiments in polycrys-
talline UBe,; have not been able to confirm the AFM na-
ture of the low-lying excitations.® However, recent stud-
ies’ of the field dependence of the resistivity and specific
heat do provide evidence for spin fluctuations below
about 5 K in (U,Th)Be;;. In this paper we present addi-
tional data on B-doped UBe;; and discuss the implica-
tions of these data for the superconducting properties of
this system.

It is well known that the ground-state properties of
UBe,; are very sensitive to certain impurities. For exam-
ple, small amounts of Th substituted for U in
U, _,Th,Be;; produce a nonmonotonic reduction of the
superconducting transition temperature 7,, an increase
in the linear coefficient of specific heat y at T,, and two
specific-heat anomalies in the superconducting state be-
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tween y~0.019 and 0.042.%° Measurements of the
muon-spin relaxation uSR rate demonstrate that some
type of small-moment quasistatic magnetism sets in at the
lower transition.!® Recently, it has been shown that B
substitution for Be in U(Be;_,B,);; produces an
enhanced specific-heat jump AC at T, for x =2.3X 103
compared to x =0."!12 The AC is accompanied by an
increase in the normal state y, as in the case of
(U,Th)Be,;; however, uSR has revealed no quasistate
magnetic correlations below 1 K for x =2.3X1073.12 To
further investigate this phenomenon we present results of
magnetic-susceptibility, resistivity, and specific-heat mea-
surements for B concentrations x =0, 0.0008, 0.0023,
0.0034, and 0.0052.

The effects of B substitution are seen in all three mea-
surements; however, the most interesting result is the B
concentration dependence of AC. With increasing B con-
tent, AC goes through a maximum when x ~2.3X 1073,
The transition temperature T, changes less than 15%
with the maximum B doping, while ¥ increases as the B
concentration is increased. Below, we discuss these
findings in terms of possible changes in the symmetry of
the superconducting state and a possible relationship be-
tween the superconducting parameters and the charac-
teristic energy scale associated with the spin fluctuations
in this system, which we characterize by a spin-
fluctuation temperature T,.

II. MEASUREMENTS AND RESULTS

Polycrystalline samples of U(Be,_,B,);; with
0=<x <5.2X 1073 were arc melted using standard tech-
niques. The selected B concentrations range from 0 to
6.8 % relative to the U, spanning the same concentration
range as Th in U,_, Th,Be,;, where two superconducting
transitions occur. Relative to Be, however, the range of
B concentrations is more than an order of magnitude
smaller and should not change the band filling by more
than 0.5%. Despite the slightly smaller covalent radius
of B, no observable changes in the cubic lattice parame-
ters were detected in x-ray diffraction patterns. NMR ex-
periments!® on the B and Be nuclei find that the mea-
sured B concentration is approximately equal to the nom-
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inal values, and that the B impurities tend to sit ex-
clusively on the cubic lattice sites, i.e., the m3 sites (see
discussion below).

Measurements of the magnetic susceptibility were per-
formed with a superconducting quantum interference de-
vice magnetometer manufactured by Quantum Design.
Data were taken from 7'=350 to 1.8 K in an applied field
of 0.1 T. The resistivity was obtained between room tem-
perature and 1.4 K with a standard four-probe technique.
A thermal-relaxation technique!* was employed to deter-
mine the specific heat as a function of temperature from
T'=0.32 to 20 K for samples several milligrams in size.
Corrections to the relaxation time due to the thermal
contact between the sample and its platform reduced the
measured heat capacity by ~16% at the lowest tempera-
tures for the samples with the worst thermal contact.
These corrections became insignificant at higher tempera-
tures.

The reciprocal susceptibilities for the pure sample and
the one with the highest concentration of boron display
Curie-Weiss-like behavior at high temperatures, as seen
in Fig. 1. Consistent with previously published results,’
the effective moment p.z for x =0 is ~3.41ug. At the
highest B concentration (x =5.2X 1073, there is a ~2%
increase in u., which is just resolvable with our experi-
mental uncertainty. This increase, however, is less than
the variation in reported values for the pure material. If
the effect is intrinsic, the presence of B appears to slightly
enhance the 5f localization.

The incorporation of B into UBe,; also influences the
scattering process of the charge carriers. Illustrated in
Fig. 2, the peak in the low-temperature resistivity at
T=2.5 K in pure UBe;; moves to lower temperatures
with increasing B. When x=5.2X1073, this narrow
anomaly is no longer apparent above our lowest tempera-
ture, and only the very broad maximum at T=19 K
remains. The magnitude of the resistivity for
x=5.2X 1072 is also decreased below that of UBe,; at all
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FIG. 1. The reciprocal dc susceptibility for pure and B-
doped UBe,; as a function of temperature.
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FIG. 2. The temperature-dependent resistivity for pure and
B-doped UBe;;, after normalizing the data to the value at
T =250 K.

temperatures measured. This behavior is very similar to
what occurs with Th substitution.”?

In Fig. 3 the measured specific heat for two concentra-
tions is displayed as C /T versus T. The data show a rela-
tively unenhanced specific heat at 7= 10 K that gradual-
ly increases with decreasing temperature below 10 K,
where a many-body heavy-electron state, associated with
spin fluctuations,” begins to develop at a temperature
~T, (defined more precisely below). When T'=T,~0.9
K, the abrupt discontinuity in C /T signals a phase tran-
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FIG. 3. The specific heat divided by temperature versus tem-
perature on a semilog plot for UBe,; and the B-doped sample
with the largest superconducting specific-heat discontinuity.
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sition into the superconducting state. Notice that the
many-body enhancement of C/T between T, and ~5 K
for the x =2.3X 1073 concentration occurs at a lower
temperature than for the pure sample, and that the
specific-heat jump at T, increases significantly for the B-
doped sample.

We have investigated the possibility that the enhanced
jump in specific heat at T, with B doping might be spuri-
ous, due either to two separate transitions occurring at
almost the same temperature, or a redistribution of entro-
py associated with spin fluctuations in the normal state.
The first case is not likely, for the following reasons.
First, even though the maximum specific-heat discon-
tinuity, which occurs when x =2.3X 1073, is nearly twice
as large as in the pure compound, the entropy associated
with the transition has only increased by ~7.4%, as
shown in Fig. 4. Second, the linear coefficient of specific
heat extrapolated to zero temperature, as described below
and shown in Fig. 6, increases by only ~2.4% in going
from x =0 to 2.3X 107 3. Third, the width of the transi-
tion does not change appreciably for small B concentra-
tions; in fact, the peak at 7, is narrower for
x=2.3X1073 than for x =0. Finally, muon-spin relaxa-
tion experiments were performed on the x =2.3X 1073
sample,'? and no internal quasistatic magnetism was ob-
served above the detection limit of 0.001uy per U site,
eliminating the possibility of a second magnetic phase
transition, as seen for certain Th concentrations. Thus
there is no evidence for two separate phase transitions
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FIG. 4. Temperature dependence of the entropy for pure and
B-doped UBey;, (a) at low temperature and (b) at high tempera-
tures.

which are coincident in temperature.

Since the entropy is the temperature integral of C /T,
examination of Fig. 3 shows that the enhanced specific-
heat jump at T, in the x =2.3X 1073 B-doped sample re-
sults from a redistribution of the entropy into the transi-
tion region from both above and below. Note that this
redistribution does not arise from a simple movement to
lower temperatures of the spin-fluctuation entropy associ-
ated with the peak at T=T, in the specific heat. We
therefore conclude that the enhanced AC must be con-
nected with a change in the properties of the supercon-
ducting state itself.

The systematics of these effects were investigated by
measuring the specific heat around the transition for four
different values of x. These data are displayed in Fig. 5
(solid circles). Clearly the specific-heat jump at T, in-
creases, goes through a maximum, and eventually de-
clines with increasing B doping. Because the supercon-
ducting anomalies are broadened slightly (probably by
disorder), an entropy-conserving construction was used
to analyze the data in the vicinity of T,,. This is shown by
the solid lines in Fig. 5. A crossover from the linear ex-
trapolation above and below 7, was determined by
balancing the areas between the data and the extrapolat-
ed curves. In this manner both AC and T, were defined.
The zero-temperature limit of C /T for the normal state,
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FIG. 5. The specific heat divided by temperature as a func-
tion of temperature for pure and B-doped UBe,;. The solid cir-
cles are the measured data, and the lines are balanced entropy
constructions used to determine 7. and AC (see text).
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denoted by y 5(0), was estimated by adjusting the inter-
cept of a linear extrapolation for C/T from T=T, to
T =0 until the entropy at T, is the same as measured in
the superconducting state. The characteristic energy
scale T, was defined experimentally as the temperature
where y(T) decreases to y ,(0) /2.

The values of ¥ 5(0) and T, are displayed as a function
of B concentration in Fig. 6, where one sees a significant
decline in T, with increasing B content. We were unable
to determine T, for the x =5.2X 1073 sample because
the temperature where y would attain half its zero-
temperature limit is below 7,.. Using the values for
¥ 5(0) determined above, we calculated AC /y 5(0)T, for
each concentration [Fig. 6(a)]. Notice that this ratio has
a value close to the BCS result for s-wave superconduc-
tivity (1.43) for pure UBe,; and then increases through a
maximum as B is added to the material. The maximum
in AC/yy(0)T, equals 3.76 and occurs when
x~2.3X1073% Even though values approaching this
have been observed in some 4-15 compounds,!® the max-
imum ratio in B-doped UBe,; is the largest of any known
material. Despite this dramatic change in AC /y 5(0)T,,
the superconducting transition temperature is changed
only somewhat [Fig. 6(b)]. We note that previously pub-
lished® values of AC /y y(0)T, for UBe,; are around 1.5,
which is close to our result. The emphasis here is not on
the exact magnitude of AC /y 5(0)T,, which is subject to
some systematic errors, but rather on the trend with x
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FIG. 6. (a) y5(0) and AC /v 5(0)T,, defined in the text, as a
function of B concentration x in U(Be;_,B,);;. (b) The B con-
centration dependence of the superconducting transition tem-
perature T, and the temperature that characterizes the renor-
malized heavy-mass state 7,. The lines are guides to the eye.
For the highest B concentration, T, could not be determined
because it falls below T,.

and on the large enhancement at x =2.3X 1073,

We also note an interesting correlation between our re-
sults and specific-heat measurements under hydrostatic
pressures on pure UBe13.16 Increasing the pressure to 9.3
kbars increases T, (determined by our definition) and de-
creases AC. Again a corresponding change is observed
between T, and AC, though the trend with pressure is
opposite to that for B impurities.

II1. DISCUSSION

Strong-coupling effects can cause AC /y 5(0)T, to devi-
ate from the BCS prediction. Assuming the Eliashberg
formalism is applicable to these materials, it is possible to
derive!” an expression for the free-energy difference in the
superconducting state from the nonlinear Matsubara-gap
equations and the Bardeen-Stephen free-energy formula,
which includes strong-coupling corrections. By taking
the second derivative of the free-energy difference with
respect to temperature and evaluating it at T, an expres-
sion for AC/y y(0)T, is found in terms of the strong-
coupling parameter T, /w, The frequency w, character-
izes the bosonic excitation mediating the pairing interac-
tion. If this boson is a phonon, w, is the Debye frequency
in the weak-coupling reduction of the expression. For
heavy fermions, the boson may be different.

Extensive calculations of the dependence of
AC /y y(0)T,. on T, /w, have been carried out for an iso-
tropic (s-wave) gap structure.!” This work has been ex-
tended!®!® to include anisotropic (d-wave) superconduc-
tors whose pairing is driven by antiferromagnetic spin
fluctuations characterized by a 8-function spectral densi-
ty at o, Although the parity of the superconducting
state in UBe,; has not yet been established, we shall use
these two (even parity) model calculations as examples of
effects on isotropic and anisotropic superconducting
states to help elucidate our data. As T./w, approaches
zero, the weak-coupling limits for the two models are
different. For s-wave pairing AC/y 5(0)T,=1.43 (the
BCS value), while this ratio is always smaller for the d-
wave case.!>?0 (The actual value of the d-wave ratio is
model dependent,?® depending on the symmetry of the
pairing state and the assumed spectral density of the bo-
sonic exchange. A theoretical value as small as 0.67 has
been obtained.’®) When T, /o, is increased, the magni-
tude of AC/yN(0)T, for the s-wave system passes
through a maximum near T, /wy=0.2 and falls below the
BCS value for T, /wy>0.7."" For a d-wave system, calcu-
lations also show an increase in AC /y y(0)T, as T, /w,
increases to about 0.25;!%!° model d-wave calculations at
values of T, /w, exceeding 0.25 are not known to us.

The dependence of the transition temperature on the
spectral function that characterizes the boson excitations
responsible for mediating the superconductivity is also
different for the isotropic and anisotropic models. In s-
wave superconductors enhancing the fluctuation spec-
trum always increases T, for all values of T, /w,. How-
ever, for the d-wave case low-frequency spin fluctuations
decrease T, because of pair breaking, while the spin fluc-
tuations at high frequencies enhance T,.!* Therefore, a
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crossover regime in the parameter space of T, /w, exists
in d-wave superconductors, where T, is not affected by
changes in the spectral function. Finally, the calculations
for d-wave pairing'® also suggest that the specific heat
falls off more rapidly below T, as the pairing strength is
increased.

In addition to the dynamical effects of spin fluctuations
on the pairing interaction, elastic and inelastic scattering
of electrons from impurities are also important. In par-
ticular, in s-wave superconductors only magnetic scatter-
ing centers are pair breakers, depressing 7,.. By contrast,
both magnetic and nonmagnetic scatterers reduce 7, in
an anisotropic superconducting state.!® Moreover, the
consequences depend on whether the scattering is elastic
or inelastic. Inelastic scattering can theoretically
enhance T, for an s-wave state, while depressing T, for
an anisotropic superconductor.?!

In comparing these theoretical models to our data, we
note that the existing thermodynamic? and NMR relaxa-
tion rate?? data on UBe,; and (U,Th)Be,; strongly suggest
an anisotropic superconducting gap structure. Subse-
quent discussions of our results will be in this context.
To begin with, we focus on the increased magnitude of
AC /y §(0)T,, coupled with the relatively small change in
T, and y x(0) in going from x =0 to x =2.3X 1073 (Fig.
6). We note that if undoped UBe,; enters a d-wave pair-
ing state, then the coupling AC /y 5(0)T,~1.5 is already
strongly enhanced compared to the predicted weak-
coupling value.!®!° The additional enhancement of
AC /y y(0)T, with B doping could be due to at least two
possible causes: (1) an increase in the coupling parameter
T, /o, which corresponds to a decrease in w, since T, is
almost constant, or (2) a change in the symmetry of the
superconducting state, possibly driven by an inelastic im-
purity scattering mechanism in such a way as to leave T,
unchanged. The first case would be consistent with mod-
els of d-wave pairing where T, changes very little; the
more rapid decrease in C/T below T, for the
x =2.3X 1073 sample (Fig. 3) further supports this inter-
pretation. We note that a decreasing spin-fluctuation
temperature T, with increasing B concentration is also
observed in the normal state just above T,. This indi-
cates a possible correlation between T, and .

A second possible reason for the increased enhance-
ment of AC /y y(0)T, for x =2.3X 1073 is a change from
one nearly degenerate superconducting-state representa-
tion (d wave) to another (s wave). In this case, a
significant change in the coupling strength would not be
inferred for the following reason. The measured
AC /y y(0)T, values for x =0 (=~1.5) and x =2.3X 1073
(=3.8) would have to be compared to different weak-
coupling limits, 1.43 for x =2.3X1073 (s wave) and a
smaller value for x =0 (d wave). In this case, the mea-
sured AC /y 5(0)T, would indicate strong coupling, but
without a large change in going from x=0 to
x=2.3X1073.

We find additional evidence for a change in the super-
conducting properties of B-doped UBe,; when examining
the temperature dependence of the entropy S (Fig. 4).
The entropy was determined by setting C/7 =0 at zero

temperature and linearly extrapolating between this point
and the lowest measured temperatures. We assume that
any residual zero-temperature contribution to C /T in the
superconducting state is negligible, as discussed further
below. This has only been experimentally verified in the
x =0 and x =2.3X 1073 materials, however, where mea-
surements down to 50 mK were previously carried out.?
Because C=TdS /dT, the specific-heat discontinuity at
T, represents a sudden change in the slope of the entropy
around 7,. The larger discontinuity in AC seen when
x =2.3X 1073 signifies a more rapid dropoff of the entro-
py below T,, which indicates that the excitations freeze
out faster with decreasing temperature. This provides
additional evidence that B doping may alter the size
and/or nodal structure of an anisotropic gap. In this re-
gard it is noteworthy that the temperature dependence of
C below about 0.15 K changes from 7 in UBe,; to T2
for x =2.3X 10732 also implying a change in nodal
structure.

The falloff in the normalized specific-heat jump
AC/yyN(0)T, for B concentrations greater than
x=2.3X 1073 could be due to a number of sources. It is
clear that much of the decrease comes solely from an in-
crease in ¥ (0), which accounts for all of the decrease in
AC /y 5(0)T, for x =3.4X 1073 and about half of the de-
crease for 5.2X 1073, The additional decrease in AC for
x =5.2X 1073 may be because B eventually disorders the
system, possibly leading to a decease in the integrated
spectral density of coherent spin fluctuations responsible
for the pairing interaction. The increase in y ,(0) for
x >2.3X1073 could in part be related to the onset of a
residual y,(0) with increasing B impurities, similar to
that found®* in Th-doped UBe,; for Th concentrations
where a second specific-heat jump is observed. Here
vs(0) refers to a finite linear contribution to the specific
heat in the superconducting state as the temperature ap-
proaches zero. In (U,Th)B;; 7,(0) becomes comparable
to yy(T=T,). We note that our data do not extend to
low enough temperatures to validate this hypothesis,
though a linear extrapolation of C/T to T =0 leads to
vs(0) <<y y(T,) for all measured B concentrations.

It is-also possible that the spin fluctuation spectrum is
altered in a fundamental way by the introduction of im-
purities on either the U or Be sites. These impurities
would break translational invariance and create Kondo
“holes” in the background periodic lattice that can reso-
nantly scatter electrons.”> We note that the resistivity
near 1 K is actually reduced by the addition of either Th
or B, indicating a reduction in incoherent scattering.
Consequently, spin-fluctuation spectral weight could be
moved to these “holes,” producing spin entropy below T,
(as shown clearly in Fig. 4 for x =5.2X 107?) and modi-
fying the pairing interaction. This could change the no-
dal structure of the superconducting energy gap, the cou-
pling strength, or both. The increase in y,(0) with either
Th or B doping might therefore represent the contribu-
tion from resonantly scattered Kondo “holes.”

In conclusion, we have measured the magnetic suscep-
tibility, resistivity, and specific heat in boron-doped
UBe,;. The most interesting consequence of our investi-
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gation is the observation of a systematic change in the
specific-heat discontinuity at T, with B concentration.
Despite the rather dramatic variation in AC/y 4(0)T,,
the transition temperature varies only modestly with B
concentration. These experiments, when qualitatively in-
terpreted in terms of strong-coupling theories of aniso-
tropic superconductivity, indicate that the presence of B
changes either the energy scale and spectral density of
the superconducting pairing interaction and/or the sym-
metry of the superconducting state. To date there is no
adequate microscopic theory to explain how relatively

small amounts of substitutional impurities can cause
these changes.
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