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Scaling properties of the magnetic-field-induced specific heat of superconducting UBe13
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We report on measurements of the low-temperature specific heatCp(T,B) of the unconventional supercon-
ductor UBe13 in magnetic fields up to 7 T. AtB'2 T, a substantial change in the magnetic-field dependence
of the temperature derivative of the magnetic-field induced contribution to the electronic specific heat
CH(T,B), resulting from the flow of supercurrents around the vortices, is observed, suggesting a crossover
between two different regions in the superconducting phase diagram of UBe13. For fieldsB.2 T, CH(T,B)
exhibits a scaling behavior with respect toTB21/2, which provides substantial evidence for the existence of
point nodes in the quasiparticle excitation spectrum of the superconductor.
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Ever since the discovery of the heavy-electron superc
ductor UBe13,1 both, experimental as well as theoretical e
forts have been made to establish or characterize the na
of superconductivity in this compound.2,3 Among various
other indications, the anomalous behavior of the specific h
at temperatures well belowTc (Cp}T3)4 or the London pen-
etration depth belowTc (Dl}T2)5 have been interpreted a
evidence, that superconductivity in this compound is of u
conventional nature. Inspired by these power-law tempe
ture dependencies of various properties, it has been prop
that the superconducting state is an axial4–6 spin-triplet state.
However, the definitive identification of the proper symm
try of the superconducting order parameter is still not co
plete.

The magnetic field induced contribution to the spec
heatCp(T,B) of a superconductor with gap-nodes strong
depends on the topology of these nodes, and therefore m
surements of the specific heat in external magnetic fie
may directly serve as a tool for investigating the topology
the gap nodes.7 In several recent specific heat studies of t
high-Tc superconductor YBa2Cu3O7 ~YBCO! ~Refs. 8–11!
and the heavy-electron superconductor UPt3,12 the magnetic-
field induced contribution to the specific heat has been inv
tigated and found to match the predictions for a superc
ductor with line-nodes in the quasiparticle excitati
spectrum. In this letter, we demonstrate the existence
crossover atB'2 T between two different regions in th
phase diagram of UBe13 and we further demonstrate that fo
B.2 T, the behavior ofCH(T,B) of the heavy-electron su
perconductor UBe13 as a function ofT and B leads to the
conclusion, that its superconducting energy gap exhi
point nodes.

In the mixed state of a type-II superconductor, the sup
flow circulating around a vortex causes a Doppler shiftDED
of the energy scale. For small gap values, i.e., at and clos
the gap nodes, this shift causes a nonzero density of e
tronic states~DOES! at zero energy which depends on t
0163-1829/2001/63~10!/100505~4!/$15.00 63 1005
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topology of the gap nodes. In the limitkBT!DED and B
!Bc2, the DOES at zero energy in the case of point nodes
given by N(0)/NF;B/Bc2ln(Bc2 /B) for an arbitrary direc-
tion of the magnetic field, orN(0)/NF;B/Bc2, if the field is
exactly parallel to the orientation of the nodes, respective
For line nodes,N(0)/NF;(B/Bc2)1/2, independent of the
direction of the magnetic field.13 HereNF is the DOES at the
Fermi energyEF . This leads, in the limit ofT!Tc , to an
additional linear-in-T term toCp of the form7

CH~T,B!

T
;

N~0!

NF
. ~1!

A more general way to analyze the magnetic-field induc
specific heat has recently been discussed by Volovik14 and
by Simon and Lee.15 They showed that the magnetic-fie
induced contribution to the specific heatCH(T,B) obeys a
scaling behavior, with respect to the scaling parametex
;(T/Tc)ABc2 /B, of the form CH(T,B);B„(32D)/2…f (x).
This scaling may be rewritten as

CH~T,B!

T22DB1/2
;F~x!, ~2!

whereD denotes the dimension of the nodes, i.e.,D50 for
point nodes andD51 for line nodes.F(x) is a universal
scaling function.14,15According to Eq.~1!, its asymptotic be-
havior forx!1 is of the formF(x);xD21. We note that in
the case of point nodes an additional term due to the lo
rithmic term in the DOES, which would invalidate the sca
ing relation, enters Eq.~2!. Nevertheless, it can be show
that in materials with cubic symmetry, this term may well
small enough to not significantly affect the scaling relati
given in Eq.~2!.16

In order to test these scaling predictions in connect
with an unconventional and strongly type-II heavy-electr
superconductor, the specific heatCp(T,B) of a small piece
of polycrystalline UBe13 (;50 mg) has been measured
©2001 The American Physical Society05-1
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various temperature ranges between 0.08 and 0.38 K an
external magnetic fields between 0 and 7 T, using a therm
relaxation technique in a dilution refrigerator. Special ca
was taken for the calibration of the RuO2 thermometer at-
tached to the sapphire disk serving as the sample platfor
external magnetic fields. For this purpose, a calibrated t
perature sensor was mounted inside a multilayered super
ducting magnetic shield, which was located outside of
core of the magnet solenoid, but was thermally shortcu
the calorimeter. The specific heat of the sample platfo
alone has been measured in a separate experiment and
only a few ppm of the total measured specific heat at
temperatures and all fields. The absolute accuracy of
calorimeter is better than 3% at the lowest temperatures
further improves with increasing temperature.

This experimental setup allows forCp-measurement scan
either parallel toB in theT2B phase diagram by varying th
temperature in a fixed magnetic field or vice versa, thus p
viding a good sensitivity to thermodynamic features in a
direction of the phase diagram.

The sample has been cut from a piece of material use
a previous investigation of the specific heat.4 The specific
heat in zero field and above 0.07 K is well described
Cp5g0T1belT

3. Earlier measurements of the specific he
of UBe13 had indicated thatCp is sample dependent such th
the apparent linear termg0T arises from resonant scatterin
at impurities, imperfections, etc.6,17,18 The fit parametersg0
and bel of the zero-field data presented here are consis
with those obtained in earlier measurements.6

In Fig. 1, we show the low-temperature specific heat
measured for 0.08<T<0.20 K and 0<B<7 T, as ~a! a
function of temperature at constant magnetic fields and~b! at
constant temperatures vs field. The slight upturn at lowT and
high B is due to the nuclear Zeeman contribution of the
atoms.

For field scans at constantT @Fig. 1~b!#, Cp(B) shows a
broad shoulderlike feature centered aroundB'3 T. In a
recent study19 of the specific heat of UBe13 in magnetic fields
at somewhat higher temperatures, similar features
Cp(T,B) at B'2 T have been reported and were interpre
as an indication for the occurrence of a second phas
superconducting UBe13. In Ref. 20, the results of therma
expansion and specific heat measurements have been
bined to show the existence of an additional feature in
phase diagram of UBe13. Below, we find further evidence
for the existence of an additional feature in the phase
gram of UBe13, which might be related to the shoulderlik
feature, but which appears at slightly differentB.

In this work, we are mainly interested in the magnet
field induced electronic contribution to the specific he
CH(T,B). The Be nuclei carry a nuclear spin, causing
magnetic field dependent and, especially at high fields
low temperatures, non-negligible contribution to the spec
heat,CN(T,B), which is proportional toB2T22 and is dis-
cussed in great detail in Ref. 21. Aiming only at th
magnetic-field induced electronic contribution, we consid

CH~T,B!5Cp~T,B!2Cp~T,0!2CN~T,B!, ~3!
10050
in
l-

e

in
-
n-

e
o

was
ll
e

nd

-
y

in

y
t

nt

s

of
d
in

m-
e

a-

-
,

d
c

whereCp(T,B) is the measured specific heat,CN(T,B) the
evaluated nuclear contribution andCp(T,0) the measured
specific heat in zero field. This procedure for obtaining t
magnetic-field induced electronic contribution,CH(T,B), to
be discussed below does not depend on any fit paramete
unknown background contributions and, therefore, leads
reliable results ofCH(T,B).

According to Eq.~1!, in the limit of T!Tc and B!Bc2

the magnetic-field induced electronic specific heat sho
vary linearly withT. Thus, we have plottedCH(T,B)/T vs T
measured at constant fields in Fig. 2. The discrepancy
tween the theoretical predictions and the experimental da
obvious. The model leading to Eq.~1! is expected to be valid
only in the limit wherekBT!DED , i.e., x;T/TcA(Bc2 /B)
!1.14 Setting the magnetic field toB5Bc2/5, which is al-
ready at the upper limit of the valid regime, the conditionx
< 1

5 can only be fulfilled ifT/Tc<0.09. The critical tempera
ture of the present material isTc50.91 K. Thus, for the
model to be applicable, the temperature has to be below
K, the lower limit of the temperature range covered in the
experiments. This upper limit of the temperature decrea
further with decreasing magnetic field and therefore, in t
model’s context and using these data no conclusions c
cerning the topology of possible gap nodes can be draw

FIG. 1. Representative data of the as-measured total spe
heat of UBe13 ~a! vs T in constant magnetic fields and~b! vs mag-
netic field at constant temperatures.
5-2
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A more general approach to analyze the topology of p
sible gap nodes which is not only valid in the limitx!1 but
for all x, is provided by the universal scaling relation give
in Eq. ~2!. According to Eq.~2!, CH(T,B)/T22DB1/2 should
be proportional to a universal function of the parametex
;T/TcA(Bc2 /B). Although this scaling relation has theo
retically only been demonstrated to be valid forT!Tc and
B!Bc2, we have plotted our entireCH(T,B) data set versus
y5T/AB, settingD50 andD51, respectively. The resul
for D50 is shown in Fig. 3. While the open symbols repr
sent the magnetic field scans at constantT, the full symbols
correspond to the temperature scans at constantB. We may
separate the investigated field regime into a low-field p

FIG. 2. Magnetic field induced contribution to the specific he
CH in constant magnetic fields divided byT vs temperature for
various fields.

FIG. 3. Scaling plot of the magnetic-field induced contributi
to the specific heat for point nodes~see text!. The open symbols
represent measurements at constant temperatures (T50.107, 0.147,
and 0.2 K from the left to the right! as a function of magnetic field
and the full symbols are results obtained in constant magnetic fi
as a function of temperature (B51.5, 1.7, 2, 2.2, 2.5, 2.7, 3, 4, 5, 6
and 7 T, from the bottom to the top!. Inset: Similar scaling plot but
for line nodes. The units on they axes areJ mole21 K22 T21/2.
The open and full symbols have the same meaning as in the m
figure.
10050
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(B,B* '2 T) and a high-field part. Inspecting Fig. 3
turns out that all the data collapse onto a single comm
curve, except for those obtained atB,B* , where the scaling
behavior according to Eq.~2! is not obeyed at all. We note
that in Fig. 3 also data for fields up toB'Bc2/2 are shown,
but even for the highest fields applied here, the data rev
the scaling behavior. This scaling with respect to the sca
variableT/AB is rather unique and implies the occurrence
nodes in the superconducting energy gap. Since this sca
is appropriate forD50, we conclude that forB.B* the
energy-gap function of superconducting UBe13 exhibits point
nodes. Hence, we assume that the scaling prediction of
~2! is more robust than previously expected and holds up
B,Bc2/2. In the region of theB2T phase diagram of su
perconducting UBe13 whereB,B* and at the lowest tem
peratures, we cannot make any claims about the topolog
possible gap nodes. We note, however, that the br
shoulderlike feature reported in Fig. 1~b! is most probably
related to this distinct change in the scaling behavior as m
be seen in Fig. 3. In the investigated temperature range, s
type of crossover fromB,B* to B.B* at B* '2 T is also
apparent, if we inspect the temperature derivative
CH(T,B) and display it in a plot of]CH /]TuT5const vs B
~Fig. 4!. For B,B* , the data are rather well described by
power law as indicated by the solid line in Fig. 4, where
for B.B* , the behavior is distinctly different. At presen
the origin of this crossover at 2 T remains unclear.

As a test, the same procedure, but settingD51, has been
applied to both sets of data. No evidence for a scaling
havior in the whole investigated magnetic field and tempe
ture range has been obtained, as may be seen in the ins
Fig. 3.

In the mixed state of a superconductor, a contribution
the specific heat might also arise from the low lying exci
tions localized near the core of the vortex. This problem h
been discussed fors-wave superconductors by Caroliet al.22

t

ds

in

FIG. 4. Derivative of the magnetic-field induced specific he
CH with respect to the temperature atT50.15 K vs magnetic field.
The solid line is a power law fit to the data below 2 T, revealing
exponent of 5/3. A remarkable change may be seen atB'2 T at
which the change of behavior observed in the scaling plot~Fig. 3!.
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and by Bardeenet al.23 According to that work, the lowes
excitation level is expected atE0'D2/EF , whereD denotes
the energy gap far away from the vortex. It is we
established4,24 and has recently been confirmed25 that UBe13
is a strong coupling superconductor, which implies that
energy-gap amplitude is substantially larger than the B
weak-coupling value ofD'1.76kBTc . The Fermi-energy of
UBe13, given by EF /kB , is of the order of 10 K.4 Using
these values and the predictions fors-wave superconductors
we find the lowest level of the low-energy excitations in t
vortex core to be at significantly higher energies than
typical thermal energieskBT of this experiment. Further
more, the observed scaling behavior with respect toTB21/2

is, as discussed above, rather unique, and cannot be as
ated with the mentioned vortex-core contribution.16

In conclusion we note, that for magnetic fieldsB.B*
'2 T the magnetic-field induced contribution to the spec
tt

n
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heat exhibits a scaling behavior with respect to the sca
parameterT/AB which, according to Eq.~2! for D50, sug-
gests the existence of pointlike nodes in the superconduc
energy gap of UBe13. No scaling could be established for th
superconducting state of UBe13 at low temperatures andB
,B* . A crossover behavior atB5B* is also observed in the
]CH /]T vs B data. The same data set gives no simila
convincing evidence for the existence of nodes withD.0,
in any regime of theB2T phase diagram.
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