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Using sensitive mutual induction techniques, we have measured the real part of the susceptibility,
X'(B,T), and the imaginary part, y"'(B, T), for three UBe;; single crystals below 1 K and in fields up to 8
T oriented along the [100] and [110] directions, with particular emphasis on the region near the zero-
field critical temperature T,. In this regime and within our experimental uncertainties of 0.5 mK and 5
mT, no anisotropy was observable for any of the samples. For all three samples, the magnetic suscepti-
bility between 4 and 15 K was measured and subtle features were found for two of the samples around 10
K. For one of these specimens, an anomaly in Y'(B,T) was observed below the superconducting transi-
tion and is likely due to flux pinning mechanisms. The B,,(T) phase diagrams are presented and com-
pared to the results of other workers. Finally, the temperature dependence of the penetration depth for
0.1<T/T.<0.5 was found to be close to T3, independent of field orientation, and these data are

presented and discussed.

1. INTRODUCTION

A variety of experimental results on superconducting
UBe,; has been taken as evidence for non-BCS-like super-
conductivity in this heavy-fermion system."? For exam-
ple, specific heat (C) measurements® show that below the
critical temperature (T, =890 mK), C does not fall off ex-
ponentially but follows a power-law dependence close to
T3. Moreover, penetration-depth data*~® also indicate a
slower temperature dependence than expected for BCS-
like superconductors, and nonexponential decay of ul-
trasound absorption at very low temperature gives fur-
ther evidence for unusual superconductivity.” However,
the aforementioned results only offer suggestive evidence
for unconventional superconductivity, where the
definition of unconventional has been given explicitly by
Rainer® and Fulde, Keller, and Zwicknagl.9 Other experi-
mental investigations, such as photoemission spectrosco-
py, Josephson-junction tunneling,'® nonlinear Meissner
effect studies,'! and measurements of the specific heat un-
der uniaxial stress!? have been proposed to test the con-
ventionality of superconductors directly.

An experiment that has been proposed as a ‘“‘crucial”
test for unconventionality is the measure of the anisotro-
py of the upper critical magnetic field, B_,(T), in the limit
T/T,—1%13 The relationship between the angular
dependence of B_,(T) and the symmetry of the supercon-
ducting gap parameter has been discussed in detail by
Gor’kov.!* Although B,,(T) of UBe,; has already been
well studied,'*~?° the anisotropy in B,,(T) has only been
investigated by Alekseevskii et al.?! and Aliev et al.,??
who measured the magnetoresistance of an unannealed
UBe,; single crystal as a function of orientation. These
authors reported a strong anisotropy of B.,(T) even in
the limit T/T.—1, and they suggest that their results
supported the existence of lines of zeros in the supercon-
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ducting gap. In the same work, normal-state thermal
conductivity measurements were reported and indicated
a possible magnetic transition around 8 K, which was
supported by the earlier magnetostriction measurements
of Kleiman et al.2> However, the existence of this mag-
netic transition later became somewhat controversial
when several groups conducting similar experiments did
not observe any sign of such a transition.?*?’

The primary motivation for our work was to study the
anisotropy of B.,(T) in high-quality, annealed, single
crystals of UBe,; for samples that do not exhibit any sign
of magnetic ordering near 8 K and for specimens that do.
We have measured the normal-state magnetic susceptibil-
ity of several UBe,; single crystals have been found
several (one of which is called herein sample 1) devoid of
any trace of a magnetic transition. Of the ten specimens
whose high-temperature susceptibility was studied, only
two samples (listed as 2 and 3 in this paper) showed any
sign of an ‘“anomaly” near 10 K. In fact, as will be
shown below, the presence of this possible anomaly is
only observable in a subtle manner. Using a sensitive mu-
tual inductance technique, we determined B.,(T) for
magnetic fields up to 8 T oriented parallel to the [100]
and [110] directions, with particular emphasis on the re-
gion near the zero-field critical temperature. A prelimi-
nary report of our work has been published.?® As dis-
cussed below, in the process of looking for the anisotropy
of B_,(T), we have found a number of interesting results,
such as the appearance (for sample 3) of a transition line,
within the superconducting state. This line was con-
structed, in part, from magnetic field sweeps at constant
temperature, which were motivated by the specific-heat
measurements as a function of field at constant tempera-
ture by Ellman et al.,”” who reported the presence of a
transition line below the superconducting state. In addi-
tion, our measurements allowed us to establish the tem-
perature dependence of the penetration depth of single
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crystal UBe,; in zero field and to compare it to the results
of other workers.*®

The remainder of the paper is organized in the follow-
ing manner. The details of the experimental techniques
are presented in the following section, where the fabrica-
tion protocols for the samples are also described. In the
third section, the results of our measurements are given.
After a detailed discussion of our observations in Sec. IV,
we conclude by summarizing our work.

II. EXPERIMENTAL ASPECTS

We measured Y'(B,T) and Yx''(B,T) using a standard
mutual inductance technique operating at either 317 or
417 Hz. The samples and the coils (excitation and pick-
up) were placed at the center of a superconducting mag-
net, which can provide fields up to 8 T. They were
mounted at the end of a copper finger, which was bolted
to the mixing chamber of a dilution refrigerator. The de-

tails of our experimental configuration are given by Sig--

nore.?®

Measurements were performed under either constant
field or constant temperature conditions. The tempera-
ture was controlled with a germanium resistor mounted
on the mixing chamber, which was in the low-field re-
gion. A RuO, resistor’® of known magnetoresistance was
mounted at the end of the cold finger to check the
thermal gradient between the sample and the mixing
chamber. The gradient was found to be less than 5 mK
at 8 T and 100 mK.

The single crystals were obtained by slow cooling a
melt of high-purity components in a BeO crucible, which
contained an aluminum flux. The aluminum flux was re-
moved with NaOH. Several batches were made; samples
1 and 2 originate from the same batch, while sample 3
comes from a different batch prepared with a different
amount of aluminum and with a faster cooling rate. The
samples were annealed together for six months at
1000°C. During annealing, the crystals were placed in a
BeO crucible with a separated piece of Be. The crucible,
closed with a BeO lid, was cowrapped with Ta foil and
hermetically sealed in a Ta tube with end caps. The en-
semble was sealed in a quartz tube, which held a vacuum.
Table I summarizes the pertinent characteristics of the
specimens. The specimens were nearly cubic in shape,
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FIG. 1. SEM pictures of the surface of sample 1: (top) 100-
pm scale and (bottom) 10-um scale.

and x-ray analysis on sample 1 ensured for us that the
faces of the cube were along the [ 100] direction.
Scanning-electron-microscope (SEM) pictures of the
three samples revealed that samples 1 and 2 had similar
characteristics. They both had a surface roughness on
the order of 0.5 um. A large number of spherical parti-
cles of a diameter on the order of 3 um were scattered
across their surface. The surfaces of sample 1 are shown
in Fig. 1, and similar results were obtained from sample

TABLE 1. Characteristics of the three UBe,; single crystals studied in this work. All samples were

annealed for six months at 1000 °C.

% of Al flux Growth
Mass Dimensions (by molar cooling T, (B43.=0)
Samples (mg) (mm) volume) rate (onset)

1 13.55 24X1.65X1.0 92% 2.5°C/h 903.5 mK
1200-900°C +0.5 mK

2 5.89 1.65X1.3X1.0 92% 2.5°C/h 901.5 mK
1200-900°C +0.5 mK

3 18.83 2.5X1.9X1.65 90% 5°C/h 849.3 mK
1400-900°C +0.5 mK
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2.2 Possessing grainlike particles ranging from 1 to 50
um in size, the surface of sample 3, shown in Fig. 2,
looked much rougher relative to the surfaces of samples 1
and 2. Prior to taking the SEM pictures, the samples
were washed in acetone and reagent alcohol in order to
remove any dust, grease, or varnish from the surface. A
small area of the surface of sample No. 3 was polished
with very fine paper of 0.5 um grading, and the resultant
finish is shown in Fig. 3. We emphasize that all the re-
sults presented in this paper are for the unpolished speci-
men. Figure 3 indicates that the surface defects, ob-
served prior to polishing, do not apparently penetrate
into the bulk of the sample. We also performed electron
probe microanalysis, with a JEOL Superprobe 733, on
samples 2 and 3 to look for the presence of Al and Na.
This analysis, for which the sensitivity level was less than
0.5%, did not reveal any traces of these two elements for
either sample.

III. RESULTS

This section is divided into three parts. First, the re-
sults on the normal-state susceptibility (4 K <T <17 K)
are presented. As mentioned before, these measurements

FIG. 2. SEM pictures of the surface of sample 3: (top) 100-
um scale and (bottom) 10-um scale. With grainlike particles
ranging from 1 to 50 um in size, the surface looks much rougher
relative to the surfaces of samples 1 (Fig. 1) and 2 (Ref. 28).
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FIG. 3. SEM pictures of the surface of sample 3 after polish-
ing (see text for details): (top) 100-um scale and (bottom) 10-um
scale. Evidently, the surface defects seen in Fig. 2 do not
penetrate into the bulk of the sample.

were performed in order to identify which sample, if any,
possessed an anomaly around 8 K. Next, our measure-
ments of B,,(T) are presented, with an emphasis on the
T/T.—1 limit. The last subsection concentrates on the
zero-field temperature dependence of the penetration
depth obtained for two of our samples (1 and 3).

A. Normal-state results

The magnetic susceptibility in the normal state (4
K < T <17 K) was measured with a Quantum Design su-
perconducting quantum interference device (SQUID)
magnetometer using an applied field of 0.5 T. We note
that several UBe,; single crystals (in addition to the ones
presented here) were studied, and none showed any sign
of an anomaly in their susceptibility in the temperature
range covered. The results for samples 1 and 3 are shown
in Figs. 4 and 5. The data obtained on sample 2 are quite
similar to those of sample 3 and are reported in detail
elsewhere.?® At first glance, none of the samples exhibit
any strong anomaly within the temperature range swept.
However, after ploting (in the insets) the derivative,
dx/dT, samples 2 and 3 (Fig. 5) appear to possess a small
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FIG. 4. x(T) of samle 1 in the normal state in an applied field
of 0.5 T. The inset shows the first (solid line) and second (bro-
ken line) derivative of y(T) with respect to T. All three curves
are smooth, indicating that any potential magnetic transition, if
it exists, is not detectable in this temperature range.

kink around 13 K and 12 K, respectively. The second
derivative, d%y/dT?, also shown in the insets, helps to
emphasize the presence of these subtle features. For sam-
ple No. 1, all three curves [x(T),dx/dT, d*x/dT?] are
smooth through the important temperature region (Fig.
4). Therefore, a comparison of the superconducting
properties between sample 1 and samples 2 and 3 might
allow us to extract information about the role, if any,
played by the normal-state anomaly of the superconduct-
ing state of UBe,;. In addition, the broad peaks observed
around 8 K in the second derivatives for samples 2 and 3
(Fig. 5) represent the natural trend of the susceptibility as
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FIG. 5. x(T) of sample 3 in the normal state in an applied
field of 0.5 T. The inset shows the first (solid line) and second
(broken line) derivative of y(T) with respect to T. The second
derivative curve indicates a large bump around 8 K associated
with the leveling of y(T) at lower temperatures, and a small
anomaly around 12 K.
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it leads up to the transition at T,. The onset of this peak
is also seen for sample 1 around 6 K (Fig. 4).

We note that these derivatives represent the slopes of a
spline fit, which was allowed to deviate from the data
points by a value that corresponds to the scatter in the
data. Therefore, the kinks observed in these curves are
statistically significant. However, it is important to stress
that these anomalies are rather small, barely above the
sensitivity of the measurements. The anomalies observed
by Aliev et al.?> were much more pronounced, although
the comparison is not straightforward, since they mea-
sured the thermal conductivity and resistivity. The lack
of a pronounced anomaly in the normal state does not
reflect a poor quality in our samples; on the contrary,
samples that are considered of the highest quality do not
exhibit any anomalous transition, even using high-
sensitivity measuring techniques.?*?’

B. Phase diagrams

In this subsection, the phase diagrams constructed
from our inductive measurements are presented. An im-
portant aspect in constructing a phase diagram is the
manner in which the values of B,,(T) were determined.
The first part of this subsection addresses this point. In
the second part, the phase diagrams are presented, fol-
lowed by the data obtained from magnetic field sweeps.

1. Determination of B.,(T)

The values of B,,(T) were determined by sweeping the
temperature and keeping the magnetic field B4, constant
by placing the superconducting magnet into its persistent
mode. We therefore identify B, (T) at a point T,
(B4.=const). For each temperature sweep at constant
field, the sample was first cooled to a suitably low temper-
ature (typically 50 mK) in the earth’s magnetic field.
After the dc field was then slowly ramped up to its set
point without significant warming of the specimen, the
temperature was slowly increased above T,.(B) at a rate
of 10 mK/h. We define T, as the temperature where the
diamagnetic signal changed from its temperature-
dependent behavior in the superconducting state to its
normal-state value. In other words, we first fit the
normal-state data to a straight line and then looked for
the first deviation of the data from the fit. This pro-
cedure allowed us to locate the temperature at which the
last remnant of bulk superconductivity vanished. Two
examples of traces used in the determination of T.(B) for
sample 1 and for fields parallel to the [100] direction are
shown in Fig. 6. A complete set of data has been com-
piled elsewhere.?®

Another important experimental aspect is the manner
in which we achieved the two orientations of the speci-
mens with respect to the dc magnetic field. The crystals
were oriented with respect to the field before each run.
Our technique required that, between runs, the varnish,
holding the sample to the copper wires (used for thermal
anchoring), be removed. The samples were then rotated,
and varnished back onto the copper wires. To ensure
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FIG. 6. Determination of T,.(B) for sample 1 with By |/[100]
and with B4, =0.3 T (top) and B4, =0.5 T (bottom). The transi-
tion temperature is defined as the first deviation of the data
from the normal-state value of y'(T).

that we could reproduce the thermal anchoring of the
sample from run to run, we used the same crystal orienta-
tion ([100)] twice, after dismounting, for one of the
specimens (sample 1). The transition temperature of 903
mK was reproducible to within the experimental errors
of 0.5 mK.?® This result indicates that our mounting
technique does not introduce additional uncertainties in
the identification of T.

2. Phase diagrams

The values of B_,(T), obtained from the method de-
scribed above, allow us to construct the B-T phase dia-
grams. The resultant diagrams for samples 1 and 3 are
shown in Figs. 7 and 8. The phase diagram for sample 2
(see Ref. 28 for detailed data plots) is quite similar to the
ones obtained for sample 1 (Fig. 7), and the important
differences between the two specimens is listed in Tables I
and II. The common feature among the three samples is
the lack of anisotropy in the limit T /T,—1, as can be
seen in the insets of the figures. This finding, central to
our study, will be discussed in detail in the next section.

Another interesting result is the fact that sample 3,
which posesses the lowest zero field T, of 849 mK (com-
pared to 903 and 900 mK for samples 1 and 2; see Table
I), exhibits the highest slope, dB_,(T)/dT =~ —34.5 T/K
at T, while the slopes for samples 1 and 2 were —32.8
T/K and —25.5 T/K; see Table II. The combination of
a low T, and a high-B ,(T) slope near T/T,~1 is
characteristic of type-II superconductors with impurities,
which decrease T, and increase the upper critical field.
This effect has been observed in BCS superconductors
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FIG. 7. The B-T phase diagram for sample No. 1 with
B,.||[100] direction (O0) and B,||[110] direction ({). The inset
focuses on the data in the limit 7/T,—1. The solid line is the
result of a linear fit which indicates that the data fall on a
straight line of slope dB.,(T)/dT=(—32.8+0.5) T/K.

such as niobium.*

In order to further the comparison between the sam-
ples, we report the superconducting transition width W,
defined as the temperature interval between 10% and
90% of the total transition. For samples 1 and 2,
W=70x10 mK in zero field and W=160£10 mK in a
1-T field, while, for sample 3, W=100%£10 mK in zero
field and W =1601+10 mK in a 1-T field.

3. x'(B) at constant temperatures

In addition to our temperature sweeps at constant
magnetic fields, we performed a series of magnetic-field
sweeps at constant temperature. The initial motivation
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FIG. 8. The B-T phase diagram for sample 3 with B||[ 100]
direction (0) and By||[ 110] direction ({). The inset focuses on
the data in the limit T/7T,—1. The solid line is the result of a
linear fit which indicates that the data fall on a straight line of
slope dB ,(T)/dT =(—34.5+0.5) T/K.
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TABLE II. Summary of results obtained on the three single crystals of UBe,;.
x'(T) subtle
feature A Anisotropy dB.,/dT for AT.(B)
Samples in normal (T/T.=<0.5) for T/T,—1 T/T,—1 (T.[100]—T.[110])
state

1 No ~ T%8+02 No —32.8+0.5 T/K 5+1 mK, B, =8 T

2 Yes, near 13 K No data taken No —25.5+1.0 T/K 40+5 mK, By, =8 T

3 Yes, near 12 K ~ T%6+02 No —34.5+0.5 T/K 40+5 mK, B4, =7.5T

for this measurement came from the report by Ellman
et al.”’ of a second transition line, within the supercon-
ducting state, observed by measuring the specific heat as
a function of field at constant temperature. The transi-
tion line reported by Ellman et al. was nearly constant in
field (i.e., approximately parallel to the temperature axis
in a B-vs-T plot) and was, therefore, difficult to observe
from temperature sweeps. If the feature observed by Ell-
man et al. corresponds to a new phase, we would expect
our measurements to show a shoulderlike signal in
x'(B,T) and a peak in x''(B,T), as observed in UPt3.28’31
Our results obtained for samples 1 are shown in Fig. 9,
where there is no obvious presence of any second transi-
tion below B_,(T). Similar results have been obtained in
sample 2.22 However, both samples exhibit a double
bump in x"'(B) near B_,(T,), which corresponds to a kink
in x'(B). This observation is probably related to the fact
that, due to the parallelepiped shape of the samples, the
field is not homogeneously distributed around the sur-
face. Consequently, parts of the specimen (edges and
corners) experience fields greater than B,,(T) and become
normal, while the rest of the sample stays superconduct-
ing. The coexistence of normal and superconducting
volumes within a given sample is known as the intermedi-

o0 I—— ;
o: Bg || [100], o
5 T = 200 mK > Sample No. 1 /
o : By || [100], o H
T = 600 mK 2 o2
-10 | ° § &

0 : Ba || [110], 2 K
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X and x"(arb. units)

B (M

FIG. 9. x'(B) and x"'(B) (zero-field cooling conditions) for
sample 1 for the applied dc field, By, parallel to the [ 100] direc-
tion and at constant temperature 7=200 mK (O); By||[100],
T=600 mK (0); and By[|[110], T=200 mK (). For the 200-
mK sweeps, B,,(200 mK) is greater than 8 T.

ate state. A similar behavior for ¥'(B) has been observed
in niobium® and was also accounted for by the inter-
mediate state. We note that, since our criterion for T, is
the onset of superconductivity, this effect does not affect
the determination of T, and the phase diagrams (Figs. 7
and 8).

Magnetic field sweeps on sample No. 3 revealed a
different and interesting feature in Y’'(B). Three sweeps,
for fields parallel to the [100] direction and performed at
100, 175, and 250 mK, indicated a bump in Y'(B) just
below the upper critical field transitions,?® and the 250
mK sweeps for both orientations are shown in Fig. 10 as
an example. This effect is different from the one dis-
cussed in the preceding paragraph, since, for sample 3,
x'(B) goes through a local maximum, which cannot be
explained in terms of the intermediate state. The inset of
Fig. 10 focuses on the magnetic-field range for which
these bumps occurred. In order to map out the B-T dia-
gram of this feature, the peak of the bump, labeled B*
and indicated in the inset, was identified for our various
sweeps. For the high-temperature/low-field region, we
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FIG. 10. x'(B) and )" (B) (zero-field-cooling conditions) for
sample 3 with (top) ByJ|[[100] and (bottom) Bg|[110], for
T=250 mK. The insets show the feature in Y'(B) around
B*=3.8T (top), and B*=4.0 T (bottom).
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FIG. 11. x'(T) (zero-field-cooling conditions) for sample 3
with B, =3 T, By/|[[100] (top), B, [|[100] (bottom). The insets
show the anomaly in ¥'(T) around T*=530 mK (top) and
T*=547.5 mK (bottom).

switched to temperature sweeps at constant field, and
typical data are shown in Fig. 11 for By, =3 T for both
orientations. From these types of traces, we extracted
T*, the temperature at which the bump occurs. We note
that T* was clearly observable for the fields parallel to
the [110] direction, even down to B, =0, while the
bump was not as well defined for fields parallel to the
[100] direction. The phase diagram constructed from
these values of B* and T* is shown in Fig. 12, where the
upper critical field is also plotted for comparison. In the

s | Sample No. 3
oe o, + : Ba || [100]
0, x: Bge || [110]
6 | oo
Est? o x x @
o +
+X [o]
2t x ©
x ]
ol %
100 300 500 700 900
T (mK)

FIG. 12. The B-T phase diagram for sample 3 with B||[100]
(O, +) and Bg||[110](O, X). The crosses and multiplication
signs correspond to (1) the maxima of the bumps observed in the
field sweeps (B*) and (2) the maxima of the bumps observed in
the temperature sweeps (T*). Also shown, is the upper critical
field of sample 3 for By[|[100] (O) and By[|[[110]({). The error
bars are less than the size of the symbols.
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next section, the nature of this anomaly is argued to be
related to flux-line depinning and to be an extrinsic
feature of the superconductivity in UBe,;.

C. Zero-field-temperature dependence of A(T)

The temperature dependence of the penetration depth
AMT) was obtained with a mutual inductance technique
identical to the one described in our previous work,??3!
where we showed that

MT)=x'(T) when x¥"(T)=0. (1)

We studied A(T) of sample No. 1 with the probing ac
magnetic field parallel to the [100] and [110] orienta-
tions. These results are shown in Figs. 13 through 16.
We also measured A(T) of sample No. 3 for the ac field
parallel to the [100] orientation, and the data are shown
in Figs. 17 and 18.

Figures 13, 15, and 17 show }'(7) and x'"(T) for the
entire temperature range studied, while Figs. 14, 16, and
18 show the data for T/T,<0.6. For these low-
temperature traces, the data for the reactive response
[x'(T)] is fitted to A(T), given by the weak coupling BCS
theory.?® As mentioned above, x'(T) is directly propor-
tional to A(T) as long as ' (T)=0, which is true for
T /T, =<0.6, justifying our analysis. We note that the re-
sults of the fits are insensitive to the value of the specific-
heat jump at the transition temperature (AC /Cy )!TC, for

1=(AC/Cy)ly 2.

The insets of Figs. 14, 16, and 18 show log-log plots of
the data. Linear fits indicate that the temperature depen-
dences of samples 1 (both orientations) and 3 are close to
T7", 2.5 <7 <3. This result is not surprising, since the ex-
ponential temperature dependence predicted by the BCS
theory is very close to T for T/T.>0. 1.> A cubic tem-
perature dependence in the 7—0 limit is also consistent

with the presence of line nodes in the energy gap struc-
5

ture.” However, within this interpretation, some anisot-
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FIG. 13. x'(T) and x"(T) (inset) for sample 1 with the prob-
ing field parallel to the [ 100] direction.
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FIG. 14. x'(T) for sample 1 with the probing field parallel to
the [100] direction and for T /T, <0.6. The line corresponds to
a fit to the BCS weak-coupling theory. The inset shows a log-
log plot. The linear fit indicates that the data fall on a straight
line of slope 2.910.5.

ropy is expected, in contrast to the 77, n~=3 dependence
observed for sample 1, for the probing ac magnetic field
parallel to the [100] and [110] directions. Therefore, our
results on the temperature dependence of A(T) do not
determine whether UBe,; is a conventional or an uncon-
ventional superconductor.

IV. DISCUSSION

In this section, the main results presented above and
summarized in Table II are discussed. First, the isotropic
results on B,,(T) in the limit 7 /T, —1 (Figs. 7 and 8) are
discussed, along with arguments explaining the
discrepancy between these results and those reported by
Aliev et al.?? Second, the anomaly, below B_,(T), ob-
served for sample 3 (Figs. 10—12) is analyzed. Third, the

o r :-@\ 0.4 } Sample No. 1 5 J P—
t L Bec || [110] ?ﬂ ]
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FIG. 15. x'(T) and x''(T) (inset) for sample 1 with the prob-

ing field parallel to the [110] direction.
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FIG. 16. x'(T) for sample 1 with the probing field parallel to
the [110] direction and for T /T, <0.6. The line corresponds to
a fit to the BCS weak-coupling theory. The inset shows a log-
log plot. The linear fit indicates the data fall on a straight line
of slope 2.8+0.2.

temperature dependence of A(T) obtained from our y'(T)
in zero field is considered.

A. Anisotropy in B,,(T) in the limit T /T, — 1

An important result from our measurements is the fact
that, within our experimental uncertainties, the upper
critical field is isotropic in the limit 7/7T,—1. As men-
tioned earlier, Gor’kov has discussed the presence of an-
isotropy in B_,(T) in the low-field regime for unconven-
tional superconductors.!*> Our results do not, however,
rule out unconventional superconductivity in UBe,;.
First, it is possible that the anisotropy exists, but cannot
be observed with our experimental sensitivity. For in-
stance, if the anisotropy is less than 0.5 mK at 0.5 T, our

o L . . L
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FIG. 17. x'(T) and x"'(T) (inset) for sample 3 with the prob-
ing field parallel to the [100] direction.
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FIG. 18. x'(T) for sample 3 with the probing field parallel to
the [100] direction and for T /T, <0.6. The line corresponds to
a fit to the BCS weak-coupling theory. The inset shows a log-
log plot. The linear fit indicates the data fall on a straight line
of slope 2.6+0.2.

measurements would not detect it. Second, more uncon-
ventional superconducting states may give an isotropic
B_,(T).%?

From the values of the slope of B.,(T) in the limit
T/T,—1, and following the procedure outlined by Ma-
ple et al.,'” for weak-coupling superconductors in the dir-
ty limit, one can estimate the coherence length & of
UBe,;. Using the value of dB_,(T)/dT=—32.81+0.5
T/K found for sample 1, we estimate £ =156+5 A. From
the slopes of B_,(T) for sample 2 (—25.5+0.5 T/K) and
sample 3 (—3455i0‘5 T/K), we estimate £§=~227+5 A
and £~148+t5 A, respectively. These values are in agree-
ment with the one reported by Maple et al.!® (142 A),
with the exception of the result from sample 2.

We now discuss the discrepancy between our results
[isotropic B,,(T) in the limit T /T, — 1] and the ones re-
ported by Aliev et al.?> There exist several possible ex-
planations for this discrepancy. First, our samples were
annealed, while the specimens that Aliev et al. measured
were not. It is possible that an anisotropic distribution of
impurities give rise to an anisotropic B,,(T). This asser-
tion could be checked by annealing the crystals studied
by Aliev et al. and remeasuring the upper critical field.

A second possible explanation is related to the well-
known phenomenon of flux-flow resistance in type-II su-
perconductors.>* As a current I (this is the current used
to measure resistivity) flows through a type-II supercon-
ductor placed in a magnetic field, By, (B4, > B,), the flux
lines experience a Lorentz force

F=IX%B®, )

where c is the speed of light. Due to this force, the flux
lines will tend to move transverse to the currents. This
flux flow occurs if the thermal energy overcomes the pin-
ning energy of the vortices. As the flux lines move across
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the sample with velocity v, they induce an electric field
parallel to I, given by

E=BX Y, 3)
(4

which acts like a resistive voltage. In type-II supercon-
ductors, because the pinning energy is rather low, flux-
flow resistance is observable even at temperatures
significantly below the critical temperature. This effect is
of particular importance in high-temperature supercon-
ductors. In fact, Tinkham® showed how the shape of the
resistive transitions in these materials depend on the
strength of the pinning energy relative to thermal energy.
It is clear that anisotropy in the pinning energy of the
vortices will cause an anisotropy in the shapes of the
resistive transitions. Such pinning energy anisotropy is
likely to be present in single crystals, where dislocation
and microcracks are more likely to form along specific
crystal directions. If the shape of the resistive transition
changes with the orientation of the field, then the 7 .(B)
determined by the midpoint of the resistive transitions
are likely to reflect the anisotropy of the pinning energy.
For this reason, it is preferable to determine 7,(B) as the
onset of the resistive transition.

The third possible explanation for understanding the
anisotropic results of Aliev et al. is related to the demag-
netization factor, and (again) to the fact that the mid-
point of the transition was chosen to identify 7,(B). The
demagnetization factor D is a property of a magnetic
sample, depending on the shape of the specimen, and the
orientation of the magnetic field relative to it. In what
follows, we have to differentiate between the magnetic
field strength H (in A /m) and the magnetic field induc-
tion, B (in 7) related by B =uH, where u is the magnetic
permeability of the material. The demagnetization factor
can be expressed in terms of the applied field strength H,,
the field strength inside the sample (or the field strength
that the sample experiences as a whole) H;, and the mag-
netization of the sample M by the expression

H,=H,—DM . @

The magnetization of the sample M is related to H; and
B; (the magnetic induction inside the sample) by the usu-
al relation

m=LB—H, . (5)
7

We know that for a superconductor exhibiting a perfect
Meissner effect B; =0, so that Eq. (4) becomes

=110 6)

(1—D) °

Equation (6) indicates that, if the demagnetization factor
of a superconducting sample is nonzero (D =0 corre-
sponds to an infinite cylinder in a longitudinal field), then
the magnetic-field strength that the sample experiences is
greater than the applied field strength. Consequently, if
one ignores the demagnetization effect, while measuring
the critical field of a superconductor, one underestimates
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the true value of B,,(T). Furthermore, since D depends
on the orientation of the applied field with respect to the
sample, measuring B_,(T), while ignoring the effects of D,
will yield an anisotropic B,,(T). However, it is important
to keep in mind that this effect is present for a sample ex-
hibiting a complete Meissner effect. For a type-II super-
conductor, in fields above B, ;, a complete Meissner effect
is not fully achieved. In fact, M drops to zero at the on-
set of the transition, so that the demagnetization factor
does not play a role in our measurements, and the field
experienced by the sample is equal to the applied field.
Again, we see the importance of using the onset of the
transition as the criterion for 7,(B). On the other hand,
at the midpoint of the transition [used by Aliev et al. as
their criterion for T.(B)] M is finite, and the demagneti-
zation effect introduces an anisotropy in B,,(T) if it is ig-
nored in the analyses of the data. It is possible that data
of Aliev et al. reflect the anisotropy of the demagnetiza-
tion factor of their sample.

B. Anomaly in sample 3

The phase diagram for sample 3 presented in Fig. 12
indicates the presence of a second transition line within
the superconducting state. This second transition line
was constructed by following the dependence of an anom-
aly in ¥'(B) and x'(T) as a function of temperature and
field (Figs. 10 and 11). In addition, a comparison of our
measurements for fields parallel to the [100] orientation
with the data for fields parallel to the [110] orientation
suggests that the anomaly is more pronounced in the
latter measurements.”® We now argue that this anomaly
is related to a change in the flux-line distribution inside
the sample and that it is caused by a large amount of pin-
ning sites present in sample 3.

The assertion that flux-line pinning plays an important
role in sample 3 is supported by the fact that this speci-
men features a reduced transition temperature, along
with an enhanced slope of B_,(T) near T,. This combina-
tion is characteristic of type-II superconductors possess-
ing numerous pinning sites. The argument is further sup-
ported by the SEM pictures of the surface of sample 3
(Fig. 2), which indicate a large amount of surface rough-
ness that could provide additional pinning sites. More
specifically, consider Fig. 10, which shows two typical
sweeps of Y'(B). As the magnetic field is slowly increased
above the lower critical field, the flux lines penetrate the
sample but initially get pinned near the surface, thereby
blocking the entrance of additional flux lines inside the
bulk of the sample. As the field is further increased, the
flux-line density at the surface exceeds B, ,(T) locally, and
it becomes energetically favorable for the flux lines to oc-
cupy a lattice throughout the bulk of the sample. In Fig.
10, this rearrangement of flux lines takes place around 3.8
T and 4.0 T for B, ||[100] and Bg||[110], respectively.
As the applied field is further increased and approaches
B_,(T), more flux lines penetrate the sample, and the
transition to the normal state occurs.

Recently, thermal expansion measurements by van
Dijk et al. have suggested the presence of a similar flux
distribution transition in URu,Si,.>> These authors re-
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ported a change in sign of the hysteresis loop occurring
below B_,,(T). The sign observed at low temperatures
and low fields corresponds to flux pinning effects, while
the sign for higher field and higher temperature is not
clearly understood, although it is most likely related to a
change in the flux-line distribution. Van Dijk et al. also
reported most anisotropy associated with their measure-
ments, consistent with our own results, which showed
that the effect was more pronounced for By ||[110] than
for B, ||[[100]. Within the interpretation given in the
preceding paragraph, this anisotropy can be understood
by the fact that the cross-section area of the sample
oriented with By ||[110] is larger than that for B,||[100],
so that more pinning sites are available and the effect is
amplified. Similar changes of sign in the hysteresis loop
have also been reported for UBe,; samples studied by de
Visser et al.?*

C. Temperature dependence of A(T)

Our data of x'(7) in zero field (Figs. 14, 16, and 18)
suggest that the penetration depth in UBe,; follows a
power law close to T°. Because the exponential tempera-
ture dependence predicted from the weak-coupling BCS
is very close to a T3 dependence,5 the case for unconven-
tional superconductivity cannot be made for UBe; on
the basis of these measurements alone. It is interesting to
note that our results disagree with previous penetration-
depth measurements that indicated a T? temperature
dependence of A(T).> Gross-Alltag et al.® suggested that
their quadratic temperature dependence could be the sig-
nature of either a gap having point nodes (axial state) or
the presence of impurities in the sample. According to
their calculations, a T° temperature dependence of A(T)
suggests an energy gap with lines of nodes on the Fermi
surface. Furthermore, Ramirez et al.,’® based on their
specific-heat measurements as a function of field, have ar-
gued for the existence of lines of nodes in UBe ;. Howev-
er, within this interpretation, different temperature
dependences are expected for different orientations of the
magnetic field with respect to the lines of nodes, and,
therefore, our T'7, n=3, results for both B,|[100] and
B, |[[110] are difficult to reconcile with the presence of
line nodes. Since our measurements have not been per-
formed in the very-low-temperature limit (T /7, <0.1),
the temperature dependence we observed may not be the
true T— 0 temperature dependence.

V. SUMMARY

First, our measurements of the upper critical field indi-
cate that, within our experimental uncertainties of 0.5
mK and 0.5 mT, B,(T) is isotropic in the limit
T/T.—1. Arguments were given to explain the
discrepancy between our results and the ones reported by
Aliev et al.2 In particular, we showed that their cri-
terion of T,(B) as the midpoint of the resistive transition
could introduce some anisotropy in their results, and that
using the onset of the transition, as we did, is a better cri-
terion. Consequently, although our results provide con-
straints on the underlying symmetry of the superconduct-
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ing order parameter in UBe,;, they do not elucidate de-
tails about the microscopic picture.

Secondly, we did not observe any signs of second tran-
sition within the superconducting state in our highest-
quality samples (1 and 2). Sample 3 exhibited an anomaly
below B, (T), and we argued that it was not intrinsic to
UBe,; but related to flux-pinning mechanisms, which are
expected to play an important role in the mixed state of
type-II superconductors possessing large numbers of pin-
ning sites.

Finally, the temperature dependence of the penetration
depth for 0.1<T /T, <0.5 was found to be close to T°
for both By|[[110] and By |[[100]. To date, there exists
no theoretical work that can explain these results in
terms of a superconducting state with an energy gap pos-
sessing nodes. On the other hand, because the tempera-
ture dependence expected for a BCS superconductor is
also close to T> for T/T,>0.1, these measurements,
alone, cannot be taken as evidence for unconventional su-
perconductivity.
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FIG. 1. SEM pictures of the surface of sample 1: (top) 100-
pm scale and (bottom) 10-um scale.



FIG. 2. SEM pictures of the surface of sample 3: (top) 100-
pm scale and (bottom) 10-um scale. With grainlike particles
ranging from 1 to 50 um in size, the surface looks much rougher
relative to the surfaces of samples 1 (Fig. 1) and 2 (Ref. 28).



32,8080 18mm

FIG. 3. SEM pictures of the surface of sample 3 after polish-
ing (see text for details): (top) 100-um scale and (bottom) 10-um
scale. Evidently, the surface defects seen in Fig. 2 do not
penetrate into the bulk of the sample.



