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Specific Heat of Single Crystal MgB,: A Two-Band Superconductor
with Two Different Anisotropies
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Heat-capacity measurements of a 39 ug MgB, single crystal in fields up to 14 T and below 3 K allow
the determination of the low-temperature linear term of the specific heat, its field dependence, and its
anisotropy. Our results are compatible with two-band superconductivity, the band carrying the smaller
gap being isotropic, that carrying the larger gap having an anisotropy of ~5. Three different upper
critical fields are thus needed to describe the superconducting state of MgB,.
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Shortly after the discovery of 40-K superconductivity
in MgB, [1], its nature was intensively studied. The iso-
tope effect soon indicated phonon-mediated pairing [2].
However, MgB, cannot be considered as a classic conven-
tional superconductor; indeed, several studies point to the
existence of a gap much smaller than the expected BCS
value: band-structure calculations [3,4], scanning tunnel-
ing microscopy (STM) [5,6], specific heat (C) [7-11],
penetration depth [12], and various spectroscopic experi-
ments [13-18]. The so-called “‘two-band” model [3,4],
which considers two different s-wave superconducting
gaps (a larger and a smaller gap, A, and A ) on separate
sheets of the Fermi surface (the o and 7 bands, respec-
tively), now seems widely accepted and explains most
experimental results [19,20], with few exceptions [21].
The theory of two-band superconductivity was suggested
soon after the development of the BCS theory [22], and
some s-d metals have shown hints of this phenomenon,
generally in the form of small deviations from BCS
predictions, e.g., in C experiments [23]. In contrast,
MgB, shows such clear signatures that it might serve as
a textbook example. For instance, the electronic specific
heat of MgB, shows an excess by an order of magnitude at
~T,/5 and presents an exponential dependence at low
temperature (7), indicating the existence of a small gap
on a large fraction ( ~ 50%) of the Fermi surface [7-11].
At low T, the effect of a small magnetic field (H) on the
coefficient of the linear C term, y(H) = lim;_, C(H)/T,
is dramatic. Classically, y(H), a thermodynamic probe of
the electronic density of states at low energy, is expected
to be linear in H up to H,, [24]. However, for MgB, an
extreme nonlinearity was observed, which was assigned
to the existence of an additional, smaller gap [7-10].

The only specific heat experiment on single crystal
reported so far was focused on the superconducting tran-
sition [25,26]. Such experiments are delicate since the
mass of MgB, crystals is usually smaller than 100 ug, but
are required to study the anisotropy. Previous studies
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PACS numbers: 74.25.Bt, 74.25.Jb, 74.60.Ec, 74.70.Ad

showed that the anisotropy of superconducting properties
depends on both field and temperature [27,28]. This puz-
zling behavior motivated the present study.

We measured the low-temperature specific heat of a
MgB, single crystal with the field parallel and perpen-
dicular to the boron planes. The results clearly show that
the extreme nonlinearity of y(H), first observed in poly-
crystals [7-10], is an intrinsic property of MgB,, related
to the existence of two superconducting gaps. Moreover,
these measurements reveal a dramatic variation of the
effective anisotropy with the field, from 1 to ~5. We
interpret these results as a manifestation of the two-
band nature of superconductivity in MgB,, plus the
dimensionality of the 7 band (isotropic) and o band
(anisotropic).

The single crystal of MgB, is similar to those de-
scribed in Ref. [29]. Its mass, 39 g, is small for a
quantitative study of specific heat. For this purpose, we
developed a miniaturized version of the relaxation calo-
rimeter described in Ref. [7]. A commercial Cernox bare
chip [30] was thinned down to 1 mg mass and used
simultaneously as sample platform, heater, and thermom-
eter. Two 10 pm phosphor-bronze wires soldered onto the
chip acted as mechanical support, thermal links, and
electrical leads. Only low-T studies were possible, since
the heat capacity of the platform, essentially of phononic
origin (sapphire), increases rapidly with 7. We thus re-
strained our study to the range 2 to 3 K. Previous experi-
ments have shown that this range of temperature lies
sufficiently above the domain of possible parasitic mag-
netic contributions, but low enough ( ~ 7./15) to allow
reliable determination of y(H) (see, e.g., Ref. [9]). Owing
to the small value of C at these temperatures, the relaxa-
tion time was short (0.1-0.5 s), necessitating aperture
times shorter than one power line cycle for the digitiza-
tion of voltages. In order to suppress the 50 Hz noise, the
signal was averaged over 50 to 200 relaxations. The field
dependence of the addenda represents at most 13% of the
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normal electronic linear term of the MgB, crystal and
was calibrated by measuring a 196 ug Ag reference
sample.

Figure 1 shows the specific heat for both orientations. It
is impossible to compensate exactly for the small but
unknown quantity of varnish used to attach the sample.
Instead, in order to calculate y(H), we used the zero-field
curve as a reference. It was shown on polycrystals that the
electronic specific heat of MgB, is negligible in zero field
in this temperature range [8—10]: the parallel shift of the
C/T curves in Fig. 1 is thus a direct measurement of y(H).
This shift was precisely determined by fitting each curve
with a linear electronic term y(H)T plus a BT lattice
term, imposing the same S coefficient for all fields. The
result for y(H) is plotted in Fig. 2 for both orientations.
With the field perpendicular to the boron planes, y(H)
saturates above 3—4 T, indicating that the sample has
entered the normal state. This value is consistent with
previous reports giving ,LLOHS) ~ 3 T for the upper-
critical field along the ¢ axis [25-27,31]. This also deter-
mines the normal electronic linear term 7y, =
0.76 = 0.03 mJ K™% g-at.”!, comparable with literature
values [7-10]. The normal state is not fully established
when the field is parallel to the (ab) planes, indicating
that Hgb) is higher than the maximum applied field of
14 T. An extrapolation suggests ,ungb) ~ 1822 T, in
agreement with reported values [32]. Therefore, the
anisotropy of the upper-critical field at T < T is estab-
lished in bulk.

The anisotropy of H., in MgB, has long been debated
[32], but was finally assessed by experiments using clean
single crystals [25-28,31]. Two kinds of anisotropy can be
considered: the anisotropy of the superconducting gap
and that of the Fermi surface. To model the former,
some k dependence of the gap has to be assumed. Such
an approach was attempted using a one-band model for
MgB, [33]. The two-band model is an extreme case of
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FIG. 1. Total specific heat, including that of addenda, for
different magnetic fields (from bottom to top); (a) 0, 0.1, 0.2,
0.5,1,2,3,4,6,and 10 Talong the ¢ axis; (b) 0, 0.1, 0.2, 0.5, 1,
3,6,8,10, 12, and 14 T in the (ab) planes. The straight lines are
linear fits with a common slope.
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such an anisotropy: depending on which Fermi sheet is
considered, the superconducting gap may be either large
or small. The effect of an anisotropic Fermi surface on
superconducting properties can be modeled by renormal-
izing the isotropic results by a function of the ratio of the
effective masses, a method that was successfully applied
to cuprate superconductors [34]. Angst et al used this
approach for MgB, [27], but showed that the shape of the
torque curves did not follow this simple one-band, aniso-
tropic model over the whole range of field orientations.

From Fig. 2, it is clear that it is not possible to nor-
malize the effect of the field by using a constant anisot-
ropy factor. For H = 0.5 T, the values of y(H) are almost
indistinguishable, irrespective of the field direction,
showing the absence of anisotropy (see inset of Fig. 2).
However, a field scaling factor of ~5 is needed to super-
pose the y(H) curves just below saturation, i.e., near H.,.
An effective anisotropy I'.;; can be defined as the scaling
factor by which the field along the ¢ axis must be multi-
plied in order to merge both y(H) curves. Figure 3
presents Iyer versus H || (ab). At low field, Ty = 1, since
the effect of H does not measurably depend on the ori-
entation; I'y¢ rapidly increases with H and tends toward
the anisotropy of H.,, ~5. Such an H-dependent anisot-
ropy was also deduced from torque measurements [27].
The present analysis shows that the change of 'y with A
(and possibly with T) is an intrinsic property of MgB,,
having a bulk thermodynamic signature, even though
the amplitude of this variation may depend on the physi-
cal quantity by which it is determined. We argue in
the following that, to explain specific heat measure-
ments, both kinds of anisotropy are required: the band
dependence of the gap, plus a renormalization by the
effective masses on the o band.
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FIG. 2. Coefficient of the electronic linear term versus mag-
netic field applied parallel ((0) or perpendicular (@) to the
boron planes. The long-dashed line represents the normal state
contribution. The short-dashed lines are guides for the eyes.
Inset: expanded view of the low-field region; here the long-
dashed line represents the partial normal-state contribution of
the small-gapped band (see text and Fig. 4).
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FIG. 3. Effective anisotropy, defined as the ratio of magnetic
fields applied in the (ab) planes and along the ¢ axis yielding
the same 7y value. Note that the choice of the abscissa is
arbitrary: we chose H || (ab), but we could just as well plot it
versus H || ¢ or versus y(H).

Let us first focus on the shape of the y(H) curves.
Similarly to previous data on polycrystals, y(H) increases
sharply at low fields. The present data show that this
effect does not depend on the orientation of the field
and point to the existence of a large fraction of normal
electrons in the mixed state already at very low H. In a
typical s-wave, dirty type-II superconductor, y(H)
mainly originates from the vortex cores and should be
approximately proportional to H (i.e., the number of
vortices). The strong nonlinearity of y(H) for MgB, is
atypical: for uoH = 1 T, approximately half of vy, is
recovered, irrespective of the field direction. The effect
is particularly striking for H || (ab): about 5% of Hgb)
drives ~50% of the electrons into the normal state.

The peculiar shape of y(H) can be understood by
considering the meaning of a vortex within a two-band
model. Both bands supply the carriers and currents that
define one vortex, and both bands contribute to the local
density of states (LDOS) in one vortex core. Simulations
[35] and STM studies [6] suggest that a core results from
the superposition of two peaks in the LDOS with differ-
ent diameters defined as usual by the coherence length &,
or ¢, associated with each band. The sharper peaks with
diameter £, lead to a conventional core contribution for
the o band and overlap at H.,. In contrast, the large
coherence length of the 7 band gives rise to broad
LDOS peaks, with a diameter much larger than
(®y/27H,,)"/?. These giant cores, which have been ob-
served by STM [6], contribute heavily to the total low-T
DOS, as measured by y(H), until they start to overlap
much below H,. At this point, the contribution of the 7
band to y(H) saturates. At higher fields, superconductiv-
ity in the 7 band is maintained up to H,, by coupling to
the o band, but the variation of y(H) now comes from the
o-band contribution. The y(H) curves of Fig. 2 compare
qualitatively well with these predictions. Note that
the analysis of previous measurements on polycrystalline
samples [7-10] was complicated by angular averaging of
v(H || ¢) and y(H || ab), leading to a flattening above 8 T.
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Within the present scheme, the data of Fig. 2 can be
used to determine the anisotropy I', and I', of each
subsystem separately. The abnormally fast initial increase
of y(H) at low H is attributed to the giant vortex cores
associated with 7-band carriers, and, as shown by the
inset of Fig. 2, is isotropic; therefore, I', = 1. On the
other hand, the o-band contribution is responsible for
the anisotropy of H.,, which we determined when de-
scribing Fig. 2; therefore, I', = 6. This is consistent with
the 3D and quasi-2D character of the 7 and o bands,
respectively, found in band-structure calculations
[4,19,20], and with the experimental determination by
torque magnetometry at low T [27]. The effective anisot-
ropy shown in Fig. 3 is a weighted average which depends
on the relative contribution of each band to the condensate
for a given H and T: it varies smoothly from I', at low
fields to I',; at high fields.

Besides the anisotropy of each subsystem, we can
attempt to determine the full shape of the unusual con-
tribution of the 7 band, y”(H). For this purpose, we
assume that the o-band contribution, y?(H), follows a
classical behavior [24], increasing linearly from O to yg
as the field goes from 0 to H'Sor H'%”), depending on the
field orientation. The linear sections above 1 T in Fig. 2
correspond to this contribution of the o band; their ex-
trapolation to H = 0 points to the normal-state value y;
of the 7-band contribution (y] + vy = v,). By subtract-
ing y?(H) from y(H), we isolate y™(H) (Fig. 4). The
parameters H.5, H5 ', y7, and yJ are determined from
Fig. 2. By requiring that the saturation value of y7(H) is
isotropic, we find that the parameters cannot depart by
more than =15% from the average fitted values ,uOHECZ) =
35T, woHY =19 T, y7 =042 mJK 2g-at.~!, and
¥7 =0.34 mJK 2g-at.”'. The y7/vy7 ratio = 55/45 =~
1 is consistent with independent fits of the zero-field
specific heat [11] and penetration depth [12] and with
band-structure calculations [4,19,20]. Furthermore,
v7(H) appears to follow quantitatively numerical simu-
lations [6,35]. This shows that a model consisting of two
superfluids of nearly equal weight, having different gaps
and different anisotropy, gives a consistent description of
various properties of MgB,.

The recent measurements of the thermal conductivity
of single crystals by Sologubenko et al [31] were inter-
preted in a similar way. At low fields, the heat conduc-
tivity increases sharply, for all field directions. As
discussed for y(H), this is attributed to the contribution
of normal 3D 7r-band carriers in the anomalously large
vortex cores. At higher field, this effect saturates and the
anisotropy rises, due to the increasing contribution of the
quasi 2D o band. A similar approach may explain not
only why the anisotropy obtained from magnetic torque
experiment changes with H and 7, but also why a single-
anisotropy model does not fit the angular dependence of
H,, [27,28]. We emphasize, however, that this view is
simplified and phenomenological. A more elaborate de-
scription for the interaction between the two bands was
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FIG. 4. Separation of both contributions to y(H): y?(H)
(straight lines) and y™(H) for the field applied along the ¢
axis (@) and in the (ab) planes ((J). The dashed line is a guide
to the eyes for y™(H).

proposed [36,37] for the anisotropy of penetration depth
and its temperature dependence (which can be understood
as a consequence of the rapid thermal depletion of the
isotropic 7r-band condensate).

The phenomenological two-band model of Ref. [11]
also uses two independent superfluids to explain the
zero field C of MgB,. Interband coupling was introduced
by considering that the “virtual” 7, of the 7 band
(A,/1.76kg ~ 13 K) is brought up to that of the o
band; the peculiar features in C then originate from this
superconductivity “above 7..” Here a somewhat similar
situation arises: a virtual upper-critical field can be de-
fined for the 7 band, H7, ~ (®,A2)/(h*v%) [38]; super-
conductivity persists up to Hccz)or Hi“b , depending on the
field orientation, but above H7, the overlap of huge vortex
cores drives the majority of the 7-band electrons normal
(superconductivity ‘“‘above H,,”). Three characteristic
fields are thus needed to describe the ghysms of MgB,:
the two upper-critical fields HEQ and HL2 ) associated with
the anisotropic o band and a crossover field H7, associ-
ated with the 7 band. We estimate the latter one by
linearly extrapolating the low field y(H) to the partial
normal state vy for this band ( ~ 0.55v,,), by analogy with
classic superconductors. The inset of Fig. 2 shows this
construction: we find woH7, = 0.3-0.4 T. These fields
determine the values of the three coherence lengths of
the system: for the anisotropic o band fg b~ 10 nm and
&9 ~ 2 nm; for the isotropic 7 band &, ~ 30 nm. The
latter value compares favorably with a direct measure-
ment by STM giving 50 nm for the vortex-core diameter
in the 7 band [6]. All three fields are needed to give a
phenomenological description of the superconductln%
properties of MgB,. Note that the ratio between ch
and ng) is driven by I';, ie., the anisotropy of the
effective masses of the o band, whereas the ratio be-
tween Hfz (®yA2)/(R*v%) and HT, is given by
~AZ /A2 since the Fermi velocities are comparable on
both bands The experimental ratio ch /H% ~ 10 re-
ported here agrees with various estimations of A, /A,
3-3.5 [4,11-20].
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