PHYSICAL REVIEW B 72, 014545 (2005)

Magnetic-field dependence of superconducting energy gaps in YNi,B,C:
Evidence of multiband superconductivity
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We present results of an in-field directional point-contact spectroscopy study of the quaternary borocarbide
superconductor YNi,B,C, which is characterized by a highly anisotropic superconducting gap function. For
Illa, the superconducting energy gap (A), decreases linearly with magnetic field and vanishes at around 3.25 T,
which is well below the upper critical field (H,,~6 T) measured at the same temperature (2 K). For I ll¢, on
the other hand, A decreases weakly with magnetic field but the broadening parameter (I') increases rapidly
with magnetic field with the absence of any resolvable feature above 3.5 T. From an analysis of the field
variation of energy gaps and the zero-bias density of states we show that the unconventional gap function
observed in this material could originate from multiband superconductivity.
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The quaternary borocarbide superconductor YNi,B,C has
received renewed interest in the last couple of years due to
the unusual anisotropy in the gap function observed in this
material. A variety of recent experiments'® give strong evi-
dence of sharp minima in the gap function along certain k
directions with possible point nodes along [100] and [001].
Based on the shape of the gap function, an order parameter
symmetry with mixed angular momentum—namely, s+g
symmetry’—has been proposed for this compound. Though
s+g symmetry seems to be consistent with experimental ob-
servations of the gap anisotropy at low temperatures, the
origin of this symmetry still remains debatable. Moreover, in
the s+g descriptions so far proposed, a roughly spherical
Fermi surface (FS) is implicitly assumed where the multi-
band nature of the complex Fermi surface!*!3 in YNi,B,C
remains largely ignored.

An alternative scenario has also been explored in
YNi,B,C where the gap anisotropy could originate from dif-
ferent bands on the Fermi surface having different gap values
due to the difference in their coupling strengths. Band struc-
ture calculations as well as de Haas—van Alphen (dHvA)
studies reveal that YNi,B,C has a multiply connected FS
extending over three bands.'? In measurements such as ther-
mal and electrical conductivity, tunneling, optical spectros-
copy, and point-contact spectroscopy, the contribution from a
particular band in a particular k direction depends on a
weighted average of the Fermi velocity (vg;) and the density
of states [Ny(Eg)]. Therefore for a nonspherical Fermi sur-
face the contribution of different bands could be different in
different k directions. Recent point-contact spectroscopy
studies have shown that such a situation indeed exists in the
two-band superconductor MgB,, where the relative contribu-
tion of 7 and o bands in the point-contact current is different
when the current is injected along the a and ¢ directions,
respectively.'* In YNi,B,C, from an analysis of the tempera-
ture dependence of H,,, it has been proposed" that both
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strongly coupled slow electrons as well as weakly coupled
fast electrons coexist on the FS. The existence of weakly
coupled Fermi-surface pockets with small or zero gap is fur-
ther corroborated from quantum oscillation measurements,
where one of the oscillation frequencies arising from one
particular extremal orbit persists deep in the superconducting
state'® whereas the others damp out below 0.8H,,. Therefore
the possible role of the multiband nature of the FS on the
observed gap anisotropy in this material needs to be explored
more carefully.

Directional point-contact spectroscopy (DPCS)—namely,
where the point-contact spectrum is recorded by injecting
current along different crystal directions—is a powerful tool
to investigate the gap anisotropy in unconventional super-
conductors. In contrast to measurements such as the angular
variation of thermal conductivity or specific heat in applied
magnetic field, this technique allows a direct measurement of
the superconducting energy gap in different k directions over
a wide temperature and magnetic field range. In this paper
we report a DPCS study of the magnetic field dependence of
the superconducting energy gap along the two principal crys-
tallographic axes ([001] and [100]) of a single crystal of
YNi,B,C by injecting current (/) either along a or ¢, up to a
field of 7 T. Our key observations are the following: (i) For
Illa, the small gap (Ap,) decreases rapidly with magnetic
field (H) and vanishes at H~3.25 T, which is much smaller
than the H,, of the superconductor; (ii) the large gap (A,
for Illc, on the other hand, decreases much more slowly with
magnetic field. The magnetic field dependence of the two
gaps as well as the zero-bias density of states extracted from
directional point-contact spectra are in good agreement with
the predictions of a two-band superconductor with weak in-
terband impurity scattering.

High-quality singly crystals of YNi,B,C grown by the
traveling-solvent floating-zone method were from the same
batch as the one used!” in Ref. 3. The measurements were
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FIG. 1. (Color online) Point-contact spectra at 2.3 K in different
magnetic fields for (a) Illc and (b) Illa. The solid circles are experi-
mental data, and the solid lines are the BTK fits to the data. The
magnetic fields for (a) are 0, 0.25, 0.75, 1.25, 1.75, 2.25, 2.75,
3.25 T and for (b) are 0, 0.25, 0.375, 0.5, 0.75, 0.875, 1.0, 1.25, 1.5,
1.75, 2.25 T. The conductance curves are normalized to their re-
spective values at high bias.

carried out on relatively large crystals (0.5 mm X 0.5 mm
X 2 mm) with well-defined facets along [100] and [001]. For
point-contact measurements a mechanically cut fine silver tip
was brought in contact with the [100] or [001] facet (for /lla
and Illc, respectively) of the crystal using a 100-threads-
per-inch differential screw arrangement in a liquid-He cry-
ostat. The differential conductance (dI/dV vs V) of the point
contact was measured directly using a four-probe current
modulation technique. For all the spectra reported in this
paper the point-contact resistance was in the range 10—20 (),
ensuring that the contacts were in the ballistic limit.'® For
both current directions, the magnetic field (H) was applied
parallel to the current. Since the upper critical field (H,,) in
YNi,B,C is slightly different for Hlla and Hllc, the upper
critical fields for both field directions were determined from
the field variation of the ac susceptibility (y vs H) measured
at 15 kHz in a homemade ac susceptibility setup.

Figures 1(a) and 1(b) show typical point-contact spectra
for Illa and Illc at 2.3 K measured at different applied mag-
netic fields. The spectra were fitted with the Blonder-
Tinkham-Klapwijk!® (BTK) model using the superconduct-
ing energy gap A, the barrier height coefficient Z, and a
broadening parameter?® I' as fitting parameters. I' phenom-
enologically accounts for the broadening in the supercon-
ducting density of states (DOS) from its ideal BCS value.
This broadening could arise either from a finite lifetime of
the superconducting quasiparticles arising from impurity
scattering” or from a distribution of superconducting gap
values.?! The broadened DOS is given in terms of A and I" as

E+il’
N(E) ~ Re(—e).

V(E+iT)? = A? W)

In zero field, the best-fit parameters for Illc and Illa
are Ap.~22meV, Z=0.585 and I';),=02 and 4,
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~0.37 meV, Z=0.63, and I';,=0.145, respectively. The
large value of Aj,. compared to Ay, is consistent with our
earlier observations,’ though the gap anisotropy is somewhat
larger (Ay./Ap,~6) than previously reported. This differ-
ence is possibly due to our inability to precisely control the
direction of the current due to surface roughness. Consistent
with our earlier observation®, the relative broadening (A/I")
in zero field is also different for the two directions?
(T'pe/ Ape) ~0.09 and (', /Ap,) ~0.392.

Before discussing the significance of these observations
we briefly summarize the mechanism of ballistic transport in
a multiband metal. When a current (/) is injected through a
ballistic interface between two metals, the net flux of elec-
trons from a particular band i on the FS is given by?

I; o § N0y - 1) dSp = (N0 i) s (2)
Fs

where k is an wave vector at the FS, Ny is the density of
states, U7 (=vy;) is the component of the Fermi velocity
along 7, and dSy is an elementary area on the FS.>* The
quantity within {---) is easily seen to be S;;, the area of pro-
jection of the ith band on the interface plane. The total cur-
rent (/) is therefore given by a sum over all bands—namely,
I=2,]—where the contribution from each band is propor-
tional to its area of projection on the interface plane. In gen-
eral, for a nonspherical FS, the area of projection of a given
band will be different along different directions. If the FS
extends over several Brillouin zones, the contribution of dif-
ferent Fermi surface sheets to the current will be different in
different directions. In a point-contact Andreev reflection ex-
periment where the observed spectrum will contain contribu-
tions from different bands in proportion to their projection
area on a plane perpendicular to the current flow, the average
value of A when Ill7i will be given by a weighted average of
the form Z{A NV rs! Z£{Nyv i) rs- Thus for an aniso-
tropic FS, if the superconducting energy gap is different in
different bands, different values of A in different directions
are expected to arise from the unequal contributions of dif-
ferent bands.?> In YNi,B,C, where the two-dimensional na-
ture of the atomic structure gives rise to spheroidal, square,
and cylindrical FS’s,'? a significant difference in the relative
contribution of different bands could be expected when mea-
sured along ¢ and a.

We now focus our attention on the zero-field data at low
temperatures. The large anisotropy between Ay, and A,
could arise from both scenarios discussed before: namely, a
superconductor with mixed angular momentum (s+g) sym-
metry or multiband superconductivity. In the former case the
observed anisotropy would arise due to the gap being aniso-
tropic over a roughly spherical FS due to anisotropic pairing
interactions. In the second case the observed anisotropy
would arise from a FS sheet with a large gap, having a pre-
dominant contribution in the point-contact current for /llc,
whereas for /lla a sheet with a small gap has a bigger con-
tribution. Therefore based on the extracted parameters in the
zero-field data alone, it is not possible to distinguish between
a mixed angular momentum (s+g) superconductor and
multiband superconductivity even when the values of I',
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FIG. 2. (Color online) Magnetic field dependence of (a) Ay, and
Ay, and (b) Iy and 'y, at 2.3 K. The solid lines are guides to the
eye.

and I',. are taken into consideration. In zero fields the most
likely origin of the broadening parameter is a distribution of
the superconducting energy gaps seen by the point-contact
current. This could again arise from both origins: namely,
from different energy gaps on different bands of the aniso-
tropic multiband FS or from the distribution of energy gaps
over an isotropic FS due to unconventional pairing
symmetry.

To gain further insight into the origin of the aniostropic
gap, we now look at the field dependence of the point-
contact spectra. To find out the effect of magnetic field we fit
the in-field spectra for both current directions, using the
same equations as in zero field, keeping the value of Z con-
stant to the corresponding zero-field values and varying the
values of A and I'. The field variation of Ay and Ay, and the
corresponding broadening parameters (I';. and I';,) are
shown in Figs. 2(a) and 2(b). Ay, decreases rapidly with
magnetic field to about 30% of its zero-field value at 2.25 T.
Beyond this field value we cannot conclude anything regard-
ing the gap in this direction. However, a linear extrapolation
of the data shows that Ay, should vanish at about 3.25 T,
which is much lower than the corresponding H,,(Hlla)
~6 T.26 A, on the other hand, shows a slow decrease with
magnetic field?’ and reaches about 70% of its zero-field
value at 3.25 T [H_,(Hllc)~5.25 T].26 The broadening pa-
rameter I';., however, increases rapidly with magnetic field,
and beyond 3.25 T, the point-contact spectra for Illc be-
comes too broad to resolve the superconducting energy gaps.
The variations of Ay, and A are very similar to the small
and large gaps in the two-band superconductor’® MgB,
where the small gap vanishes at about 1 T whereas the large
gap is almost constant in this field range. Furthermore,
Ao/ kgT.~3.6 is close to the weak-coupling BCS value
(A/kgT,.~3.52), suggesting that T, (and H_,) in YNi,B,C is
governed by the large gap. This again is similar to MgB, and
is expected for a two-band superconductor with weak inter-
band scattering.

Since at present we do not have a theoretical model which
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FIG. 3. (Color online) The variation of the zero-bias density of
states [Ny(0)] after subtracting the zero-field contribution for /lla
and /llc as a function of the reduced magnetic field (h=H/H,,).
Inset: the total zero-bias density of states [N(0)] as a function of
magnetic field extracted from the point-contact spectra for /lla and
Ilc.

accounts for the multiband nature of superconductivity
YNi,B,C, we qualitatively compare our data with the predic-
tions of the vortex state of a two-band superconductor?® with
weak interband scattering®*3! proposed in the context of
MgB,. The faster decrease of the small gap (Ap,) with mag-
netic field compared to large one (Ay,) is consistent with the
prediction of a two-band model®* where the diffusion con-
stant (defined as D,-=271'TC§I.2 where ¢&; is the coherence length
of the ith band) of the band with a small gap is 20% of that
of the large gap. For the same parameters it was theoretically
predicted that the zero-energy DOS [N(0)] for the small gap
will reach its normal-state value for fields much smaller than
H,.,. To compare this prediction with our experimental re-
sults we calculate the zero-energy DOS as a function of mag-
netic field from Eq. (1). The field variation of N(0) extracted
for the two current directions is shown in the inset of Fig. 3.
For Illa a significant zero-bias DOS, presumably arising
from gapless regions of the FS, is seen even for zero field. To
look at the field variation we separate N(0) into an intrinsic
part [N;(0)] and a field-dependent part N(0)=N(0)-N,(0),
where N;(0) is the zero-energy DOS in zero field. Figure 3
shows the variations of Ny(0) for Illa and llc normalized to
their respective values at the highest field, as a function of
the reduced magnetic field, h(=H/H,,). The striking similar-
ity of the experimental data with the two-band prediction
strongly suggests that the observed spectra for Illa and Illc
originate from two different bands.

Finally, we focus our attention on the temperature
dependence? of Ay, and A, (Fig. 4). While A, shows a
nearly BCS temperature variation vanishing only at T.
~14.5 K, Ay, decreases rapidly at low temperatures and
goes below our measurement resolution above 6 K. This be-
havior cannot be understood from a gap function of the form
A(k)=Ayf(k), suggested for the s+g scenario, where the
temperature dependence of A(k) originates from the varia-
tion of A alone. In such a situation the temperature variation
of A(k) along different k directions should vary just by a
multiplicative factor, unless the amplitudes of s and g com-
ponents in the order parameter symmetry are temperature
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FIG. 4. (Color online) Temperature variation of Ay. (solid
square) and Ay, (solid circle) in zero magnetic field. The solid lines
are the expected variation for the large and small gaps assuming
their 7. to be 14.5 and 4.6 K, respectively. The dashed line is the
expected variation of the small gap if the gap anisotropy originates

from a gap function of the form A=Af(k).

dependent. Such a temperature-dependent amplitude, how-
ever, cannot be rationalized within the BCS theory.?* On the
other hand, for a weakly interacting two-band scenario the
temperature dependence of the two bands will be different if
the coupling strengths of the two bands are different.** To
highlight this point we plot (solid lines) in Fig. 4 the ex-
pected variation for Ay, and Aj,, assuming that the two gaps
originate from two weakly coupled bands with no interband
scattering and have 7, of 14.5 and 4.6 K respectively. The
dashed line in the same figure shows the expected variation

of Ay, for a gap symmetry of form A(k)=Ayf(k). At low
temperatures, Ay, follows the solid line and deviates towards
the large gap at higher temperatures. This is the behavior
expected for a two-band superconductor,®* with small but
finite interband scattering.

We can now try to speculate on the FS sheets that are
likely to be responsible for the large and small energy gaps.
Based on band structure calculations,!? for nonmagnetic bo-
rocarbides (Y/Lu)Ni,B,C, the three bands crossing the FS
produce five Fermi-surface sheets: two ellipsoids centered at
the T" points, with their long axes parallel to the ¢ axis, two
square FS’s centered at P with sides parallel to [100] and
[010], and a cylindrical FS constricted along [100] and [010]
planes near to k,=/c. The broad structures of these calcu-
lations have been verified from different experiments, such
as dHVA oscillations'? and the two-dimensional angular cor-
relation of electron-positron annihilation radiation (2D-
ACAR) technique.® In dHVA measurements, the frequency
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arising from the extremal orbit enclosing the ellipsoid sheet
persists down to 3 T, suggesting that this sheet possibly re-
mains gapless.'® However, this Fermi sheet encloses only
~0.3% of the first Brillouin zone and plays a relatively mi-
nor role in point-contact experiments. On the remaining two
kinds of FS sheets, band structure calculations reveal that the
Fermi velocity vy varies®® by a factor of 6. From an analysis
of the temperature variation of H,,, it has been suggested'?
that the slow electrons are strongly coupled and contribute
primarily to superconductivity. Since for the cylindrical FS
the Fermi velocity is predominantly in the k,—k, plane
(vp,=0), it can be seen from Eq. (2) that this band will
primarily contribute in the current for Illa. (The contribution
of this band for Illc will arise only from the deviation from
its ideal cylindrical nature.) This surface is primarily com-
prised of fast electrons with only small pockets of slow elec-
trons and is likely to contribute to the small gap observed for
Illa. For Illc, on the other hand, the predominant contribution
is likely to arise from square FS’s centered at P, for which on
most points on the Fermi surface, 0 has a large component
along Z. On this FS, regions in the vicinity of kp, primarily
consist of slow electrons®*® which are likely to be responsible
for the large gap observed’’ for Ilc.

In summary, we have carried out a detailed study of the
magnetic field and temperature dependences of the aniso-
tropic superconducting energy gap in YNi,B,C using direc-
tional point-contact spectroscopy. Our results cannot be un-
derstood from a simple mixed angular momentum symmetry
scenario, such as s+g previously suggested for this material.
However, the field dependence of A as well N(0) is in good
agreement with theoretical predictions for a two-band super-
conductor, suggesting that the unusual gap anisotropy possi-
bly originates from a multiband scenario, where different
bands on the FS have different coupling strengths. The dif-
ference in the temperature dependence of the superconduct-
ing energy gap in different directions further supports the
multiband scenario, suggesting that the role of the complex
FS on the gap anisotropy in YNi,B,C needs to be theoreti-
cally explored in detail.
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