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We present a comprehensive de Haas—van Alphen study on the nonmagnetic borocarbide supercon-
ductor LuNi,B,C. The analysis of the angular-dependent effective masses for different bands in
combination with full-potential density functional calculations allowed us to determine the mass-
enhancement factors, A, for the different electronic bands and their wave-vector dependences. Our data
clearly show the anisotropic multiband character of the superconductivity in LuNi,B,C.
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Electron-electron (e-¢) and electron-phonon (e-ph) in-
teractions—present in any solid—are the fundamental
sources of a rich variety of many-body effects. These
effects emerge with (i) the appearance of new broken-
symmetry ordered phases or (ii) as renormalization effects
in the normal state described for metallic systems in terms
of a Fermi liquid. Superconductivity, bond order, charge
and spin-density waves, or other magnetic phases are well-
known examples for such orderings. The mass renormal-
ization, seen, e.g., in the Sommerfeld coefficient of the
electronic specific heat as well as in the de Haas—van
Alphen (dHvA) band masses stands for the second type.
In the well-studied relation between e-ph interaction and
superconductivity, the critical temperature 7, and other
superconducting properties are governed by similar cou-
pling constants A;, as well as the renormalization of
normal-state properties as mentioned above, though they
differ in the details of the averaging procedure over some
electronic subspaces such as Fermi-surface (FS) sheets,
orbits, etc. [1]. The smaller this subspace, the more detailed
insight in the microscopic origin of observed anisotropies
can be gained. In this context, the analysis of the enhanced
dHvVA masses [combined with a band-structure calculation
based on density functional theory (DFT) to model the
corresponding ‘‘bare’” masses] is a unique ‘“bulk” tech-
nique. It allows for a separate determination of the angular-
resolved coupling strength for each observable FS. This
information is of large interest, e.g., for the separation of
multiband and anisotropic single-band effects in determin-
ing superconducting gaps.

The isotropic, effective single-band, strong-coupling
Eliashberg theory covers quantitatively most basic proper-
ties of many elemental superconductors in assuming an
isotropic boson(phonon)-mediated Cooper-pair coupling.
For a deeper understanding of more complex type-II super-
conductors near the clean limit with many atoms per unit
cell, though, a better knowledge of the band-resolved
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strength and anisotropy of the e-ph coupling is a prereq-
uisite. Recently, for MgB,, such an approach has been
performed. It yields different, though isotropic, coupling
constants in four well-resolved FSs which can be projected
onto two effective FSs [2]. The simple band structure of
MgB, makes such analysis rather straightforward. The
angular and band-resolved determination of the coupling
strengths in more complex materials such as LuNi,B,C
with more involved FSs demands considerable efforts
combining experiment and theory.

Here, we apply dHvA measurements combined with
highly-precise full-potential local-orbital (FPLO) calcula-
tions [3] to the most strongly coupled but still stable
borocarbide superconductor LuNi,B,C to determine its
many-body mass enhancements independently for several
bands and for different directions. Experimentally, the
effective masses are obtained from the 7-dependent
dHvA signals. The involved coupling strength, most likely
mainly due to e-ph coupling [4], is then extracted from a
comparison with the bare masses calculated within a DFT
code which does not include such many-body effects. A
similar attempt has previously been used for niobium [5].
At that time, however, for this simple cubic system with
only one atom per unit cell and less distinct multiband and
anisotropy effects, the calculations could not be performed
with the present full-potential accuracy. Only now with the
achieved progress both in experiment and theory, studies of
elaborated materials with a rather involved band structure
are possible.

LuNi,B,C belongs to the rare-earth transition-metal
borocarbide superconductors [6]. These materials display
relatively high 7. values up to 23 K. The coexistence of
magnetism and superconductivity in many magnetic mem-
bers of this family attracted considerable attention. Despite
numerous studies, some details of the superconductivity
are still unclear and, therefore, a matter of interest and
debate. Originally, the borocarbides have been considered
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as simple phonon-mediated s-wave superconductors [7,8].
Subsequent thermodynamic measurements, however, have
led to different suggestions, such as anisotropic s or
d-wave [9,10], or s + g-wave pairing [11,12]. Finally,
caused by the rather elaborate FS with open and closed
sheets [13—16], also multiband behavior was suggested
[17-22]. 1t is, therefore, highly desirable to gain more
insight into the strength and anisotropy of the coupling in
the different bands. This may be helpful to elucidate which
bands are mainly involved in the superconductivity and
may give a clue about the pairing nature.

The dHvA oscillations on high-quality flux-grown
platelet-shaped single crystals of LuNi,B,C [23] (onset
T, = 16.5 K) were measured by use of a capacitive canti-
lever torquemeter. The samples were placed on a rotatable
platform and were measured in various High Magnetic
Field Laboratories in magnetic fields up to 15 T in a
superconducting magnet at the HLD in Dresden, up to
28 T in Grenoble, and up to 32 T in Nijmegen. A dilution
refrigerator as well as 3He cryostats have been used to
cover the T range from 20 mK up to 10 K.

To calculate band structure, FS, and dHvA frequencies
of LuNi,B,C, we applied the FPLO code (version 5.00-18)
[3] in its scalar-relativistic version within the local-density
approximation. For the exchange and correlation potential,
the Perdew-Wang form [24] was used. We used the struc-
tural data of Ref. [25]. Lu(4f,5s, 5p, 5d, 6s,6p),
Ni(3s, 3p, 3d, 4s,4p), B, and C(2s,2p, 3d) orbitals were
chosen as the basis set. Self consistency was obtained using
a mesh of 1470 irreducible k-points. The theoretical dHvVA
data were calculated on an at least 10 times denser k mesh.
The band masses for the FS orbits were calculated from the
derivative of the corresponding dHVA frequencies with
respect to the energy. The calculated band structure close
to the Fermi level and the corresponding FSs are presented
in Fig. 1.

Figure 2 shows the angular dependence of all observed
dHvA frequencies for the main crystallographic directions.
The predicted DFT frequencies (solid lines) are also in-
cluded. Our dHvA data agree well with a previous result
reported only for one crystal orientation of LuNi,B,C [26].
The overall angular dependence of the dHVA data resem-
bles that of the better studied isostructural system
YNi,B,C [27-29]. Some distinctions are, however, found
especially around the [001] axis.

By comparing the calculated FSs (Figs. 1 and 2) with the
data, we can assign the observed dHvA frequencies to
certain bands. For the cubic and the “cushion”-like FSs,
the calculations and the measured data are perfectly in line,
only for the spheroidal (red) FS deviations are found. More
experimental data for this sample are given in Ref. [30].
The oscillations with frequency F, are very pronounced in
the spectrum. Because of the low effective mass, these
oscillations were unambiguously determined in all crystal-
lographic orientations. The observed angular dependence
has a spheroidal shape and agrees with the DFT prediction
which is, however, shifted by about 400 T. What looks like
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FIG. 1 (color online). Band structure (upper panel) and FSs of
LuNi,B,C. The bands are labeled according to different FSs:
circle (red)—ball, diamond (blue)—cube, triangle (green)—
cushion, cross (orange)—branched FS. The FS in the third panel
was shifted by (7/a, 7/a, 0) to present simply connected sheets.

a sizable deviation on first glance can be explained by the
very small contribution of less then 1% of this FS to the
total DOS(er). A tiny shift of the corresponding band
filling as low as 0.012¢~ would bring this FS to excellent
agreement with the dHvA data, whereas the change of the
dHvVA frequencies for the other FS sheets would be negli-
gible. In addition to its small DOS, this FS yields the
smallest mass renormalization (see Fig. 3) and is therefore
of minor relevance for the superconductivity in LuNi,B,C.

Our FPLO calculations allow also to identify parts of the
complicated branched FS; i.e., around [001], the data at
about 12 500 T (Fig. 2) belong to a “lemon” -like extremal
orbit, while those at about 2400 T belong to a “windmill”’-
shaped part of the FS. There are further dHVA frequencies
that cannot be assigned directly to a DFT FS. They origi-
nate most likely from a splitting or corrugations of some
FSs. Such topological modifications of the “‘ball”’-like and
cubic FSs would explain most of the unassigned data (open

257004-2



PRL 100, 257004 (2008)

PHYSICAL REVIEW LETTERS

week ending
27 JUNE 2008

-
(=]
(S

-
o
w

T T

dHvA frequency (T)

‘]()2 - PR IR PR IR B
[110]30 [100] 60 30 [001]30 60 [110]
©001 0400 O410

FIG. 2 (color online). Angular dependence of the dHVA fre-
quencies. The solid lines are obtained by use of FPLO calcula-
tions. The calculated dHvA frequency for the spherical FS, F,,
is somewhat larger than measured. For the cubic, F,, the
cushion-like, F,, and the “branched” FSs, F, and F,,, ex-
cellent agreement between theory and experiment is found. For
the open circles, no corresponding FS could be assigned.

circles in Fig. 2). Alternatively, they might stem from fine
structures of the branched FSs which hamper a further
detailed analysis of these dHvA signals. Therefore, we
will consider only well-defined FSs.

From the T dependence of the dHvA signal well above
the critical field in the normal state, the effective cyclotron
mass was calculated using the Lifshitz—Kosevich (LK)
formula (Fig. 4, [31]). The dHVA results for different
orientations together with the FPLO data are shown in
Fig. 3 for three closed FSs. Since in the FPLO calculations
no e-ph effects are included, the mass-enhancement factor,
A = My /mgpLo — 1, can be extracted directly from the
experimental, m.,,, and theoretical, mgpro, effective
masses. Renormalizations of nonphononic origin are ex-
pected to be weak. Point-contact measurements for the
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FIG. 3 (color online). Experimentally obtained -effective
masses of the cushion-, cubic-, and ball-like FSs (closed sym-
bols). The solid lines represent the calculated effective masses.

closely related system YNi,B,C [32] reveal a spectral
density where all peaks can be assigned to well-known
phonon modes. A weak nonphononic peak (Ap = 0.1,
likely a crystal-field excitation) has been detected only
for the magnetic HoNi,B,C [33]. In addition, if the cou-
pling with antiferromagnetic spin fluctuations, e.g., caused
by nesting effects, were strong, an unconventional,
disorder-sensitive non-s-wave superconductivity would
be expected, in conflict with the experimental data men-
tioned above. Thus, the band-resolved angular dependence
of A, shown in Fig. 3, is most likely directly related to the
Cooper-pairing coupling parameter A,. For all three
bands, we find largely different coupling strengths and
pronounced anisotropies, although there might be some
remaining unresolved anisotropies due to the use of the
quasiclassical LK analysis. The coupling of the spherical
FS has a minimum along [001], with A = 0.3, and a
maximum along [110], A = 0.8. Interestingly, the dHvA
oscillations which belong to this FS are visible also below
T,, as long as the magnetic field is less than about 45° tilted
away from the ¢ axis [30]. In this range, we find a weak
coupling of the electrons of A = 0.5. Since the damping of
the oscillations in the mixed-state is related to the opening
of the superconducting gap, this observation suggests that
these less strongly coupled electrons play a minor role in
the superconductivity as already argued above.

For the ““cushion’-like FS, A = 1 in the (100) plane, but
decreases continuously to about 0.25 towards [110]. This
FS is supposed to be relevant for the coexistence of super-
conductivity and commensurate antiferromagnetism in the
magnetic family members. Since the 5d states of the rare-
earth atoms, which mediate the magnetic interaction be-
tween the localized rare-earth 4f magnetic moments, are
not supposed to affect this FS, superconductivity may
survive in this FS [34]. Recently, for HoNi,B,C and
DyNi,B,C, an averaged Eliashberg coupling constant
Ay = 1 was estimated in the context of point-contact
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FIG. 4 (color online). Angular dependence of the mass-
enhancement factor A separated for three closed FSs and for
the “branched” FS in one orientation. The inset shows the T
dependence of the F, frequency for a crystallographic orienta-
tion close to the [001] axis together with a LK fit.
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tunneling data [33]. This is in good agreement with our
results for the cushion sheet and supports the suggestion
for the persisting superconductivity in this FS.

The “cube’-like FS has a much stronger coupling with a
maximum of A = 2.7 along the [001] direction. A is highly
anisotropic reaching minima of about 1 along other direc-
tions. For the identified parts of the branched surface, we
measured the effective masses along the [001] direction.
We found values of 3.5m, for the “lemon” and 3.6m, for
the “windmill.” From the comparison with the theoreti-
cally obtained bare masses, it follows that the coupling
constant of the ““windmill”” is A = 0.8 = 0.2 and that of the
“lemon” is A = 0.9 = 0.3. Thus, the coupling of both FSs
is of intermediate strength for that orientation.

We may now compare our dHvA results with those of
previous reports. Specific-heat data on polycrystalline
samples point to 0.75 = A, = 1.2 [21,35,36]. High-
temperature resistivity data, p « A,T/ le, yield a trans-
port coupling constant A, = 0.55 to 1.1 [37]. Tunneling-
spectroscopy data result in slightly lower Ay values be-
tween 0.5 and 0.8 [10]. These experiments reveal informa-
tion only about an averaged coupling strength. Therefore, a
comparison with our data is not straight forward. However,
averaging over all FSs our mean coupling constant agrees
favorably well with these results.

In conclusion, we have presented theoretical and experi-
mental band-structure investigations of the nonmagnetic
borocarbide superconductor LuNi,B,C. By comparison of
the effective masses obtained by dHvA measurements with
calculated bare masses, the mass enhancement, or coupling
strength, of different FSs has been extracted. Large anisot-
ropies and differences in the absolute values of the cou-
pling strengths were resolved indicating that the bands are
differently involved in the formation of the superconduct-
ing state. This gives strong support for multiband super-
conductivity in LuNi,B,C that has been suggested earlier
[17-22] and provides new insight into the origin of the
observed gap anisotropies [38].

The presented combination of highly sensitive dHvA
measurements with precise electronic-structure calcula-
tions method provides a well-founded starting point for a
detailed analysis of anisotropic multiband couplings in
complex materials.
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