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In the borocarbide superconductor YNi2B2C the de Haas–van Alphen~dHvA! oscillations have been ob-
served continuously at the upper critical fieldBc2 for the transition from the normal into the superconducting
state. In the normal state aboveBc2510.5 T six different frequencies were found in magnetic fields up to 23 T
and forQ514.4°. The smallest orbit withFa5511 T is present down to about 4 T, but with an additional
attenuation of the dHvA signal in the superconducting state relative to an extrapolation of the standard Lifshitz-
Kosevich formula. The observation of magnetoquantum oscillations over such a wide field range and very
close toBc2 enables a detailed discussion of the damping in the context of recent theories of these oscillations
in the superconducting state.

The family of borocarbide superconductorsRNi 2B2C
(R 5 rare-earth element! with relatively high transition tem-
peratures has attracted growing interest.1–3 Superconductiv-
ity is observed not only for the nonmagnetic Lu, Y, and Sc
compounds, but also for the magnetic Ho, Er, and Tm com-
pounds, which make these systems ideal candidates for the
study of the competing effects of superconductivity and mag-
netism. The knowledge of the electronic structure close to
the Fermi energy is a key for the understanding of the super-
conductivity mechanism in these systems. Band-structure
calculations for LuNi2B2C and YNi2B2C revealed a three-
dimensional~3D! band structure despite the layered structure
with rather complicated band components near the Fermi
level.4–6A broads-p band has been proposed to play the key
role in superconductivity rather than a narrow Ni 3d band.4

This picture is partly supported by recent near-edge x-ray-
absorption fine structure measurements,7 but more informa-
tion is highly needed.

The de Haas–van Alphen~dHvA! effect, associated with
the quantization of electron orbits in a magnetic field is
known to be a powerful tool for directly probing the Fermi
surface of metals in the normal state as well as in the super-
conducting state, although with an additional damping of the
oscillations compared to the normal state.8–10 The mecha-
nism of the dHvA effect in the superconducting state is still
unclear and controversially discussed by recent theories as
well for 2D ~Ref. 11! as for 3D metals12–14 which will be

considered here. Maki and Wasserman and Springford12

treated the additional damping as due to the quasiparticle
scattering at an averaged random flux lattice. Thereby the
pertubation approach is valid only close toBc2 . In contrast,
Dukan and Tesanovic13 explained the additional damping in
the superconducting state by the gapless nature of the BCS
quasiparticle spectrum in high fields related to the periodic
structure of the flux lattice which leads to an additional
damping factor;@max(T,G)/D#2 whereG is the damping
andD the energy gap. Another approach was given by Miller
and Györffy14 who identified the mechanism of dHvA oscil-
lations in the superconducting state as essentially the same as
in the normal state, but the energy gap itself leads to a new
damping factor ;aK1(a) where a52ppD/\vc and
K1(a) is a first-order modified Bessel function. In order to
clarify this issue, experiments on clean material deep into the
superconducting state are necessary.

The present work reports on dHvA experiments on the
nonmagnetic YNi2B2C compound which yields the follow-
ing new results.~1! In the normal state more than ten dHvA
frequencies can be resolved corresponding to six extremal
Fermi-surface orbits and several harmonics.~2! The quantum
oscillations have been observed continuously at the upper
critical field Bc2 for the transition from the normal into the
superconducting state and persist over a wide field range
deep into the superconducting state, at least down to fields
B'0.4Bc2 and at temperaturesT'0.024Tc . ~3! Most im-
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portantly, our results provide an unambiguous experimental
test of the recent theories of the dHvA effect in the super-
conducting state. The damping of the dHvA signal in the
superconducting mixed state can be explained by the com-
bined influence of both gapped and gapless regions of the
Fermi surface.

The YNi2B2C sample was a platelet-shaped single crystal
with a mass of;1 mg, grown by a high-temperature flux
technique with Ni2B as flux. The superconducting transition
temperatureTc was determined by low-field ac susceptibility
which yielded Tc515.7 K with a transition width
DTc50.4 K ~Ref. 15!. The residual resistivity ratio of the
sample was measured tor(300 K)/r(17 K)543. The tem-
perature dependence of the upper critical fieldBc2 was de-
termined in the temperature region 0.35,T,4.2 K for Bic
which leads to a valueBc2(0)510.6 T. Therefore, the super-
conducting coherence lengthjGL

i is jGL
i 5AF/(2pBc2)

55.5 nm and the Ginzburg-Landau parameterk527 ~Ref.
15!, proving that YNi2B2C is a type-II superconductor. Mea-
surements of the dHvA effect of this sample in fields up to
12 T by the modulation technique have already been
reported.15

The torque signal which is proportional to the magnetiza-
tion multiplied by the applied magnetic field, was measured
in a 3He-bath cryostat down to 0.4 K using a capacitive can-
tilever torquemeter fixed on a rotatable sample holder as de-
scribed in Ref. 16. The sample was glued onto the cantilever
by a small amount of grease withBic for Q50 and rota-
tions in the~110! plane. The measurements were performed
at the High Magnetic Field Laboratory in Grenoble using a
resistive magnet for fields up to 23 T.

We first discuss the normal-state results. Figure 1 shows
the spectrum obtained by fast Fourier transformation~FFT!
of the data shown in the inset of Fig. 1 measured in the field
range 15.7<B<23 T and atT50.4 K. The sample was ro-
tated byQ514.4° off the c direction in the~110! plane.
Eleven frequencies can be resolved for this angle corre-
sponding to six extremal orbits of the Fermi surface and five
harmonics. For the specific orientation of the sample
the frequencies areFa5511 T, Fb5784 T, Fg54221 T,
Fd56833 T,Fe59385 T, andFh511 700 T. Moreover, up

to the sixth harmonic of the fundamental frequencyFa can
unambiguously be resolved. Preliminary results on the angu-
lar dependence of the different frequencies give forQ51°,
i. e., close to Bic, Fa549564 T, Fb5761635 T, Fg
55830623 T, Fd56966614 T, andFh511210640 T. Fe
cannot be resolved forQ,10°. Using the Onsager relation
F5(\/2pe)•A the cross-section areaA of the extremal or-
bits can be calculated. The observed frequencies correspond
to cross sections which are 1.5, 2.3, 17.7, 21.1, and 34.0 %,
respectively, of the cross-section area (2p/a)25315 nm22

of the Brillouin zone.
We now turn to the main topic of this article, the behavior

of the dHvA oscillations in the superconducting state. On
passing in the vortex state by lowering the field a distortion
of the dHvA signal nearBc2 that has been reported for other
superconductors exhibiting oscillations in the superconduct-
ing state like NbSe2 ~Ref. 8!, V 3Si ~Ref. 9!, and Nb3Sn
~Ref. 10! is notobserved. The oscillations persist over a wide
field range deep into the superconducting state, at least down
to B54 T. Figure 2~a! shows the oscillatory part of the
torque signal in the field range 9.1<B<14.3 T atT50.4 K
above and below the critical fieldBc2510.5 T for the above-
mentioned field direction. The background which was sub-
tracted in Fig. 2~a! is proportional to the static magnetization

FIG. 1. Fourier spectrum of dHvA oscillations of YNi2B2C in
the field range 15.7<B<23 T at T50.4 K. The inset shows the
torque signal vs inverse field 1/B in this field range. The sample
was tiltedQ514.4° off thec direction in the~110! plane.

FIG. 2. ~a! dHvA oscillations vs inverse field 1/B in the normal
and superconducting state. The fit~dotted line! is an extension of
the normal state using the Lifshitz-Kosevich formula with param-
etersF5510.7 T,m*50.34,TD50.264 K, andT50.4 K. ~b! Fou-
rier spectrum in the normal state~solid line, field range
12.7<B<17 T! and superconducting state~dotted line, field range
8.3<B<10 T!. The field direction is the same as in Fig. 1.
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M (B) and shows the usual irreversibility of the magnetiza-
tion curves of a superconductor below the irreversibility field
due to flux pinning, actually proving that the sample is in the
superconducting state. BelowBc2 an additional damping of
the oscillation amplitude is observed relative to an extrapo-
lation of the standard Lifshitz-Kosevich formula17 which is
shown as the dotted curve in Fig. 2~a!. The parameters
are F5510.7 T, m*5mc /me50.34, TD50.264 K, and
T50.4 K.

The Fourier analysis of the oscillations in field intervals
D(1/B)50.02 T21 above and belowBc2 , respectively, is
given in Fig. 2~b!. In the normal state the signal is dominated
by the frequencyFa and its harmonics, butFb , Fg , and
Fd are also present. In the superconducting state onlyFa can
be resolved. This frequency is unchanged between the nor-
mal and vortex state which can be seen even more sensitive
from Fig. 2~a!, where no phase shift is observed nearBc2 .

For a detailed analysis of the field dependence of the os-
cillation amplitude in the range between 4<B<23 T the
Fourier analysis over field intervalsD(1/B)50.02 T21, i. e.,
over ten oscillations of the lowest frequencyFa , was made.
Figure 3~a! @3~b!# shows the FFT amplitude of the oscilla-
tions with frequencyFa (Fd) in the so-called ‘‘Dingle plot,’’

i.e., ln@A sinh(X) T21 B21/2# as a function of 1/B, where
X5am*T/B, a52p2kBme /e\514.69 T/K, and ma*
5mca /me50.34 (md*51.24), as determined by Ref. 15.
From the slope of the straight~dashed-dotted! line fitted to
the data in the normal state well aboveBc2 a Dingle tem-
peratureTD50.264 K was obtained for the smaller orbit
(Fa), corresponding to a scattering ratet2152pkBTD /
\52.231011 s21. For the larger orbit (Fd) TD is 3.38 K and
t2152.831012 s21. On entering the superconducting state
an additional damping occurs which, in fact, starts slightly
aboveBc2 which might possibly be due to superconducting
fluctuations and, of course, due to averaging over ten oscil-
lations. While the oscillations with frequencyFa can be fol-
lowed deep into the superconducting state, the torque method
is not sensitive enough to detect oscillations with frequency
Fd below 10 T. For the latter orbit oscillations have been
reported for 0.085 T21<1/B<0.125 T21 by Ref. 15. How-
ever, these authors found no obvious change in the slope of
the corresponding Dingle plot in this field range and their
Dingle temperatureTD52.81 K is close to our value ob-
tained in the normal state at higher fields. Therefore, we
believe that this orbit is only weakly influenced by supercon-
ductivity.

The persistence of dHvA oscillations belowBc2 could, in
principle, be due to a small portion of the sample remaining
normal. However, the sample shows the full diamagnetic sig-
nal after cooling in zero magnetic field belowTc and mea-
suring the magnetization by a superconducting quantum in-
terference device magnetometer in a field of 1024 T, proving
that the sample is fully transformed.

Quantum oscillations in the vortex state of type-II super-
conductors have been investigated by recent theories. Dukan
and Tesanovic13 assign the quantum oscillations to quasipar-
ticles due to the gapless nature of the BCS quasiparticle
spectrum in high fields related to the periodic structure of the
flux lattice. In other words, the key aspect of this theory is
the presence of nodes in the gap broadened either by tem-
perature or scattering while the gap opens at the rest of the
Fermi surface. Therefore the amplitude of the oscillatory part
of the magnetization is given by A5AG(B,T)
1A12G(B,T). AG describes the contribution of the quasi-
particles in the gapless regions of the Fermi surface and is
equal to the contribution in the normal state reduced by a
factorG52@C max(T,G)/D#2. The second termA12G takes
into account the quasiparticle excitations in the ‘‘gapped’’
regions of the Fermi surface. For the oscillations in the su-
perconducting state of V3Si ~Ref. 9! the authors achieve
good agreement if the dampingG is calculated self-
consistently:G(B)5AG0D(B)/2, whereG05pkBTD is the
normal-state damping andD(B)5D0A12B/Bc2 the thermo-
dynamic averaged gap. For YNi2B2C the normal-state
damping yields G050.072 meV and the energy gap
D052.5 meV was calculated from 2D0 /kBTc53.5, consis-
tent with recent measurements ofD0 by point-contact
spectroscopy18 and measurements of the specific heat.19 Thus
G(B).kBT is true for almost allB except very close to
Bc2 and thereforeG52@CG(B)/D(B)#2. The solid line in
Fig. 3~a! is the best possible fit to the data in the supercon-
ducting state usingBc2510.5 T andD052.5 meV, withC
being the only fit parameter. UsingC52.4 the curve de-

FIG. 3. ‘‘Dingle-plot’’: ln @A sinh(X) T21 B21/2# as a function of
1/B, whereX514.69m*T/B T/K, for the orbits withFa5511 T~a!
andFd56833 T~b!. From the slope of the straight~dashed-dotted!
line fitted to the data above 13 T a Dingle temperature
TD50.264 K ~a! and TD53.38 K ~b!, respectively, was obtained.
For the fit curves in the superconducting-state theories by Dukan
and Tesanovic~Ref. 13, solid line!, and Miller and Gyo¨rffy ~Ref.
14, dashed line! were used. For explanation and parameters see text.
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scribes the data over a wide field range. Especially at low
fields where the first termAG is the leading contribution to
the amplitude this theory gives an adequate description of the
experiment. We note that for the parameter set of YNi2B2C
the second termA12G cannot be neglected with respect to
the first termAG, in contrast to the case for V3Si where the
second term can be neglected.

In contrast, Miller and Gyo¨rffy14 identify the oscillations
in the superconducting state with oscillations of the super-
conducting ground-state energy itself. They argue that in
both the normal and the superconducting state, a magnetic
field splits a continuous spectrum into discrete Landau-like
peaks. Therefore the superconducting ground state is formed
from Cooper pairs whose members individually occupy dis-
crete Landau levels. Thus dHvA oscillations can even exist
when the whole Fermi surface is gapped in the superconduct-
ing state and the mechanism of dHvA oscillations in the
superconducting state is essentially the same as in the normal
state, but the presence of the energy gap leads to a new
damping factor;aK1(a) in the limit where D@kBT.
K1(a) is a first-order modified Bessel function anda is given
by 2ppD/\vc for the pth harmonic. In the limit when the
order parameterD exceeds the Landau-level spacing\vc ,
aK1(a) can be approximated byA(p/2)a exp(2a), i.e., by
an exponential damping term which is qualitatively the same
result as obtained in Ref. 13 for the second termA12G, the
contribution of the quasiparticles in the gapped regions of the
Fermi surface. For YNi2B2C the approximationD.\vc
holds only below 5.3 T. Therefore, we used the exact damp-
ing term;aK1(a) for the comparison with the data. A fit to
the data withD0 and Bc2 as fit parameter is given by the
dashed line in Fig. 3~a! yielding D051.2 meV and
Bc2510.5 T. Clearly, the agreement is quite good, too. How-
ever, the experimentally observed damping corresponds to a

gap D0 which is only '1/2 of the thermodynamic value.
This deficiency was already mentioned by Miller and
Györffy14 for other materials, however, the reasons are still
unclear.

While neither of the theories are applicable close to
Bc2 , it should be mentioned that the experimental damping
close toBc2 can also be described very well by introducing a
field-dependent scattering ratetS

2152ApD2L/\vF as an
additional damping term,12 where L5(2e\B)21/2 and
vF5A2\eF/mc54.23105 m/s is the Fermi velocity, calcu-
lated from the dHvA experiment. The fit~not shown in Fig.
3!, which is undistinguishable from the data in the vicinity of
Bc2 , yieldsBc2512.4 T andD054.75 meV.D0 exceeds the
BCS value calculated from 2D/kBTc53.5 by a factor of 2
which seems to be rather unreasonable.

In summary, an experimental study of the dHvA effect in
the normal and superconducting state of YNi2B2C has been
reported. In the normal state at high magnetic fields six ex-
tremal Fermi-surface orbits were found yielding important
information on the Fermi surface of the borocarbide system.
The quantum oscillations persist deep into the superconduct-
ing state with an additional damping much larger than the
normal-state damping. The observation of the additional
damping over such a wide field range enables a detailed
analysis of the damping in context of different recent theo-
ries. The analysis favors an explanation that the oscillations
in the superconducting state might originate from both gap-
less regions of the Fermi surface and regions where a gap
exists.
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