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We report observation of the de Haas-van Alphen oscillations in the mixed state as well as in the normal
state of LuNi,B,C. Two oscillations « and 7 are observed in the mixed state. In particular, the « oscillation can
be studied not only deep in the mixed state as a function of magnetic field but also as a function of field
direction. The damping rate of the oscillations due to superconductivity is found to be very anisotropic. For

fields far below H.,, the damping behavior is anomalous and cannot be explained only in terms of the
superconducting gap. We argue that both the anisotropy of the gap and a disorder of the flux line lattice are
responsible for the anisotropic and anomalous behavior of the damping in the mixed state.
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I. INTRODUCTION

The quantum oscillation in the mixed state of a supercon-
ductor was first reported by Graebner and Robbins! in
NbSe,. After ten years, the discovery of the high-T', cuprates
strongly motivated experimental attempts to observe the
quantum oscillations in the mixed state>3 because their upper
critical fields (H,,’s) are too high to observe the quantum
oscillations in the normal state. There are now a number of
compounds where the observation of the quantum oscilla-
tions in the mixed state has been reported. Although the ob-
servation of the quantum oscillations in the mixed state ap-
pears to be puzzling, it is now accepted that the quantum
oscillation exists in the mixed sate.

In most of the experiments, the quantum oscillation of
magnetization, i.e., the de Haas-van Alphen (dHvA) effect, is
measured. It is established from the previous experiments
that the frequency of the dHvA oscillation in the mixed state
is the same as that in the normal state. The effective mass is
also the same in the normal state and mixed state, except for
those reported for the heavy fermion compounds CeRu,,
URu,Si,, and UPd,Al;.* On the other hand, the amplitude of
the dHVA oscillation in the mixed state is strongly affected
by superconductivity. The additional damping in the mixed
state has been studied theoretically as well as experimentally.
Most of the theories are appropriate for fields not far from
H_, and explain the damping in the mixed state in terms of
the superconducting gap.>~'® However, in many cases, no
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satisfactory agreement has been obtained between the theo-
retical predictions and experimental results. Particularly, the
field dependence of the dHVA oscillations cannot be ex-
plained in terms of the gap. There are also some experimen-
tal results which suggest that a disorder of the flux line lattice
is another source to deteriorate the dHVA oscillations in the
mixed state.>!" Since in the proposed theories an average or
an assumption is made for the spatial variation in the gap,
this effect may not be suitably taken into account. At the
present stage, the understanding of the dHvA oscillations in
the mixed state is far from complete experimentally as well
as theoretically.

We may improve our understanding of the problems men-
tioned above to a large extent if we can observe the dHVA
oscillations in the mixed state for the following cases: (1)
The Fermi surface has an anisotropic gap or the gap is dif-
ferent depending on the Fermi surface: (2) The flux line lat-
tice changes depending on the field strength or field direc-
tion. In these respects, borocarbide superconductors
YNi,B,C and LuNi,B,C are very suitable candidates for the
study of the dHvA oscillations in the mixed state.

YNi,B,C and LuNi,B,C are nonmagnetic superconduct-
ors whose T, values are 15.6 K and 16.2 K, respectively.'?
These two compounds have interesting features in common
as follows. Various measurements'3~' indicate that the su-
perconducting gap is anisotropic. Particularly angle-resolved
thermal transport'> and heat-capacity measurements in
YNi,B,C (Ref. 16) and in LuNi,B,C (Ref. 17) suggest that
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the gap function has point nodes in the (100) directions. It is
also theoretically predicted that the superconducting order
parameter is anisotropic and has point nodes in the (001)
plane.?2! On the other hand, point contact spectroscopy'®
and specific-heat measurements'® in YNi,B,C indicate that
the results can be also explained by a multigap model.

They have also very intriguing flux line lattice properties.
Neutron scattering, scanning tunnel spectroscopy, and other
measurements on YNi,B,C or LuNi,B,C have revealed that
these compounds could exhibit flux line lattice transitions as
a function of field, field direction, and temperature,'”-?2-28
For the fields parallel to the [001] direction, a hexagonal flux
lattice is formed in low fields below about 0.1 T in YNi,B,C
or 0.02-0.05 T in LuNi,B,C, but at higher fields it changes
to a square lattice. With increasing field above 1-2 T, a dis-
order in the lattice develops®*? and finally becomes amor-
phous, leading to the peak effect. Besides the peak effect in
the field region just below H_,, another anomaly in the criti-
cal current density J,. is sometimes observed deep in the
mixed state.?>3" This anomaly is referred as the second mag-
netization peak or the multimagnetization peak, but its origin
has not been clarified yet. In fields close to H,, the hexago-
nal flux lattice is likely to recover.?’-?® For fields parallel to
(100) and (110) directions, the transition fields from hexago-
nal to square lattice increase to about 1-2 T.!7-?3

So far, several dHVA effect studies in the mixed state of
YNi,B,C have been reported.>’ % But most of the studies
were performed with fields parallel to the [001] direction or
directions near the [001] direction and also for a single Fermi
surface except for the one by Heinecke and Winzer.’! They
observed two different dHVA oscillations both in the normal
and mixed states with fields parallel to the [001] direction
but found no additional effect on the signal amplitudes due to
superconductivity. On the other hand, the other studies report
significant effects of superconductivity on the dHvA signal.
For LuNi,B,C, the dHVA effect in the mixed state was re-
cently reported but the observation is possible also in limited
field directions around the [001] direction.3” Therefore, there
is no sufficient experimental information reported to discuss
about the effects of the superconducting gap and the disorder
of the flux line lattice. In this paper we report observation of
the dHVA oscillations of LuNi,B,C deep in the mixed state.
Moreover, we report observation of the dHvA oscillations
from a single Fermi surface for various field directions, in-
cluding those along three high-symmetry directions [001],
[100], and [110]. We also report observation of another
dHvA oscillation from a different Fermi surface whose char-
acter is very different from the former one. We will discuss
the implications of the present results in conjunction with the
reports on the anisotropic gap and the disorder in the flux
line lattice.

II. METHODS
A. Experimental methods

The single crystals of LuNi,B,C were grown by the flux
method using Ni,B as flux.3® Two samples, A and C, are used
in the present experiment. The names of the samples corre-
spond to those in the magnetization measurements performed
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on the same samples.>® They have platelet shapes with the
[001] axis normal to the plane of the platelet. The data pre-
sented in this paper were collected in sample C if not other-
wise stated. The dHVA effect and ac susceptibility measure-
ments were performed in top loading dilution refrigerators
under magnetic fields up to 17 T. We employed the field
modulation method to detect the dHvA oscillations. The
modulation frequency and field were 67 Hz and 10 mT, re-
spectively, if not otherwise stated. The field dependence of
the dHvA amplitude in the mixed state was measured with
decreasing field from the normal state at 100 mK except for
the case of effective mass measurement.

B. dHvVA effect in the mixed state

The oscillatory magnetization of the dHvA effect M is
given by the following Lifshitz and Kosevich (LK)
formula:*

_ BFB"*V.& RRpRs . F ™
M x VO Igl 0 sin| 27p 27 iz . (1)

Here, B is the magnetic field and V is the volume of the
sample. F is the frequency of the oscillation given by

F= iA. (2)

A is the extremal cross-sectional area of the Fermi surface

perpendicular to the applied field and B is given by
e

)
m

B= 3)
where m™ is the effective mass. The oscillation consists of the
fundamental frequency oscillation (p=1) and harmonic fre-
quency oscillations (p>1). y in the sine function is thought
to be 1/2 in normal metals. = sign in the cosine function
indicates that the —(+) corresponds to the maximal (minimal)
cross-sectional area. A” is the curvature factor given by

PA

A// = — .
ok,

(4)

Here, ky is the parallel component of the crystal momentum
k to the applied magnetic field. Ry is the temperature damp-
ing factor given by

2w pkgTIBB

~ sinh(27pksT/ BB)

©)

T
and denotes how the signal amplitude changes with tempera-
ture. Rp is the Dingle damping factor given by

Ry = exp(= 27 pksTp/ BB) (6)

and denotes reduction of the signal amplitude by scattering.
Here, T} is the Dingle temperature, which is inversely pro-
portional to the relaxation life time 7 of the electron,

Tp=hi2mkyT. (7)

If we plot the reduced signal amplitude In(Amp B~'?/Ry)
against 1/B in the normal state, we obtain a straight line and
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FIG. 1. ac susceptibilities as a function of applied field at 100
mK for modulation fields 1, 5.5, 10 mT. H,, is the peak field in the
peak effect (PE) region.

the value of the Dingle temperature from the slope. Ry is the
spin splitting factor given by

1
Rg =cos<§p7rgmb/m0), (8)

where m( and m,, are the electron rest mass and the band
mass, respectively. This factor arises from the Zeeman split-
ting of the Landau levels. m;, may be replaced by m™ in a
strongly correlated electron system.*® When we use the field
modulation method for detection, the amplitude detected by
using the kth harmonic of the modulation frequency is mul-
tiplied by the following Bessel factor:

2mFb
e

Here, J, is the Bessel function and b is the modulation-field
amplitude. Because of this factor, an appropriate modulation-
field amplitude should be chosen depending on the dHVA
frequency and the magnetic field.

We assume that an additional damping factor Rpg is mul-
tiplied in the mixed state. In addition to the mechanisms
mentioned in Sec. I, there are other mechanisms which could
affect the amplitude of the dHVA oscillation. The field inho-
mogeneity in the mixed state was carefully discussed by Jan-
ssen et al.*' This effect is found to give negligible effect on
the damping of the dHVA oscillation. The influence of the
pinning effect was also discussed by Janssen et al.,*! using
the Bean’s critical state model. It is demonstrated that when
b>B*, the influence of the pinning is negligible.*! Here,
B*=(1/2)pupJ.a and a is the flux line lattice parameter, re-
spectively. We have performed magnetization studies on the
same crystals to estimate J.. in the temperature range between
10 and 2 K.*? It is found that B*~1 mT at 2 K in the range
above 2 T, except for the region where the peak effect is
observed. It is also found that J. values change only by a
factor of 1.5 from 6.5 to 2 K; therefore, it is likely that J,.
values do not change considerably from 2 to 0.1 K. In fact,
we can confirm that the condition 5> B* is realized at 0.1 K
from the ac susceptibility measurements as shown in Fig. 1.
For the modulation fields 5.5 and 10 mT, the value of the ac
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susceptibility below the onset field of the peak effect and
down to about 2.5 T is nearly the same as that in the normal
state. However, for the small modulation field of 1 mT, the ac
shielding response is substantial, indicating the survival of
finite pinning with smaller ac modulation. These observa-
tions imply that for the sufficiently large ac modulation field
used in the dHVA measurements, the flux array can move
according to the modulation field, and the pinning effect on
the measured signal amplitude is not significant.

We have compared our results also with predictions of the
proposed theories.>®!% None of the predictions agree with
our experimental results. We display only the prediction by
Maki’ together with our experimental results. A careful com-
parison with various theoretical predictions in the cases of
V,Si and NbSe, was given in the work of Janssen et al.*! In
Maki’s theory the additional damping factor is given by

2 12
RDS=exp[— 71'”(%) (f—;) ], (10)

where A is the gap function, which is averaged over the
orbit, and its field dependence is assumed to be

/ H
A(H)=A(0) 1—H—C2. (11)

For Eq. (11), we use the upper critical field He,, which is
determined from the ac susceptibility measurement. Our val-
ues of Hg,p’s agree well with those of some previous
reports®** but are smaller than those of the other
reports.’74%47 The value of H, may depend on the sample
quality, as well as on the method of measurement or on how
we define the value of H-,. We assume that the supercon-
ducting gap energy is 2.46 meV, which corresponds to the
value predicted by Bardeen-Cooper-Schrieffer (BCS) theory
for weak coupling with T,=16.2 K. This value is close to
2.2 meV determined by the scanning tunneling microscopy
measurement.?

C. Band-structure calculations

In order to assign the measured dHvA frequency branches
to the Fermi surfaces, we have performed a band-structure
calculation within the local density approximation (LDA) in
the density-functional framework using the full potential lin-
earized augmented plane-wave (FLAPW) formalism.*® We
used TSPACE and KANSAI-99 program codes for this calcula-
tion. In the D), crystal structure, the room-temperature lat-
tice constants a=3.464 A and ¢=10.631 A and an internal
parameter of B atom at the 4e site as 0.362 are used.®’
Muffin-tin radii are set as 0.4707a, 0.3358a, 0.2010a, and
0.2010a for Lu, Ni, B, and C sites, respectively. The linear-
ized augmented plane-wave (LAPW) basis functions are
truncated at |k+G,|=4.01 X2m/a, corresponding to 405
LAPW functions at I" point. The sampling 369 k points (di-
vided by 16, 16 and 8) are uniformly distributed in the irre-
ducible 1/16th of the body-centered-tetragonal Brillouin
zone. The “semicore” states of Lu-5p and Ni-3p electrons
are treated as valence states by using a second energy win-
dow. The scalar relativistic effects are taken into account for
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FIG. 2. Band structure of LuNi,B,C: (a) LDA result, (b) Lu-d,
and Ni-d energy levels are shifted upward by 0.11 and 0.05 Ry from
the LDA result (see text). Er denotes the Fermi energy.

all electrons, and the spin-orbit interactions are included self-
consistently for all valence electrons inside the muffin-tin
spheres as in a second variational procedure. These methods
of calculations are the same as the previous calculations per-
formed by some of us.>

The previous study for YNi,B,C (Ref. 51) has shown that
the calculated result with the LDA potential gives the dis-
agreement with the experimental results so that the calcu-
lated Y-4d and Ni-3d levels are shifted upward from the
LDA levels by 0.11 Ry and 0.05 Ry, respectively, in order to
reproduce the experimentally observed Fermi surfaces. In
this calculation of LuNi,B,C, we have found that the same
modification is necessary to obtain the Fermi surfaces, which
describe the observed dHvA oscillations successfully. Fig-
ures 2(a) and 2(b) show the resulted band structure of the
LDA calculation and that with the modification where Lu-4d
and Ni-3d levels are shifted upward from the LDA levels by
0.11 Ry and 0.05 Ry, respectively. Our LDA band structure
looks similar to the recent theoretical study within LDA re-
ported by Bergk et al.>> except the effect of the spin-orbit
interaction taken into account in our calculation so that the
degenerated energy levels are left in some points. As shown
in Fig. 2, three bands (33rd, 34th, and 35th) cut the Fermi
energy and bring the complicated Fermi surfaces. With our
modification of the energy levels, the 35th band is signifi-
cantly shifted above around the I' point, and consequently,
the shape of the corresponding Fermi surface [indicated by «
in Fig. 6(c)] becomes slim. The comparison of the calculated
Fermi surfaces with the experimental result will be discussed
in Sec. III.
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FIG. 3. (a) dHVA signal in the normal state with fields parallel to
the [100] direction at 40 mK. (b) Fourier spectrum of the signal.

III. RESULTS AND DISCUSSIONS

A. Normal state

In this subsection, we report the dHVA effect results in the
normal state and compare them with the band-structure cal-
culations. Figures 3(a) and 3(b) show the dHvVA signal with
fields along the [100] direction and its Fourier spectrum.
Eight frequency branches «, B, v, €, 7, ¢, v, and 7 are
observed and their angular dependences are plotted in Fig. 4.

Except for ¢, v, and 7, we find the similar frequency
branches in YNi,B,C and use the same notation for the cor-
responding frequency branches.3>>3 The « oscillation can be
observed for all the field directions studied, indicating that it
arises from an ellipsoidal Fermi surface. The # oscillation
could not be observed for the field directions near the [001]
direction probably because the signal amplitude was weak,
but not because the closed orbit does not exist. Other fre-
quency branches could be observed in the limited field direc-
tions.

Figures 5 and 6 show the angular dependence of the
dHvA frequencies and the Fermi surfaces derived from the
band-structure calculations with the energy modification, re-
spectively. The electron orbits corresponding to the dHVA
frequency branches in Fig. 5 are shown in Fig. 6. We as-
signed the «, vy, 7, and ¢ branches as the observed dHvA
branches, whereas the e, f, and j branches have not been
observed. Compared with Fig. 4, the angular dependence of
the «, y, 7, and ¢ branches shows a substantially good cor-
respondence with the experimental result. For «, 7, and ¢
branches, the mass enhancement factor A is calculated by the
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FIG. 4. (Color online) Angular dependence of the experimental
dHvA frequencies.

comparison of the calculated cyclotron mass (band mass) m,,
and the measured effective mass m*, using the definition as
m*=(1+N)m,. Table I shows the measured dHVA frequency,

dHvA Frequency (T)

[001]
Field Angle (deg.)

[100] [110]

FIG. 5. (Color online) Angular dependence of the dHVA fre-
quencies obtained by the band-structure calculation. The symbols of
O(blue), < (green), and A(red) indicate the frequencies originating
from the 33rd, 34th, and 35th band, respectively.
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J

(c) 35th band

FIG. 6. Fermi surfaces derived from (a) 33rd, (b) 34th, and (c)
35th band in the first bet Brillouin zone, obtained by the band-
structure calculation. The shaded parts are occupied by the electron.
The electron orbits corresponding to the dHvA branches (see Fig. 5)
are visualized by thicker lines.

the effective mass, the band mass, the mass enhancement
factor, and the Dingle temperature in the normal state for the
fields parallel to the high-symmetry directions [001], [100],
and [110].

Recently, Bergk et al.>” reported the dHVA effect experi-
ment and the band-structure calculation in the normal state of
LuNi,B,C. They employed a magnetic torque method with a
capacitive cantilever torquemeter to detect the dHvA oscilla-
tions and utilize the high magnetic fields up to 32 T. We
could not detect the F; and F, branches reported by them,
while they do not report the 7 branch. There is also a signifi-
cant difference in the results of the band-structure calcula-
tions for the « branch. As mentioned before, the energy
modification significantly changes the shape of the a Fermi
surface. The spherical Fermi surface, which is obtained
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TABLE I. dHVA frequency F, effective mass m*, and band mass
my, in units of electron rest mass m,, mass enhancement factor A,
and the Dingle temperature Tp(K) in the normal state, for the high-
symmetry directions, [001], [100], and [110].

Direction F(T) m*(mg)  my(mg) N Tp(K)

[001] a 281 0.30 0.20 0.50 1.98
g 7780 153
y 12600 2.11
7 2.11

[100] a 521 0.49 0.36 0.36 1.98
€ 770 0.89
v 980 0.41
7 1450 1.30 0.43 2.02 2.20
¢ 5140 1.54 0.58 1.66
T 2180 1.44

[110] a 505 0.43 0.37 0.16 3.25
n 1840

within LDA (comparable with the one by Bergk et al.), is
reduced in the volume and whose shape becomes more ellip-
soidal along the k, axis after the modification, in agreement
with the observed dHVA branch. Since the cyclotron mass is
sensitive to both the shape and the size of the Fermi surface,
the value of N\ and its anisotropy claimed by Berk et al., i.e.,
0.8 ([110])-0.3 ([001]), changes to 0.16 ([110])-0.5 ([001]).

In the next subsection, we focus on the & and 7 branches,
whose oscillations are also observed in the mixed state as
reported. The a branch originates from the ellipsoidal elec-
tron Fermi surface of the 35th band, centered at the I' point;
n branch originates from the closed electron Fermi surface of
the 34th band around the P point (cfr. Fig. 6).

B. Mixed state

We have successfully observed the « oscillation in the
mixed state not only for the field parallel to [001], but also
for fields parallel to [100] and [110] directions and the direc-
tions in between these high-symmetry directions. Figure 7
shows the « oscillation with field parallel to the [001] direc-
tion. Except for the peak effect region, very clear signal can
be observed down to very low fields, H/H.,=0.22. In addi-
tion to the « oscillation, the # oscillation can be observed in
the mixed state for the field directions near [100]. In Figs.
8(a) and 8(b), we show the dHvVA oscillations and Fourier
spectra in the normal state and mixed state to demonstrate
that the # oscillation survives in the mixed state. The fre-
quencies, as well as the effective masses, are found to be the
same in the normal state and mixed state for both the « and
7 oscillations.

Figure 9 shows the Dingle plot of the a oscillations with
fields parallel to the [001] direction for the two samples, A
and C. We determined the amplitude of the a oscillation
from peak to peak amplitude after extracting only the funda-
mental frequency of a by using a digital filter. We define the
field value at the midpoint between the positions of two
peaks as the field value for the peak to peak amplitude. Dif-
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FIG. 7. « oscillation in the mixed state and its Fourier spectrum
(inset) with fields parallel to the [001] direction. The signal in the
peak effect region is not displayed in the figure.

ferent amplitudes of the modulation field, i.e., 10 and 4 mT,
are used in the high field region and low field region, respec-
tively, to optimize the detection condition of Eq. (9). In the
middle field region, both the modulation-field amplitudes are
used to confirm that both of them give the same Dingle plot,
as shown in Fig. 10. The signal in the peak effect region is
strongly damped and is difficult to measure by the large sig-
nal shift due to the peak effect. Therefore, we omit data
points from the Dingle plots in the peak effect region in
figures from Figs. 9—15. The Dingle plots of the two samples
are similar to each other, as shown in Fig. 9. They have
nearly the same slopes as those of the normal state in fields
just below the peak effect region. With further decrease in
field, the slope becomes steeper above about 1/(uyH)
=0.25 T~ (or below about uyH=4 T) in sample C and
above about 1/(uoH)=0.30 T~' (or below about wuoH
=33 T) in sample A. Then, above about 1/(uyH)
=0.45 T! [or below about uyH=2.2 T (H=0.31H,,)], the
slope becomes again as small as that of the normal state,
making a kink structure on the plot (see Fig. 9). The slopes
and the positions of the kink are slightly different between
the two samples, and the kink structure is less obvious in
sample A. In Fig. 11, we show the Dingle plots of the «

oscillation in the (110) plane. The position of the kink moves
to higher fields with tilting the field direction from [001] to

[110] in the (110) plane. This behavior is also observed in
the (010) plane. However, the lowest field, where the signal
can be observed clearly, increases more rapidly with the tilt-
ing angle, and therefore, the kink structure cannot be ob-
served clearly for the directions with the tilting angle more
than 45 degrees from the [001] direction. The origin of the
kink structure is discussed later.

Figures 12(a), 12(b), and 12(c) show the damping factor
Rpg of the « oscillations as a function of magnetic field for
the field directions parallel to [001], [110], and [100], respec-
tively. It is noted that the range of abscissa is much larger in
panel (a) than in panels (b) and (c) in Fig. 12. The larger
scatter of the data points of [100] and [110] directions is due
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FIG. 8. dHVA oscillations and Fourier spectra (a) in the normal
state and (b) in the mixed state for fields parallel to the [100] direc-
tion. The # oscillation, as well as the a oscillation, survives in the
mixed state.

to the smaller signal amplitudes and is not directly related
with the damping rate. For fields along the [001] direction,
the curvature factor and the effective mass are smaller than
those with fields along the (100) and (110) directions and
give rise to a larger signal amplitude [see Egs. (1)—(5)]. We
also include the field dependence of the dHvVA amplitude
according to the theory of Maki.> We use the band masses to
calculate Rpg.*! The damping behavior of the signal ampli-
tude is very different from the theoretical prediction and does
not agree with any other theoretical predictions. The damp-
ing behavior also depends on the crystal direction: The am-
plitude in the field range just below H¢, is larger than the
theoretical value for [001] and [110] and is smaller than that
for [100]. When the effective mass is used instead of the
band mass to calculate Rpg, the theoretical damping rate be-
comes larger than that shown in the figure. However, the
following qualitative features remain the same. For the [001]
direction, the theoretical curve crosses the experimental
curve. For the [110] direction the theoretical curve lies below
the experimental curve, while for the [100] direction the the-
oretical curve lies above the experimental curve.

In Figs. 13 and 14, we plot Rpg in the (001) plane and in
the (010) plane, respectively. With tilting the field direction
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FIG. 9. Dingle plots of the « oscillations in samples A and C.
The data points in the peak effect region are not displayed. H.,
values at 0.1 K of the samples A and C are 6.81 T and 6.74 T,
respectively.

from [110] to [100] and from [001] to [100], the damping
rate monotonously increases with tilting angle. As noted
from Fig. 11, it also increases with the tilting from [001] to
[110]. These results indicate that the damping is least for the
fields parallel to [001] and largest for [100], and that there is
no other field direction where the damping rate becomes
maximum or minimum. If the superconducting gap is solely
responsible for the damping of the dHVA signal, these results
indicate that the superconducting order parameter is aniso-
tropic.

Figure 15 shows the additional damping factor Rpg of the
n oscillation as a function of magnetic field. Since the signal
amplitude is weak, the amplitude is obtained by Fourier
analysis over a certain range of magnetic field, which is
shown as the horizontal error bar. For the field range just
below the peak effect region, the signal amplitude is larger
than the theoretical value. This behavior is different from
that of the a oscillation for the fields parallel to the [100]
direction in Fig. 12(c).

I T
H//15deg.

R tilted from [001] to [1007 |
Ry, T=0.1K

—_
T

O 10mT
A 4AmT

In [Amp B/ Rq]
T
|

| | | | | A
0.1 0.2 03 04 05 0.6

1/(u H) (1/T)

FIG. 10. Dingle plots of the « oscillations detected in sample C
by using two different modulation-field amplitudes 10 and 4 mT.
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FIG. 11. Dingle plots of the « oscillations in the mixed state for

fields in the (110) plane. Data points at each angle are shifted ver-
tically for clarity. The arrows indicate the positions of the kinks.

To summarize interesting observations in the mixed state
briefly:

(a) We have observed the dHvA oscillations which arise
from the two different Fermi surfaces. For the Fermi surface
of «a, the signal can be observed for various field directions,
including those parallel to three high-symmetry directions.

(b) The damping rate due to superconductivity strongly
depends on the field direction and possibly on the Fermi
surface.

(c) The damping rate critically depends on magnetic-field
strength, and the resultant kink structure is observed.

First, we discuss observations (a) and (b). As mentioned
above, the angular dependence of Rpg indicates that
LuNi,B,C is likely to have an anisotropic superconducting
gap. Previous experiments!>!® point out that there are point
nodes of the gap in the (100) directions in the (001) plane.
However, a recent calculation using a more realistic elec-
tronic structure>* shows that the experimental results can be
explained by assuming that the point nodes reside in the
(110) direction rather than in the (100) direction. When the
field is parallel to the (001) or (100) direction, the orbit in-
cludes four and two positions of the point node, respectively.
On the other hand, the orbit does not include it when the field
is parallel to the (100) direction. If the point node signifi-
cantly affects the amplitude of the dHvVA oscillation, the
damping factor will be largest for the field parallel to the
(100) direction. Therefore, the present results are consistent
with the previous experiments. On the other hand, it is
pointed out that the point node does not significantly increase
the signal amplitude.'® Although the present results strongly
suggest that the gap is anisotropic on the « Fermi surface, it
might not be certain that point nodes exist on the « Fermi
surface.

The 7 oscillation can be observed in the mixed state only
with fields parallel to [100]. We suspect that this anisotropy
of the signal amplitude in the mixed state does not arise from
an anisotropic rate of the damping due to superconductivity,
but arises from the anisotropic amplitude in the normal state.
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FIG. 12. Additional damping factor Rpg due to superconductiv-
ity as a function of inverse field for fields parallel to the (a) [001],
(b) [110], and (c) [100] directions. The solid curves are the theoret-
ical values by Maki (Ref. 5) using 2.46 meV as the gap value. Note
that the range of the abscissa is much larger in panel (a) than in
panels (b) and (c).

As noted from the dHVA effect in the normal state (Fig. 4
and Table I), the values of the curvature factor [Eq. (4)] and
effective mass [Eq. (5)] of # oscillation are the smallest in
the [100] direction. Accordingly it has the largest signal am-
plitude for the fields parallel to [100]. On the other hand, it
has smaller amplitudes for the fields in other high-symmetry
directions, and in particular for fields in the [001] direction it
could not be observed even in the normal state. Therefore,
the additional damping due to superconductivity may have
suppressed the signal amplitude under noise level except for
the [100] direction. The different damping behaviors are ob-
served between the Fermi surfaces of a and # with fields in
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FIG. 13. Angular dependence of the additional damping factor
Rpg as a function of inverse field in the (001) plane.

the [100] direction, i.e., the damping rate is larger than the
theoretical values for «, while it is smaller for 7. Since the «
and 7 oscillations arise from the different bands, the charac-
ters of the wave functions such as s-, p-, and d-like are dif-
ferent at the Fermi surface. It is also noted from Table I that
the mass enhancements or the strengths of electron-phonon
interaction are considerably different between the two oscil-
lations. Therefore, the difference in the damping behaviors
could arise from the different superconducting gap.

Now we discuss observation (c). The field dependence of
Rpg cannot be explained by the theoretical prediction, which
assumes the field dependence of the gap given by Eq. (11).
Any realistic model of the field dependence of the gap would
not explain the field dependence, which shows the kink be-
havior. On the other hand, the kink structure of the Dingle
plot can be also observed when the dHVA oscillations form a
beat structure.**>¢ In this case, the kink position corre-
sponds to the minimum position of the beat structure. The
beat structure arises when (i) there is a warping of the Fermi
surface, i.e., there are maximum and minimum extremal
cross-sectional areas perpendicular to the applied field direc-
tion, (ii) the sample consists of two crystals whose orienta-
tions differ slightly from each other, and (iii) the effective

u,H (T)
os76 s 4 3 :
0 s T H tilted from [001] to [100] |
T-0.1K
—~ -1} 4
3 & [/ [001]
— 2L I. o 9 i
¥ 60deg® 2.\
H// [100] ¥ 75deg. ° 30d
45deg RO
S3L L L ¢ 0‘%0\ -
0.1 0.2 0.3 04

1/(u,H) (1/T)

FIG. 14. Angular dependence of the additional damping factor
Rps as a function of inverse field in the (010) plane. The field is
tilted from [001] to [100]. The data for H//[100] is the same as those
plotted in Fig. 13.
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FIG. 15. Additional Dingle factor due to superconductivity for
the 7 oscillation with fields parallel to the [100] direction. The
horizontal error bars denote the field range used for the Fourier
analysis to obtain the signal amplitudes. The solid curves is the
theoretical value by Maki (Ref. 5) using 2.46 meV as the gap value.

masses of the up and down spin oscillations are different and
depend on magnetic field. Case (iii) is often observed in the
strongly correlated f-electron compounds related with the
spin splitting factor [Eq. (8)]*° and is not relevant in the
present case. In cases (i) and (ii), the two different oscilla-
tions arising from two extremal cross-sectional areas or from
a bicrystal structure interfere to form the beat structure.
Simple mathematics shows that from the position of the kink
we can estimate AF/F, where F is the average of the fre-
quencies of the two oscillations and AF is the difference.
When fields are applied parallel to the [001] direction, AF/F
is about 1/173 for the case of the warping, and 1/260 for the
case of bicrystal structure. With tilting angle by 45 degrees
from [001] toward [110], the AF/F slightly decreases to
1/183 for the case of warping and to 1/274 for the case of
bicrystal structure.

If the two frequencies arise from the maximal and mini-
mal orbits on the Fermi surface, the AF/F should decrease
rapidly with tilting angle. Moreover, the position and shape
of the kink structure should be the same for all samples. As
mentioned above, however, the slopes and the positions of
the kink are slightly different between the two samples A and
C, and the kink structure is less obvious in sample A. It is
also difficult to imagine a Fermi surface shape which can
give the angular dependence of the kink position in Fig. 11,
and at the same time that of the a frequency in Fig. 4. On the
other hand, if the two frequencies arise from the bicrystal
structure, then the position of the beat minimum depends on
the relative difference of the orientations of the two crystals
with respect to the field direction, and the relative amplitudes
at the minimum and maximum positions of the beat depend
on the volumes of the two crystals. Since the kink positions
of the two samples A and C are nearly the same, this indi-
cates that the relative difference in the orientations of the two
crystals with respect to the applied field direction is almost
exactly the same. This is very unlikely. Moreover, the beat
structure should be observed for other oscillations like 7 if
the beat structure arises from a bicrystal structure. Therefore,
the kink structure or the field dependence of the damping
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factor is not likely to be due to the beat structure.

The present observations can be compared with those re-
ported for YNi,B,C. Goll et al.> reported the observation of
the « oscillation down to fields of about 4 T (H/H.,~0.4
with ugH,=10.5 T) using a sample grown by a flux
method, and using a torque method for the detection of the
dHvVA oscillation. Their observation is for the fields 14 de-
grees off from the [001] axis in the (110) plane. Terashima et
al** observed the a oscillation down to 2 T (H/H,=~0.23
with uoH.,=8.8 T) using a sample grown by a floating-zone
method, and using the field modulation method. Although
the detection method and the sample growth method are dif-
ferent, they give similar results as long as the signal is ob-
served. The signal amplitude in the peak effect region de-
creases considerably than that in the normal state. Since the
signal detected by the field modulation method is damped by
the pinning effect, the damping of the signal in the peak
effect region is larger in the result by Terashima et al.3* than
that by Goll et al.®* However, there is also the significant
damping of the signal in the result by Goll et al3* This
observation implies that the disorder of the flux line lattice
considerably deteriorates the dHVA signal. Below the peak
effect region, i.e., above 1/(uoH)=0.2 T~! (or below about
uoH=5 T), the damping rate becomes smaller and the slope
of the Dingle plot is comparable to that in the normal state in
the both results. In the results by Terashima et al.,>* the
damping rate becomes slightly larger above 1/(uwH)
=0.32 T! (or below about wyH=3.1 T), and then again the
damping rate becomes as small as that of the normal state
above about 1/(uyH)=0.38 T-! (or below about u,H
=2.6 T), making a small kink structure in the Dingle plot
around 2.6 T(H/H. =0.30). The overall behavior of the
Dingle plot is similar to that of sample A. These observations
indicate that it is likely that the kink structures observed in
YNi,B,C and LuNi,B,C have the same origin.

We discuss a disorder of flux line lattice as a possible
mechanism for observation (c). If we extend the slope of the
Dingle plot in Fig. 9 just below the peak effect region to the
lower field region, the slope meets the data points approxi-
mately around 1/(uoH)=0.6 T~! or uyH=1.7 T. This ob-
servation suggests that the damping rate increases around
1/(uoH)=0.45 T! or around uoH=22 T (H/H.,=0.31).
The pinning effect and the resultant disorder in flux line lat-
tice are possible mechanisms for the damping. However, as
noted in Fig. 1, the influence of the pinning effect is negli-
gible under the sufficiently large modulation field at lower
fields below the peak effect region. Moreover, the above
damping behavior does not correlate with the strength of the
pinning effect as evidenced in the ac shielding data for 1 mT.
On the other hand, the damping behavior seems to correlate
with the field range of second magnetization peak anomaly.
In the measurements at 6.1 K, an obvious second magneti-
zation peak is observed in sample C, while there is no obvi-
ous one in sample A.3° In addition, we have found in sample
C that another second magnetization peak appears around 2.5
T in the measurements at a lower temperature of 2.1 K.
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These observations seem to accord with the fact that the kink
structure is very clear in sample C, and its position is ap-
proximately the same as that of the second magnetization
peak at 2.5 T, while the kink structure of sample A is not very
obvious. As mentioned in Sec. I, a disorder in the flux line
lattice has been inferred to develop around 2 T in the litera-
ture. If the second magnetization peak is somehow related
with a disorder, we may assume that the dHVA signal is
seriously deteriorated by such a disorder giving rise to the
observed damping behavior. Although the pinning effect
seems to be negligible under sufficiently large modulation
amplitude, we conjecture that a disorder in flux line lattice
could remain at low fields. The field strength where a signifi-
cant disorder starts to develop may increase with the tilting
angle from the [001] direction and, consequently, the field at
the kink position increases because the transition field from
hexagonal lattice to quasisquare one increases as the field
orients away from an axis toward the (001) plane. Upon
approaching H,, a homogeneous lattice of possibly hexago-
nal symmetry with apex angle 60 degrees may recover under
the large modulation field, and it may give the lower damp-
ing rate.

IV. SUMMARY AND CONCLUSION

We have observed the dHVA oscillations « and 7 in the
mixed state and revealed the anisotropy of the damping be-
havior due to superconductivity on a single Fermi surface.
The anisotropy of the damping rate is consistent with the gap
anisotropy probed by other methods if the recent theoretical
interpretation of the previous experiment is correct. More-
over, the different damping rate between the Fermi surfaces
of a and 7 suggests that the superconducting gap is different
depending on the Fermi surface. On the other hand, the field
dependence of the oscillation amplitude in fields far below
H_, cannot be understood in terms of the superconducting
gap. We suspect that it arises from a disorder of the flux line
lattice. The present results indicate that the disorder of the
flux line lattice, as well as superconducting gap, is likely to
be responsible for the damping of the dHVA oscillations in
the mixed state. However, for satisfactory interpretations of
the present results further development of the theory for the
quantum oscillations in the mixed state, particularly the one
which takes the effect of the flux line lattice into account
properly, would be necessary.
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