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We report the Shubnikov—de Haé&3dH) oscillations observed in the vortex liquid state of the quasi-two-
dimensional organic superconducter(BEDT-TTF),Cu(NCS),, where BEDT-TTF denotes Hithylene-
dithio)tetrathiafulvalene. The SdH oscillations can be observed down to about 5 T at 0.5 K, where the flux flow
resistivity becomes as small as about 30% of the normal-state value. Below the upper criti¢é) fiefdabout
7 T, the additional damping of the SdH oscillation amplitude appears, as well as that of the de Haas—van
Alphen (dHVA) oscillations, with respect to the normal-state one that is described with the standard Lifshitz-
Kosevich formula. The magnitude of the additional damping tgris the same with that observed in the
dHVA oscillations and well explained by the theoretical predictions in consideration of fluctuations in the
thermal vortex liquid state. In the quantum fluctuation region at lower temperature, however, only the SdH
effect shows the stronger damping than that of the dHvA oscillations. The different magnetic-field dependence
of the additional damping of the oscillation amplitude between the SdH and dHVA effects is discussed in
connection with the effect of the transport current on the short-range order of vortices in the quantum vortex
slush state, which appear in the quantum vortex liquid region.
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I. INTRODUCTION thermal on€;® where BEDT-TTF denotes Histhylene-

. I ._dithio)tetrathiafulvalene. In the QVL region, the finite resis-
After the report of the magnetic quantum oscillations Nfivity is expected to remain even beldw,(T=0). Recently
the superconducting state oH2NbSe more than quarter  the transport properties in the QVL region have been exam-
century agd, the oscillations of the magnetization, de Haas—ined in detail, and the finite resistivity has been confirfied.
van Alphen(dHvA) effect, in the vortex state seem to be In this paper, we report the SdH oscillations observed in
confirmed experimentally for a variety of the type-Il super-the QVL region of the Q2D organic superconductor
conductors in the last decal€ommon experimental result «-(BEDT-TTF),Cu(NCS),. An additional damping of the
of the dHVA oscillations in the superconducting state is thascillation amplitude appears on both the SdH and dHvA
the additional damping of the oscillation amplitude appeargffects arounddc,, which may come from the superconduct-
below the upper critical field ., with respect to the normal- INg fluctuation. At lower temperature in the QVL region,

state damping. The additional damping has been discussed i weverh the.fsftronger damp.ingfl_ if observed only c;n ;he SdH
several ways theoreticalfyThe questions in those discus- €1ect: The different magnetic-field dependence of the addi-

; : ; : tional damping of the oscillation amplitude between the SdH
sions are summarized as follows]) if the superconducting -~ ! . ;
gap A, exists in the vortex state just belok,, it would and dHVA effects is discussed in connection with the effect

) " of the transport current on the short-range order of vortices in
have drastically damped the oscillations at low temperaturelsne quantum vortex slush stiia the QVL region
by a factor of exp{Ay/ksT), (2) the inhomogeneous field '
distribution due to the flux lattice would broaden the Landau Il. EXPERIMENT
levels, and3) the inhomogeneity in the superconducting or- ) ) ,
der parameter associated with the vortex lattice leads to in—_l_'l;"gg N%JS&‘"W single bcrystalls th "'(_BElDT', g
homogeneous broadening of the Landau levels in the quas-i'i:on )r%e'{lrgo q Tkh(\al\l?]::g?]rgt\i,\éntoél?g r?]gg;rSrfan?;nAf;‘wO(;rleager—
particle spectrum near the Fermi surface. Thus thc% . o . g
oscillations include basically rich information on the quasi- olrmed bg l;]smg pl’?CITIOI”I capacitance torquemeter. L’hel In
ticle in maanetic fields and also the vortex matter?@n€ @n the out-of-plane resistivities were measured along
g?c:pl);rtiels“ gnetic vortex theb anda* axes, respectively, by means of a conventional
I I . ac or dc four-terminal method. The electrical terminals were
The Shubnikov—de Haa$dH) oscillations in the super-

: o made of evaporated gold films, and gold wires @d@)
conducting state are very difficult to be observed because thga o glued onto the films with gold or silver paint. The con-

finite resistivity is needed inevitable. Then it can appear inget resistance was about f0for each contact at room tem-
the quite limited field-temperature region where the long-perature, but it became less than(X at low temperature
range translational order of the vortices is lost. Quasi-tWoyhere the experiments were carried out. The torquemeter
dimensionalQ2D) organic superconductors are good candi-and the samples for the resistivity measurements were fixed
dates for the observation of the SdH effect in the vortex statgy the single-axis rotation holder which can change the
because large fluctuations induce the wide vortex liquidsample direction with respect to the magnetic field with the
region>® At low temperature below 1 K, the quantum vortex accuracy of 0.05°. The holder with the samples was cooled
liquid (QVL) is realized ink-(BEDT-TTF),Cu(NCS), (T,  slowly from room temperature to 4.2 K in 48 h and specially
=10 K) due to the large quantum fluctuation instead of theslow cooling rate was used between 50 and 75 K in order to

0163-1829/2003/614)/1445216)/$20.00 67 144521-1 ©2003 The American Physical Society



T. SASAKI, T. FUKUDA, N. YONEYAMA, AND N. KOBAYASHI

PHYSICAL REVIEW B 67, 144521 (2003

16|----|-||||- . ().SIIIIIIIIIIIIII
L 6=6.1° [
fg L
L &) r
5 L
T | g
i L 8 04
n 0.55 L1 [N A ' é
_ 5 6 7 8 S
& - HoH (T) - <
5 or .
=
e [ 0.3 ] 0
P —~ - _I TT I_ "
- § [ 1
i 50-2 - 1.
< F ] 5
—Br voLE 1 Mot (T)
| ._‘;’ oF 1 FIG. 2. Magnetic-field dependence of the resistivifigsand p,,
i e E— along theb (in the Q2D plang and a* axes(out of the plang
L UoH (T) . respectively, in the sample No. 2. The upper left inset shows the
3 B R S first Brillouin zone and the Fermi surface. The lower right inset
- 0 5 10 15 indicates the SdH oscillations g, plotted asAo/ o, .
HoH (T)

observed in the thermal vortex liqui@VL) region above 1

FIG. 1. Magnetic torque curves of the sample No. 1 inK. The concept of the quantum vortex slush has been pro-
k-(BEDT-TTF),Cu(NCS), at 0.52 K and in the field direction posed for the nonlinear behavior below 1 K. The vortex slush
tited by 6=6.1° from thea* axis. (8 The dHvVA oscillations  with only the short-range order of vortices has been found in
around 7 T in the expanded scalb) The magnitude of the torque the highT, oxides!~!* The effect of the quantum vortex
hysteresis. slush and the TVL states on the dHVA and SdH effects will

be discussed latter.

avoid the disorder of the terminal ethylene group of the Figure 2 shows the magnetic-field dependence of the re-
BEDT-TTF moleculeg? The holder was directly immersed sistivity in the sample No. 2 &=0.52 K. The in-planey)
in liquid He of the refrigerator that was combined with a and the out-of-planey(,) resistivities are measured in one
15-T superconducting magnet at the High Magnetic Fieldsingle crystal along thé and a* axes, respectively. The
Laboratory for Superconducting MaterialdFLSM), IMR,  magnitude of the magnetic-field dependence of the resistivity
Tohoku University. The results presented in this paper wer@and the resistivity onset correspondingHg, are not influ-
obtained on three samples: No. 1 for the magnetic torquesnced by the applied current density in both configurations.
and No. 2 and No. 3 for the resistivity measurements froniThe flux flow resistivity in the QVL region, however,
different batches. We found that two other samples for thehanges a little with the current density because of the weak
magnetic torque and the resistivity measurements gave qualion-linear resistancéThe two curves in this figure are mea-
tatively similar results that were not presented in this papersured using the current densitgurren} of J=0.16 A/cnt
(1=100 uA) for p, and 1.6 mA/cri (10 uA) for p,, re-
spectively. The SdH oscillations with the frequency of (599
+2) T are clearly observed. The oscillations come from the

Figure 1 shows the magnetic torque curves of the sample: orbit centered at th& point of the first Brillouin zone
No. 1 atT=0.52 K. The overall features are the same withdepicted in the upper left inset. In higher magnetic fields, the
the previous report;the irreversible and reversible regions magnetic breakdown orbj, consisting of thex and opened
are separated &t;,~3 T [Fig. 1(b)], and the dHVA oscilla- y orbits, has been observed in both the SdH and dHVA
tions with one fundamental frequency Bf,=599+2 T are  oscillations!*'°We, however, restrict ourselves to the single-
observed in both the normal and superconducting states. Thmnd model for the following analysis and discussion on the
quality of the sample used in this study seems to be bette®dH and dHVA effects because the magnetic field used in the
than that in the previous wofkudging from the large am- present study is smaller than the magnetic breakdown
plitude of the dHVA oscillations. The reversible magnetic field.!**°*The amplitude of the SdH oscillation @r is much
torque region Ki;=3 T<H<H,=7 T) belov 1 Kis ex- larger than that onp,, although the magnitude of the
pected to be the QVL region. The finite resistivity appears inmagnetic-field dependence of the resistivity is almost the
the QVL region even af~0. The detail of the transport same with two configurations. The reason is not known at
properties in the QVL region has been already repottéis present but the similar tendency is commonly seen in the
noted only here that a weak nonlinear behavior of the resis©2D organic conductor’.
tivity is found in the QVL region. Such nonlinearity is not  In order to look at the SdH oscillations in low magnetic-

Ill. RESULTS AND DISCUSSION
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field region,A o/ o, is shown in the lower right inset of Fig.
2. Here,Ao is the oscillatory part of the conductivity ob-
tained by subtracting the nonoscillatory part of the conduc-
tivity, and o, (ngl) is the normal conductivity which is
the same with the nonoscillatory part of the conductivity in
the normal state. In the vortex state below about 7 T, the SdH
oscillations come from the norméjuasiparticle component
of the total conductivity which includes additional nonequi-
librium superconducting component due to the vortex pin-
ning. The normal(quasiparticl¢ part of the conductivity
roughly corresponds to the flux flow conductivity. Then the
normal resistivityp, (=o, 1Y in the vortex state is assumed
to be extrapolated smoothly from the normal state into the
vortex state towargg=0 atH=0. The dotted line in Fig. 2
shows the normalquasiparticlg resistivity p, (=0, ) in
the normal(vortex) state. The line is obtained as almost lin-
ear in the vortex state and passing through the middle of the
SdH oscillations in the normal state. In intermediate region
around 7 T, two lines are connected smoothly by the simple
second-order polynomial function. The SdH oscillation is
persisting down to about 5 T where the resistivity is about
30% of the normal-state value-(1.5¢) cm at 7 7). In the
other Samp]e No. 3 the oscillations can be seen in lower FIG. 3. Magnetic-field dependence of the oscillation amplitude
magnetic field of about 4.5 T, which are shown in Fig. 4.0f (8 the dHvA and(b) SdH effects.(c) The additional damping
This is the first unambiguous observation of the SdH oscilfactor in the vortex stat®sc; M by Manivet al. (Ref. 3 and IC by
lations in the flux flow resistance of the well characterized!t et al-(Ref. 20 and Claytoret al. (Ref. 24 The solid and broken
superconductor. Similar SdH effect in the superconductingUrves in(@ and (b) are the field dependences of the oscillation
state has been reported in tf¥-type BEDT-TTF organic amplitudesAy¢ ano_IALK based on the LK formula for the 3D and
superconducta But it did not show the additional ampli- 2D cases, respectively.
tude damping in both the SdH and dHvA oscillations in the  Below about 7 T the amplitude starts to deviate smoothly
superconducting state. It may be necessary to consider thgywnward fromA_ « in both the dHvA and SdH effects. This
smallerH,, value reported by another grofghan the value indicates the additional amplitude damping in the vortex
expected in Ref. 17. state, which has been reported so far on the dHvVA effect in
The additional damping of the SdH and dHVA oscillation x-(BEDT-TTF),Cu(NCS)."?%?32% The origin of such
amplitude in the vortex state is demonstrated in Fig. 3. Th&mooth damping has been discussed on the basis of the
oscillation amplitudeA 7 andAa/ o, for the dHvA and SdH  model of the quasiparticle scattering by the random vortex
effects are shown by the circles in FiggaBand 3b), re-  Jattice with the large superconductingortex) fluctuation
spectively. In the normal state above about 7 T, both oscillaground the mean fieltH,.>?* In the approach by Maniv
tion amplitudes are Welllgdescribed by the standard LifShitZ-et a|_,3 the additional dampmg tenﬁsc as being mu|t|p||ed
Kosevich (LK) formula:™ The amplitudeA  of the first Ak is Rec=expm¥|A|[3/nYY, where np

harmonics of the oscillations in the single band is given by_ _ : ;

A k*TH"R;RpRs, where the temperature factoRy _E';/ﬁ.wc’ wc=eH/mec, Ep Is the Fermi eneray, and
— (\m.T/H)/sinhQmT/H), the Dingle factor Rp (|A|%) is the mean square of the superconducting order pa-
=exp(c—)\mOTD/H) and the spin factor Rg rameter averaged over space coordinates. The tilde above

= cosfrgmy/2my,). Here,\=2m2ckg/ehi= 14.69 T/K,m,, indicates that energy is measured in unitsiaf,. This ex-

m., and my are the band, cyclotron effective, and free- pression - 1S Ve“é%_%'g”"ar o the Iv_lakl-Steph_en-type
electron masses, arfg, is the Dingle temperature related to rpean-ﬂeld apprga : In3a S'anle analytic expression de-
the scattering rate, with Tp=#/2mks7o. The powemof H  fived by Maniv et al,® (|A]*)=(a/B)[1+exp(-x*)/
depends on the measured quantity and the dimensionalitgx/..exp(~y?)dyl, where a=(1/2hwJ)InVHe,/H, B

For the SdH and the torque-dHVA amplitudad/o, and  =1.38hg(hwc)®, andx=a/\2BkgT. Ito et al?® and Clay-
A7) in the 3D (2D) case,n is 3/2 (1). The fittings in both tonet al?* have used an approximated interpolation formula
cases are very good witm,=3.5m, and Tp=0.26 for the mean square of the gap functiof|A|?)
+0.05 K (0.17:0.03 K) for the dHVA and 0.240.05 K =\[A(0)*(1—H/H,)/2]°+ a(T)?+A(0)*(1—H/H,)/2,
(0.16+0.03 K) for the SdH effects in the 3[RD) case’>  where a(T) is a temperature-dependent parameter to scale
The 2D formula, however, is adopted for the latter analysighe fluctuations. Both calculations &% are shown in Fig.
because the quantized Landau-level spacing in the prese8c) by using the same mean fiel.,=4.8 T. The results
magnetic-field region is considered to be fairly larger thanon Rg¢ are in fairly good agreement with each other.

the interlayer transfer integral of this Q2D organic The dotted curves in Figs.(@ and 3b) show the ex-
superconductd?® pected magnetic-field dependence of the oscillation ampli-
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tude takingRgc into account. The dHVA effect is well repre-
sented in these fluctuation approaches as has been
reportec®?%24In the SdH effect, the experimental results fol-
low well A2PRsc nearH,~7 T as well as the dHVA effect.

A stronger damping, however, appears below about 6.5 T in
only the SdH effect.

We discuss the stronger damping in the vortex state ob-
served only in the SdH effect in connection with the quantum
vortex slush state at low temperature. In the QVL region the
finite resistance appears in the vortex liquid state between the
melting H,, or irreversible fieldH;, andH, even atT~0.

In the case of less or no quantum fluctuation, the zero resis- [ 123K WMMWWWVZ
tance should appear just beldd., andH,,(T) or H;,(T) T WAV \ ]
coincides withH.,(T) at T=0. The former QVL region has \ . WA
been actually found ir-(BEDT-TTF),Cu(NCS), as a dem- i s 1 T
onstration of the importance of the quantum fluctuations in HoH (T)

this material’® Recently, two vortex liquid regions have

been found at low temperatuteThe low-resistivity state T o0
Hwe overall magnetic-field dependence of the resistiyifyat T

with nonlinear current response below about 1 K has bee RN o .
distinguished from the high-resistivity state at higher tem-: 2'43 K~'Tt"f dotted line indicates the norniqliasiparticig resis-
perature. A steep drop of the resistivity aroumgd~1 K MY Pn=0n =

separates the vortex liquid state into these two regions. The ) ) ) o

schematic phase diagram is shown in the inset of Fig. 5. Th#€ motion of vortices, depending on the pinning strength,
short-range order of vortices has been expected to exist in tHafluences the magnitude of the damping of the QSC'"at?O”S-
former low-resistivity state referred to as the quantum vortex !N order to see the difference of the damping in the quan-
slush state because these features in the low-resistivity stalié™ vortex slush and the TVL regions, we tried to compare
are phenomenologically similar to the observations exthe SdH osc_lllat_lons at hlgher temperatures. Figure 4 shows
plained by the the vortex slush concept with the short—rangéhe SdH oscnlatl(_)ns_at h|gher temperatures in the sample No.
order of vortices in the high, oxides''~*3The latter high- 3. The SdH oscillations in the vortex state are clearly seen

resistivity state has been considered as the TVL state whe@Wn to about 4.5 T at 0.43 K. The sample No. 3 seems to
no translational long-range order of vortices is formed. have better quality to observe the SdH oscillations in lower
Since the additional damping of the oscillation amp”tudemagnetlc field than that in the sample No. 2 presented in Fig.

in the vortex state is explained to be sensitive to the local- o
phase modulation of the superconducting order parardeter, 1he magnetic-field dependeancg of the observed SdH os-
some kind of perturbation on the vortices, for example, ap€illation amplitude scaled byA{yx in the normal state is
plying the transport current in the SdH measurements, is exshown in Fig. 5. The value ofXo/o,)/AZR corresponds to
pected to influence the phase coherence. It is noted that bothe additional damping in the vortex state. The additional
the dHVA and SdH oscillations in this experiment are mea-damping starts smoothly arourdl.,=7 T. The magnitude
sured in the quantum vortex slush region. In the case of sucof the additional damping becomes larger in higher tempera-
measurements in the TVL state, the additional damping ifures neai., . It is naturally understood by the fluctuations.
the vortex state is expected to be the same in the dHvA andihe lower inset shows calculations of the additional damping
SdH effects because the TVL does not have any order dictor Rgc proposed by Itcet al?® and Claytonet al** The
vortices. Thus neither the presence of the transport current iftuctuation parametes is expected to take a larger value in
the measurements of the SdH effect nor the absence of cuigher temperature. This has been actually confirmed in the
rent in the dHVA effect alters any phase coherence. On thdHVA experiments on the same material by Clay&iral®*
other hand, the SdH effect in the quantum vortex slush stat&éhe « value has changed almost continuously from 0.13 at
may be affected by moving vortices because of applying th®.03 K to 0.32 (meVj at 0.44 K. It is noted that th&®gc
transport current. It may disturb such coherency of the voreurves calculated withe or corresponding temperature are
tices and quasiparticles. Nonobservation of stronger oscillacontinuously shifting to a smaller value, and do not cross
tion amplitude damping in the dHVA effect with basically no each other. The present SdH oscillation damping kkaris
transport current demonstrates the influence of the movin@ agreement with the theoretical calculations. But the oscil-
vortices by the current in the quantum vortex slush state. lation amplitude at 0.43 K shows stronger additional damp-
Besides applying transport current, the effect of movinging in low magnetic field than others measured at high tem-
vortices on the damping of the dHVA oscillations has beerperature. This stronger damping observed at 0.43 K is
seen in the superconducting state 6f-AlbSe.?’ The damp-  considered to be due to the moving vortices in the quantum
ing of the oscillations depended on the history of reciprocalortex slush state as discussed above.
partial sweeps of the external magnetic field in the hysteretic It is expected that the similar stronger damping may ap-
region where the pinning strength was changing. For expear below about 5.5 and 5 T at 0.76 and 0.88 K, respec-
plaining the observations, Manist al. have suggested that tively, where the boundary between the quantum vortex slush

Ac/o, (arb. unit)

FIG. 4. The SdH oscillations in the sample No. 3. Inset shows
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T down to the lowest magnetic field where the SdH oscillations
can be detected at those temperatures. It means that the mag-
netic fields where the SdH oscillations are observed are

R mostly still in the TVL region. Then the magnetic-field de-
— T=043K pendence of the damping seems to follow the damping by
_______ T=0.76K the thermal fluctuations with temperature. This result sug-
ax et T=0.88K gests that th(_a prected stronger damping may appear at
e lower magnetic fields.
? In order to confirm the proposed model on the stronger
0 damping of the SdH oscillations in the quantum vortex slush
205 1] state, it is necessary to show the clear relation between the
a=3,11;> (ﬁ:&i: stronger damping and the vortex phase diagram. More pre-
020 (meV): ] cise measurements in better quality sample at lower mag-
g-gg g:z;ﬁ . netic fields are required in future. The transport current den-
' ] sity dependence of the SdH oscillation amplitude is also
: é : ;3 important to measure in the quantum vortex slush state be-
HoH (T) cause the nonlinear behavior in the resistivity has been ob-
0-04 ' , ' . served there. These experiments are in progress.

6
Hoff (T)

FIG. 5. The SdH oscillation amplitude scaled ByY? in the

sample No. 3 at 0.43, 0.76, and 0.88 K. Upper left inset shows the - \ye observed the SdH oscillations on the flux flow resis-
low-temperature part of the schematic vortex phase diadReh. tjyity in the vortex state of the Q2D organic superconductor
9). N is the normal, VS is the vortex solid, QVS and TVL are the k-(BEDT-TTF),Cu(NCS),. The additional damping of the
guantum vortex slush and thermal vortex liquid states, respectiverSdH oscillation amplitude neat, is well described by the
H;, is the irreversible line and is the line that separates QVS model on the superconductir{gf)zrtem fluctuations as well
from TVL. The detail on the phase diagram is given in Ref. 9. s those observed in the dHvA effect. In only the SdH effect

Lower inset demonstrates the additional damping factor propose t d . in th t " lush
by Ito et al. (Ref. 20 and Claytoret al. (Ref. 29. Each curve from e stronger damping appears in theé guantum vortex sius

top to bottom is calculated withe=0.10, 0.15, 0.20, 0.25, and '€9ion. The stronger damping may reflect the perturbation of
0.30 (meV¥. a phase coherence of vortices and quasiparticles in the quan-

tum vortex slush state with the short-range order of vortices

and the thermal vortex liquid regions is locafethis bound- ~ due to their movement by the transport current.

ary atT_ plotted by the dotted curve can be found in the

sghematic vprtex phase diagram in th.e Iow—tempergture re- ACKNOWLEDGMENTS

gion shown in the upper left inset of Fig. 5. In the diagram,

N is the normal, VS is the vortex solid, QVS and TVL are the = The authors thank K. Kishigi, T. Maniv, and T. Nishizaki
guantum vortex slush and thermal vortex liquid states, refor stimulating discussions. A part of this work was per-
spectively.H;, is the irreversible line and is the line that formed at the High Field Laboratory for Superconducting
separates QVS from TVL. The detail on the phase diagram i8laterials, IMR, Tohoku University. This work was partly
given in Ref. 9. The SdH oscillation amplitude at 0.76 andsupported by a Grant-in-Aid for Scientific Research from the
0.88 K, however, does not show the clear stronger dampinilinistry of Education, Science, Sports, and Culture of Japan.

IV. SUMMARY

1J.E. Graebner and M. Robbins, Phys. Rev. L&6.422(1976. 8M.M. Mola, S. Hill, J.S. Brooks, and J.S. Qualls, Phys. Rev. Lett.
2T.J.B.M. Janssen, C. Haworth, S.M. Hayden, P. Meeson, M. 86, 2130(2001).
Springford, and A. Wasserman, Phys. Re\6'B 11 698(1998), 9T. Sasaki, T. Fukuda, T. Nishizaki, T. Fujita, N. Yoneyama, N.

and references therein. Kobayashi, and W. Biberacher, Phys. Re\6@® 224513(2002.
3T. Maniv, V. Zhuravlev, I. Vagner, and P. Wyder, Rev. Mod. Phys. 1°J. Miiler, M. Lang, F. Steglich, J.A. Schlueter, A.M. Kini, and T.
73, 867 (2001, and references therein. Sasaki, Phys. Rev. B5, 144521(2002.
4G. Blatter, M.V. Feigel'man, V.B. Geshkenbein, A.l. Larkin, and UTK. Worthington, M.P.A. Fisher, D.A. Huse, J. Toner, A.D. Mar-
V.M. Vinokur, Rev. Mod. Phys66, 1125(1994). wick, T. Zabel, C.A. Feild, and F. Holtzberg, Phys. Rev4§
SMm. Lang, F. Steglich, N. Toyota, and T. Sasaki, Phys. Re49B 11 854(1992.
15227(1994). 12K, Shibata, T. Nishizaki, T. Sasaki, and N. Kobayashi, Phys. Rev.
6S. Friemel, C. Pasquier, Y. Loirat, and D. Jerome, Physi@5@ B 66, 214518(2002.
181 (1996. 13Y. Nonomura and X. Hu, Phys. Rev. Le&6, 5140(2001).
"T. Sasaki, W. Biberacher, K. Neumaier, W. Hehn, K. Andres, and"T. Sasaki, H. Sato, and N. Toyota, Solid State Comni@ 507
T. Fukase, Phys. Rev. B7, 10 889(1998. (1990.

144521-5



T. SASAKI, T. FUKUDA, N. YONEYAMA, AND N. KOBAYASHI PHYSICAL REVIEW B 67, 144521 (2003

15F A. Meyer, E. Steep, W. Biberacher, P. Christ, A. Lerf, A.G.M.  used. By usingn,= 1.2m, as the mass obtained from the cyclo-

Jansen, W. Joss, P. Wyder, and K. Andres, Europhys. 82tt. tron resonancgS. Hill et al., Synth. Met.56, 2566(1993], each
681 (1995. Tp shows a value 2.9 times as much.
183, Singleton, Rep. Prog. Phyg3, 1111(2000). 223, Singleton, P.A. Goddard, A. Ardavan, N. Harrison, S.J. Blun-
173, Wosnitza, S. Wanka, J. Hagel, R.'wdaler, H.v. Léineysen, dell, J.A. Schlueter, and A.M. Kini, Phys. Rev. Le88, 037001
J.A. Schlueter, U. Geiser, P.G. Nixon, R.W. Winter, and G.L. (2002.
Gard, Phys. Rev. B2, 11 973(2000. 23p J. van der Wel, J. Caulfield, R. Corcoran, P. Day, S.M. Hayden,

183, Muiler, M. Lang, F. Steglich, J.A. Schlueter, A.M. Kini, U. W. Hayes, M. Kurmoo, P. Meeson, J. Singleton, and M. Spring-
Geiser, J. Mohtasham, R.W. Winter, G.L. Gard, T. Sasaki, and N. ford, Physica 235-240 2453(1994).

Toyota, Phys. Rev. B1, 11 739(2000. 24N.J. Clayton, H. Ito, S.M. Hayden, P.J. Meeson, M. Springford,
19D, ShoenbergMagnetic Oscillations in Metal§Cambridge Uni- and G. Saito, Phys. Rev. 85, 064515(2002.

versity Press, Cambridge, 1984 25K. Maki, Phys. Rev. B44, 2861 (1997).
20H. Ito, S.M. Hayden, P.J. Meeson, M. Springford, and G. Saito, J?M.J. Stephen, Phys. Rev. &5, 5481 (1992.

Supercond12, 525(1999. 27E. Steep, S. Rettenberger, F. Meyer, A.G.M. Jansen, W. Joss, W.
2YIn the calculation ofTp’s the effective massni,=3.5m,) deter- Biberacher, E. Bucher, and C.S. Oglesby, Physicaog, 162

mined from the temperature dependence of the dHVA and SdH (1995.
amplitude is used. In the strict sense the band mass should be

144521-6



