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Possible nodal vortex state in CeRu2
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The microscopic property of magnetic vortices in the mixed state of a high-quality CeRu2 crystal has been
studied by muon spin rotation. We have found that the spatial distribution of magnetic inductionB(r ) probed
by muons is perfectly described by the London model for the triangular vortex lattice with appropriate modi-
fications to incorporate the high-field cutoff around the vortex core and the effect of long-range defects in the
vortex lattice structure at lower fields. The vortex core radius is proportional toH (b21)/2 with b.0.53 (H
being the magnetic field!, which is in good agreement with the recently observed nonlinear field dependence of
the electronic specific heat coefficientg}Hb. In particular, the anomalous increase of magnetic penetration
depth in accordance with the peak effect in dc magnetization (>H* .3 T at 2.0 K! has been confirmed; this
cannot be explained by the conventional pair-breaking effect due to magnetic field. In addition, the spontane-
ous enhancement of flux pinning, which is also associated with the peak effect, has been demonstrated
microscopically. These results strongly suggest the onset of collective pinning induced by a new vortex state
having an anomalously enhanced quasiparticle density of states forH>H* .

DOI: 10.1103/PhysRevB.63.224520 PACS number~s!: 74.60.2w, 74.25.Ha, 74.70.Ad, 76.75.1i
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I. INTRODUCTION

Since its discovery in the late 1950s by Matthiaset al.,1

superconductivity in CeRu2 with theC15 cubic Laves phase
structure has been drawing continuing interest. Studies in
early stage were mostly focused on the coexistence of m
netism and superconductivity because of the unusual in
sitivity of the superconductivity to alloying with magnet
elements.2–5 The primary aspect of the recent interest lies
the nature of 4f electrons that yields the possibility of stud
ing the role of electronic correlation in superconductivity,
which much progress has been made in recent years. C
trary to the earlier speculation that Ce ions are tetrava
with all 4f electrons contributing tos, p, andd bands, studies
using various spectroscopic techniques, includ
photoemission,6–12 x-ray absorption,13 and inelastic neutron
scattering,14 have provided strong evidence that CeRu2 is a
mixed valent compound with nearly 4f 1 occupation. On the
other hand, there is mounting experimental evidence that
4 f electrons are itinerant, as typically demonstrated by
de Haas–van Alphen measurement.15,16 Recent band-
structure calculations have shown that the 4f electrons form
a strongly hybridized band with conduction electrons w
the average 4f electron count being close to unity.17–19 The
relatively small enhancement of the cyclotron ma
(.0.6– 8m0, which is about three times the calculated ban
electron mass16! as well as the electronic-specific-heat co
ficient g @.30 (mJ/mol)/K2, which suggests an approx
mately 2.5-times enhanced density of states at the Fe
0163-1829/2001/63~22!/224520~16!/$20.00 63 2245
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surface20,21# support the quasi-one-electron picture, althou
there seems to remain a residual influence of on-site C
lomb interaction.

Thus, the revelation of relatively weak electronic corre
tion in CeRu2 leads us to the expectation that the superc
ductivity in this compound would be of conventional BC
type, as suggested by the highest transition temperatureTc
.6.1– 6.5 K! among Ce intermetallic compounds. Howeve
recent studies have shown some distinct features that com
careful reexamination of such a naive presumption. Wh
the pairing symmetry was determined to bes wave by vari-
ous measurements including those of specific heat,20 nuclear
quadrupole resonance ~NQR!,22,23 and microwave
response,24 a detailed study of spin-lattice relaxation in NQ
suggests an anisotropic energy gap.25 The nonlinear field de-
pendence ofg in the mixed state suggests a close link w
such an anisotropic order parameter, in addition to the fie
induced anisotropic pair breaking effect.21 This is also re-
lated to the surprising result that the de Haas–van Alp
oscillation can be observed deep in the mixed state of Ce2
where the cyclotron radius is much larger than the interv
tex distance.16 Moreover, the presence of weak magnetis
coexisting with superconductivity is strongly suggested,26,27

which may play some implicit role in the related issues.
Meanwhile, the origin of large hysteresis in the isotherm

dc magnetization near the upper critical fieldHc2 ~or so-
called ‘‘peak effect’’! has been an issue of considerable
tention because of the possibility of an associated no
mixed state. The related anomaly was first observed as
©2001 The American Physical Society20-1
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R. KADONO et al. PHYSICAL REVIEW B 63 224520
enhanced paramagnetic magnetization,28 which was followed
by the observation of irreversible magnetization.20,29 Al-
though the peak effect is rather commonly observed in cl
type-II superconductors and is usually explained by the
crease of net pinning force due to the softening of the fl
line lattice ~FLL! and associated optimization of the vorte
configuration along with randomly distributed pinnin
centers,30–32the one observed in CeRu2 turned out to exhibit
an additional feature of field and temperature hysteresi
the onset of the irreversible region.26,33–36This hysteresis has
been interpreted as a manifestation of the first-order ph
transition to a further inhomogeneous novel mixed state p
dicted by Fulde-Ferrel-Larkin-Ovchinnikov~FFLO!.37,38The
FFLO state has been predicted to occur in clean type-II
perconductors~i.e., electronic mean free pathl is much
longer than the superconducting coherence lengthj0) with
large Pauli paramagnetic spin susceptibilityxs of the con-
duction electrons and a large Ginzburg-Landau param
k.39 The system satisfying the latter two conditions can re
the Clogston-Chandrasekhar~CC! limit where the spin polar-
ization ~Zeeman! energyxsH

2/2 is comparable with the su
perconducting condensation energyHc

2/8p at fieldsH near
Hc2. The recent model including the effect of orbital curre
predicts that the system near the CC limit falls into a n
inhomogeneous state~generalized FFLO state or GFFLO
state! at a fieldHi below Hc2 where the order parameter
spatially modulated with periodic planar nodes aligned p
pendicular to the vortices.40 It also predicts that the transitio
is of the first-order at bothHi andHc2. The possibility of the
FFLO state was first pointed out in a heavy-Fermion sup
conductor UPd2Al3 based on magnetostrictio
measurements,41 followed by other candidates includin
UPt3 ~Ref. 42! and UBe13.43

Unfortunately, further experimental investigations to co
firm the presence of the FFLO~or GFFLO! state in CeRu2
are largely divided in their conclusions. Detailed studies
the magnetization process have led to both affirmative44–53

and negative54–59 arguments, indicating the difficulty of in
terpreting these data unambiguously. The most critical ar
ments based on the magnetization and transport60–63 mea-
surements may be summarized in the following points.

~1! The peak effect is rather insensitive to impurities a
is observed in the specimen that is not in the cle
limit,55,56,63whereas the FFLO state is predicted to occur
those in the clean limit. In particular, the pinning force do
not decrease with increasing spin susceptibility, as indica
by the effect of La doping.56

~2! The enhanced pinning is observed in the tempera
region nearTc ,60,61,63 whereas most theories on the FFL
state predict that it exists only below the critical pointT*
50.55– 0.56Tc .39,64

~3! The Maki parameterk2 increases with decreasin
temperature,21,59 whereas it is expected to behave opposit
when the system is near the CC limit.65

~4! There is no clear indication of the first-order pha
transition in the most recent magnetization measurement
the best-quality specimen using a Faraday fo
magnetometer.59

We note that there are many other less critical argume
22452
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that the observed phenomena are explained essentially w
the conventional pinning mechanism. However, we sho
recognize that these points must be carefully scrutinized
the basis of the following counterarguments.

~1! It should be remembered that the mechanism of sp
taneous increase of the pinning force between the conv
tional and the FFLO case has no essential difference in
sense that it is due to the softening of FLL. Both the conv
tional softening and that due to the occurrence of the FF
state can coexist, making it difficult to distinguish one fro
the other. Thus, the first two points might be explained
the mixed effect of these two origins. As to the effect of L
doping, it should be noted that the decrease of the pinn
force for the single vortex is readily compensated by
increase of the collective pinning force, which is the esse
of collective pinning. Needless to say, the bulk magneti
tion is sensitive only to the total pinning force.

~2! It has been revealed that the magnitude of the pa
magnetic moment in CeRu2 measured by neutron diffractio
does not decrease belowTc at 3 T,66 while it is expected to
decrease in the clean limit due to the formation ofs-wave
Cooper pairs@this is actually observed in V3Si ~Ref. 67!#.
Thus, the situation in CeRu2 is that the paramagnetism is no
suppressed by superconductivity, suggesting an enha
presence of quasiparticles nearHc2. The behavior ofk2
should be assessed carefully in light of this anomalous p
magnetism.

In addition to these, the results in Ref. 59 typically exe
plify the complexity of the magnetization measurements a
their interpretation, as was also revealed by earlier works
is clear that microscopic information is definitely needed
unravel this complicated issue in terms of the mechanism
FLL softening. This work is devoted to the search for micr
scopic clues to distinguish the origin of FLL softening
CeRu2.

The muon spin rotation (mSR) technique provides a pow
erful tool for obtaining microscopic information of FLL in
the type-II superconductors. Implanted muons random
probe the local magnetic field produced by the FLL, yieldi
the field distribution profile from which one can directly d
rive magnetic penetration depthl and vortex core radiusrv .
In the first attempt to obtain such information for CeRu2 by
the mSR technique, we found an anomalous increase of
penetration depth in the magnetic field region where the p
effect was observed.68 The enhancedl effectively corre-
sponds to the enhanced normal state carrier density; th
consistent with the emergence of the GFFLO state.

In this paper, we report on our newmSR measurements o
the mixed state of CeRu2 with much improved single crys
tals. Following a brief description on the experiment a
data analysis, we will present the superconducting par
eters (l, rv , etc.! versus magnetic field and temperatu
determined bymSR. Then, the response of FLL to the vari
tion of the external magnetic field as observed bymSR will
be presented to provide microscopic basis for the interpr
tion of bulk magnetization measurements. Lastly, afte
critical review of earlier arguments concerning the FFL
state, the nature of the mixed state in CeRu2 nearHc2 will be
discussed in light of the presentmSR results.
0-2
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POSSIBLE NODAL VORTEX STATE IN CeRu2 PHYSICAL REVIEW B 63 224520
II. EXPERIMENTAL DETAILS

Single crystals of CeRu2 were grown by the Czochralsk
pulling method from a solution of 4N~99.99% pure! Ce and
4N Ru in a tetra-arc furnace. The crystals were purified
solid-state electrotransport annealing at 700– 800 °C und
high vacuum of 10210 Torr. The ingots were determined t
be single crystals from x-ray Laue patterns. The residual
sistivity ratio @rrr[rRT/r0, i.e., the resistivity at ambien
temperaturerRT divided by the residual resistivityr0 at low
temperatures~RT is room temperature!# was 91, which is to
be compared with rrr.30 of the previous specimen.68 The
crystals were further characterized by magnetization m
surement using a superconducting quantum interference
vice ~SQUID! magnetometer to identify the region of th
peak effect. The field-dependent magnetization and co
spondingH-T phase diagram for the present specimen
shown in Figs. 1 and 2.

The mSR measurements were performed on the M
beam line at TRIUMF that provides a beam of nearly 100
spin-polarized positive muons of momentum 28.6 MeV/c. A
mSR spectrometer ‘‘Belle’’ with high time resolution wa
used to measure the decay positron time spectra und
transverse field of up to 4 T. A schematic configurati
around the central part of the spectrometer is shown in
3. The specimen was field-cooled at measured magn
fields to determine the field dependence of the supercond
ing parameters. The details of the procedure for the meas

FIG. 1. Isothermal dc magnetization of the single-crystall
CeRu2 specimen with rrr.91, where the field was parallel to@100#.

FIG. 2. H-T phase diagram of CeRu2, where the peak effec
region defined byH* and Hc2 in Fig. 1 is shown as the hatche
area.
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ments with varying external field will be described later~see
Sec. IV B!. Muons were implanted into the specimen~mea-
suring about 7 mm37 mm and 0.5 mm thick! after passing
through a 3-mm-diameter collimator. The initial muon sp
polarization was perpendicular to the magnetic fieldH ~and
the c axis whereHic) and thus to the FLL in the supercon
ducting state.

III. DATA ANALYSIS

Since the muons stop randomly on the length scale
FLL, the muon spin precession signal provides a rand
sampling of the internal field distribution in the mixed sta
In this case, the real amplitude of the Fourier-transform
time spectrum corresponds to the internal field distribut
n(B), i.e.,

n~B!5ReFgmE @Px~ t !1 iPy~ t !#exp~ igmBt!dtG ,
~3.1!

where gm52p3135.54 MHz/T,B is the magnetic induc-
tion, and

Px~ t !5
1

A0
FN1~ t !2N3~ t !

N1~ t !1N3~ t !G , ~3.2!

Py~ t !5
1

A0
FN2~ t !2N4~ t !

N2~ t !1N4~ t !G , ~3.3!

are the complex muon polarization withNj (t) ( j 51,2,3,4)
being the time-differential positron counts of the fo
counters shown in Fig. 3 andA0 the initial decay positron
asymmetry~after corrections for background and instrume
tal asymmetry!. Figure 4 shows typical examples of the fr
quency spectra@5A0n(B)# at 2 K deduced by fast Fourie
transformation~FFT!. An appropriate apodization was pe
formed to reduce the satellite structure in the FFT spectr
due to the finite time window~53.2 ms), so that the relative
height of the satellite peaks should be less than 0.02.69 Since
it is not clear how the statistical errors in the time spec
propagate upon FFT, the errors in the FFT spectra were
timated from the fluctuation of the FFT signals outside t
peak region.Hc2 is about 5 T at this temperature and thus a
the spectra in Fig. 4 reflect the field distribution of the mix

FIG. 3. A schematic view of the Belle spectrometer. Muons
implanted from the left with the initial polarizationPm perpendicu-
lar to the external fieldHz . The signal from the muons that misse
the specimen is discriminated by the veto counter.
0-3
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R. KADONO et al. PHYSICAL REVIEW B 63 224520
state for each field. The probability that muons probe
field at saddle points is maximum where the field is low
than the applied external fieldH. Since the average field
*Bn(B)dB is close toH, the functionn(B) has an asymmet
ric distribution with respect toH. In Fig. 4 the FFT spectra
are plotted againstB2H so that this asymmetry can b
clearly seen.

In order to reconstruct a two-dimensional field distrib
tion profile from the one-dimensional spectral density m
sured bymSR, one needs a model of the vortex structure.
calculated the spectral density functionn(B) from the field
profile B(r ) given by the London model with a perfect tr
angular FLL:70,71

n~B!5
dr

dB~r !
, ~3.4!

B~r !5B̄0(
K

e2 iK•re2K2jv
2

11K2l2
, ~3.5!

FIG. 4. The Fourier transform of themSR signals observed in
CeRu2 at 2 K, where the real amplitude corresponding to the m
netic field distribution is plotted.
22452
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whereK is a translation of the vortex reciprocal lattice,

K5 l û81mv̂8, ~ l ,m50,61,62 . . . ! ~3.6!

û85
2p

a

2

A3
ŷ,

v̂85
2p

a S x̂2
1

A3
ŷD , ~3.7!

with x̂ andŷ denoting the plane of precession~normal to the
vortices!, B̄0 (.H) is the average internal field,l is the
penetration depth, andjv is the cutoff parameter.@The lattice
structure is reported to be triangular from both neutr
diffraction72,73 and scanning tunneling spectroscopy~STS!
measurements.74# Here, it should be stressed that the cuto
parameterjv cannot be simply regarded as the Ginzbu
Landau~GL! coherence lengthj or the vortex core radius
although it is indeed related toj. Detailed theoretical analy
sis indicates thatjv must be scaled by a factor depending
the magnetic field in order for the London model to provi
a proper approximation of the GL theory.75,76 In order to
avoid a model dependence in the interpretation of the cu
parameter, we will adopt a different definition of the vorte
core radius~see below!.

The theoretical line shape to be compared withmSR data
in the frequency domain is then obtained by convoluti
n(B) with the spectrumq(B) that provides a natural line
width determined by the time window for FFT including th
effect of apodization and additional broadeningsB resulting
from other sources of field inhomogeneity;

n̄~B!5E e2sB
2x2

q~x!@~12b0!n~B2x!1b0d~H2x!#dx,

~3.8!

where b0 is the fractional yield of the background signa
from muons stopped in the material outside the specimen
particular, the field inhomogeneity due to the random dis
der and distortion of FLL due to vortex pinning is well de
scribed by the Gaussian distribution of the fields.70,77 The
line shapeq(B) was determinedin situ by measuring the
mSR spectra in the normal state~which was readily attained
by raising the sample temperature aboveTc) and Fourier-
transformed by the same procedure as at lower temperat

While the FFT spectra above 1 T were well reproduced by
the modified London model, we found that it does not p
vide a satisfactory description of the total line shape for
lower field data, as shown in Figs. 5~a!–5~c!. The discrep-
ancy is characterized by the shift of the spectral weight
lower frequencies with an enhanced tail, which is not read
understood in terms of the Gaussian broadening due to
dom vortex pinning. Our heuristic approach has revealed
the fitting is drastically improved by introducing the fluctu
tion of the reciprocal vector in Eq.~3.5!.

K5 l 8û81m8v̂8, ~3.9!

-

0-4



POSSIBLE NODAL VORTEX STATE IN CeRu2 PHYSICAL REVIEW B 63 224520
FIG. 5. The comparison of fit-
ting results for the FFT spectra in
CeRu2 at 2 K. Solid curves in~a!–
~c! are the best fits by Eq.~3.8!,
and those in~d!–~f! are ones ob-
tained with the effect of ‘‘random
compression’’~see text!.
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l 85 l ~11d l !, m85m~11dm! ~ l ,m50,61,62 . . . !

~3.10!

P~dk!} exp~2dk
2/s lm

2 ! ~k5 l ,m!. ~3.11!

This fluctuation can be physically interpreted as the lo
range distortion of FLL represented by the respective indi
of K in the reciprocal space, which is illustrated in Fig. 6. A
shown in Figs. 5~d!–5~f!, the calculated line shape with finit
values fors lm yields excellent agreement with data below
T. The field dependence ofs lm ~see the section below!
strongly suggests that such a long-range distortion seem
be related with the softening of the compression modu
C112C66 at lower magnetic fields. Thus, the effect may
called a ‘‘random compression’’ of FLL. We stress, how
ever, that this effect is discernible only below 1 T, and h
the least relevance with the main issue of the peak effect
associated anomaly at higher fields.

The alternative method of analysis is to perform it in t
time domain, where the time evolution of the complex mu
polarization is
22452
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Px~ t !1 iPy~ t !5e2s f
2t2E

0

`

n~B!exp~ igmBt!dB,

~3.12!

wheres f is the effective depolarization rate~corresponding
to sB). In the present analysis, we first optimized the fitti
in the frequency domain that allows direct physical interp
tation, then used time-domain analysis to estimate statis
errors for the physical parameters.

IV. RESULT

A. Superconducting parameters

1. Magnetic field dependence

Before proceeding directly to the result of the fittin
analysis using the modified London model, we demonstr
the anomalous field dependence of themSR linewidth in a
model-independent manner. Because of the relatively la
magnetic penetration depth, the observedmSR time spectra
0-5
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above;2.5 T are reasonably well reproduced by Gauss
damping with a single linewidths,

Px~ t !1 iPy~ t !.e2s2t2 exp~ igmBt!. ~4.1!

The magnetic field dependence ofs at 2 K obtained by the
fitting analysis in the time domain is shown in Fig. 7. No
that the statistical errors in Fig. 7 are properly estimated fr

FIG. 6. ~a! The effect of random vortex pinning, and~b! that of
‘‘random compression’’ leading to long-range FLL distortio
where the filled circles indicate the regular positions of vortices
the triangular lattice and open circles indicate the actual position
the respective situations.

FIG. 7. Muon spin relaxation rate~linewidth! in CeRu2 at 2 K
deduced by analyzing the time spectra by Gaussian damping.Hc2 is
assumed to be 5 T atthis temperature. Lines are guides for the e
22452
n

the time domain analysis. The linewidths decreases with
increasing field due to the strong overlap of vortex fields a
the increasing importance of the vortex cores. According
Eq.~3.5!, the field-dependent mean field variation is

^DB2&.7.531024~12h!2f0
2l24, ~4.2!

whereh5H/Hc2 andf0 denotes the flux quantum.70 Since
the corresponding averagemSR linewidth is given by

s5gm~^DB2&/2!1/2[L~H !l22}12
H

Hc2
, ~4.3!

the linewidth is expected to have a linear relation with t
magnetic field. However, the observeds in Fig. 7 shows a
steep decrease with increasing field forh5H/Hc2.0.6 ~with
presumedHc255 T from Fig. 2!, reaching a value almos
equivalent to the natural linewidth at aroundh.0.8. Note
that no such singularity is expected from Eq.~3.5! consider-
ing the modest change in vortex spacing~e.g.,a is 282 Å at
3 T, and 245 Å at 4 T!. This result clearly demonstrates th
the quasiparticle excitation is anomalously enhanced
CeRu2 in this field range.

The result of fitting analysis using the modified Londo
model indicates that this anomaly of the linewidth can
effectively attributed to that of the magnetic penetrati
depthl. Figure 8 shows the field dependence ofl and the
cutoff parameterjv obtained from the data at 2 K. It is evi

n
in

.

FIG. 8. ~a! Magnetic penetration depthl, and ~b! high-field
cutoff parameterjv vs field in CeRu2 at 2 K obtained by fitting data
with the modified London model. Solid curves in~a! are calculated
by Eq. ~4.13! with h51, while dashed line is a guide for the ey
Fitting result by Eq.~4.5! is shown in~b! as a solid curve.
0-6
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POSSIBLE NODAL VORTEX STATE IN CeRu2 PHYSICAL REVIEW B 63 224520
dent thatl is mostly independent of the field below 3 T~i.e.,
h,0.6), whereas it shows a steep increase with increa
field above 3 T. The values below 3 T (l.2000 Å! are in
good agreement with those obtained by bulk magnetiza
measurement.34 On the other hand,jv exhibits gradual de-
crease with the field~except in the lowest field range whe
the change is rather steep!. Recent calculations fors-wave
superconductors using quasiclassical Eilenberger equa
predict the shrinkage of vortex core radiusrv due to vortex-
vortex interaction.78 At T50 K, the calculated quasiparticl
density of states~DOS! N(H) is well represented by a powe
law Hb with b50.67. Provided that all the DOS come fro
inside the vortex cores, we expect

N~H !5Ncore~H !}prv
2H}Hb, ~4.4!

where the factorH is from the number of vortices per un
area, and then we have

rv}H (b21)/2. ~4.5!

Thus, one would expectrv}H20.165 at T50 ~i.e., b
50.67). As shown in Fig. 8, provided thatrv.jv ~which is
only a coarse approximation, as mentioned earlier!, the
power lawjv5j0h(b21)/2 with b.0.807 andj0.59 Å re-
produces the observed weak field dependence relatively w
However, in the following, we will define the vortex cor
radius more directly from the distribution of supercurre
density around the vortex core, which provides a relia
basis for comparison independent of the model used in
analysis. At this stage, we only note that the deducedjv is in
reasonable agreement with the coherence lengthj (T52K)
.81 Å estimated fromHc2 (T52 K), demonstrating that the
parameterjv introduced as a cutoff in Eq.~3.5! can be inter-
preted as a quantity defined by the coherence length.
large Ginzburg-Landau parameterk.30 indicates that
CeRu2 is a typical type-II superconductor.

The London model gives an approximate value forl:

1

l2
.

4pnse
2

m* c2
, ~4.6!

wherem* is the effective carrier mass andns is the super-
fluid density that may be reduced to zero towardHc2 as

ns}12Nenv~H !/Nenv~Hc2!, ~4.7!

whereNenv(H) is the quasiparticle DOSoutsidethe vortex
cores. In conventional superconductors withs-wave pairing,
the quasiparticle excitation at lower fields is mostly confin
within the vortex cores. The pair-breaking excitation ene
a outside the cores~which contributes to the field depen
dence ofl) is determined by the Zeeman energy,

a5mBH ~4.8!

in the clean limit and hence,

Nenv~H !.
a

D0
5

mBH

D0
, ~4.9!
22452
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which is thus proportional toH. This leads to the linear re
lation

ns}12hh, ~4.10!

whereh is the parameter representing the magnitude of p
breaking interaction andh5H/Hc2. It should be noted, how-
ever, that this relation is not valid when the field exceeds
CC limit,

Hp5
D0

A2mB

, ~4.11!

or the threshold field for the FFLO state~see Sec. V!. On the
other hand, a nonlinear field dependence is expected for
superconductors with gapless nodes. According to Volov
the presence of a zero-gap region on the Fermi surface~i.e.,
in k space! leads to a square-root dependence onH of the
quasiparticle density of states.79 This is because the densit
of states is predominantly determined by the contribut
outside the vortex cores where the spatial motion of the q
siparticles is limited by the intervortex distancea;j/Ah
,l. In this case,Nenv(H) is scaled byajgNh}Ah ~with gN
being the normal-state DOS! and one would expect

ns}12hAh ~4.12!

with h.1 due to the predominant contribution of quasipa
ticle excitation outside the cores to the net DOS.

From these relations@Eqs.~4.6!, ~4.10!, ~4.12!#, we derive

l~H !.
l~0!

A12hhn
, ~4.13!

with n51 (s wave! or 1/2 ~gapless nodes!. As shown in Fig.
8~a!, comparison of Eq.~4.13! with the present data is fa
from satisfactory, particularly at higher fields where the o
servedl shows a much steeper increase with increas
field. Naturally, the inclusion of enhanced quasiparticle e
citation from the continuum state associated with the gap
nodes (n51/2) does not improve the agreement. This
mainly because of the fact that such enhancement affects
field dependence ofl, especially at lower fields where
l(H).l(0)(11 1

2 hh) with effectively largerh for n51/2,
while the observed anomaly is mostly in the higher-fie
range. Such a linear field dependence ofl has been observe
by mSR in high-Tc cuprates80 (d-wave pairing with line
nodes! and in a class of superconductors includi
2H-NbSe2 ~Ref. 81! and borocarbides82 (s-wave paring!,
where a clear tendency of greaterh for larger anisotropy has
been revealed. In this sense, the weak dependence on
magnetic field forh,0.5 is consistent with that in the case
ordinarys-wave pairing. In any case, the observed field d
pendence ofl exhibits considerable deviation from those
the conventional models.

The remaining physical parameters of our model, i.e.,sB
in Eq. ~3.8! ands lm in Eq. ~3.11!, are related to the distortion
of FLL. As mentioned earlier,s lm represents the effect o
random compression, which turned out to be the predo
nant factor in improving the agreement between the ca
0-7
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lated line shape and measuredmSR spectra at lower fields
Compared with the effect ofs lm , the values deduced forsB
are small~0.5–1 mT below 1 T and zero for higher field!
and can thus be disregarded. Figure 9 shows the field de
dence ofs lm at 2 K. It exhibits a steep increase with decrea
ing field below ;1 T, indicating that the effect is mostl
associated with the low-field property of FLL. The elas
property of FLL is described by three elastic moduli: co
pression modulusC112C66, shear modulusC66, and tilt
modulus C44. The former two represent responses to
respective modes of lattice distortion within the plane p
pendicular toH, whereas the last one represents the respo
to the tilting of vortices from the direction ofH. The field
dependence of these moduli over the field region far fr
Hc1 is approximately expressed by

C11.C44.
Hc2

2

8p
h2, ~4.14!

C66.
0.13

k2

Hc2

8p
~12h2! ~4.15!

with h again beingH/Hc2. Equation~4.14! indicates that the
observed distortion is related to the softening of FLL
terms of compression and/or tilting of vortices. Provided t
the vortex pinning forceFp is independent of the field
~which is a reasonable assumption for low fields!, we can
assume Hooke’s lawFp}Ci j s lm , which yields

s lm}
Fp

Ci j
;

g

~h2h0!2
, ~4.16!

for C112C66 andC44. As shown in Fig. 9, a satisfactory fi
is obtained by Eq.~4.16! with g.2.1631025 and a small
offseth0.22.9231022, indicating thats lm is related to the
long-range distortion induced by random compression/tilt
of vortices.

Once a satisfactory fit to the measured field distribut
is obtained using the field distribution profilen(B) generated

FIG. 9. The magnitude of random compressions lm vs field in
CeRu2 at 2 K obtained by fitting data with modulated reciproc
vectors in the modified London model. Fitting result by Eq.~4.16!
is shown as a solid curve.
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from B(r ), one can define the vortex core radiusrv to be
the radial distance from the vortex center at which the sup
current densityj (r ) reaches its maximum value. The supe
current density j (r ) is obtained from the field profile
B(r )5„0,0,B(r )… through the Maxwell relation j (r )
5u“3B(r )u. This feature provides an accurate and mod
independent measure for monitoring the change in the ef
tive size of vortex cores.80,81 In Fig. 10~a!, we show some
examples ofj (r ) normalized by the maximum valuej max
5 j (rv), where one can clearly see that the peak of super
rent is shifted with the field. The field dependence ofrv is
shown in Fig. 10~b!. The parameterss lm andsB were set to
zero for the calculation ofB(r ), to eliminate the irrelevant
effect of FLL distortion. Following Eq.~4.5!, a fit using the
relation

rv5r0h(b21)/2 ~4.17!

yields satisfactory agreement with the observed depende
with b50.531 andr0.60 Å . The deduced power seems
be in good agreement with that of the electronic-specific-h
coefficient g(H) at this temperature~52 K! whereas the
agreement with the model of the field-induced anisotro
gap is incomplete.21 This result strongly suggests that th

FIG. 10. ~a! Supercurrent densityj (r )}dB(r )/dr in CeRu2 at 2
K, calculated forH50.1, 2, and 4 T from theB(r ) reconstructed
using the modified London model. Arrows indicate the position
maximum corresponding to the effective core radiusrv at each
field. ~b! Magnetic field dependence ofrv , where the fitting result
by Eq. ~4.5! is shown as a solid curve.
0-8



of

l
ed

e
er
he
wa
s

e
m

d to
ure

nce
l

se

re
ident

re

the
res

ttled
les
the

that
to

the
uld

gh
ied.
the
g to
e.
de-
the

a in

olid

r

POSSIBLE NODAL VORTEX STATE IN CeRu2 PHYSICAL REVIEW B 63 224520
nearlyAH dependence ofg(H), particularly at lower fields
(h<0.5) wherel behaves normally, is mainly due to that
the vortex core radius, i.e.,

g~H !}Ncore~H !}Hprv
2. ~4.18!

The slightly smaller value ofb compared with the theoretica
prediction for thes-wave superconductors may be explain
by the anisotropy of the energy gap suggested by NQR.25

2. Temperature dependence

As shown earlier in Fig. 2, the temperature dependenc
superconducting parameters was studied under an ext
field of 1 T where the peak effect is virtually absent over t
entire region of temperature. Here, the primary purpose
to examine the validity of our method by measuring tho
parameters along a line in theH-T phase diagram wher
they are considered to behave normally. Figure 11 sum

FIG. 11. Temperature dependence of the cutoff parametejv
and vortex core radiusrv ~a!, the magnetic penetration depthl ~b!,
and those to describe the FLL distortionssB and s lm ~c!. Solid
curves in~a! are fitting results by Eqs.~4.19! and ~4.22!, respec-
tively, the one in~b! is a fitting result by Eq.~4.23! with g54,
while the dashed curve is the best fit withg51.35, and those in~c!
follow Eq. ~4.27!.
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rizes the results for the cutoff parameterjv , penetration
depthl, vortex core radiusrv , long-range FLL distortion
s lm , and line broadening factorsB for 1.9–5.0 K. The core
radius rv was deduced by the same procedure as use
obtain the result in Fig. 10. It is notable that the temperat
dependence ofrv scales to that ofjv quite well. According
to the Ginzburg-Landau theory, the temperature depende
of the coherence length nearTc is related to the upper critica
field Hc2(T) by

j~T!5A F0

2pHc2~T!
. ~4.19!

However, this is thought to be valid only along the pha
boundary on theH-T phase diagram@i.e., j(H.Hc2 ,T
.Tc)], while little is known about the actual temperatu
dependence deep in the superconducting phase. It is ev
in Fig. 11~a! that Eq.~4.19! with an empiricalT-dependence
for the upper critical field,

Hc2~T!5Hc2~0!@12z~T/Tc!
n#, ~4.20!

which reproduces the data in Fig. 2 withHc2(0)56.22 T,
z50.876, andn51.31, exhibits a much steeper temperatu
dependence ofrv than that observed experimentally.

Since the work by Kramer and Pesch, who discussed
quantum effects for quasiparticles bound in the vortex co
based on the Eilenberger theory,83,84 the actual temperature
dependence of the effective core radius has been an unse
issue to be scrutinized in more detail. The quasipartic
within the cores are subject to the Andreev reflection at
core radius and thereby form discrete bound states.85 At
lower temperatures, they occupy the lower energy levels
are confined spatially within the narrower region, leading
the shrinkage of effective core radius. They predict that
effective core radius in the clean limit superconductor wo
decrease linearly with decreasing temperature forTc

2/«F!T
!Tc as

j1~T!5jBCS

T

Tc
, ~4.21!

with jBCS being the BCS coherence length and«F the Fermi
energy. The core radius would level off at a low enou
temperature where only the lowest bound state is occup
Such an effect is suppressed in the dirty limit due to
strong damping of the quasiparticle bound states, leadin
the almost constantj1 over the entire temperature rang
Recent theoretical calculations based on the Bogoliubov–
Gennes approach confirmed the above prediction, where
saturation of shrinkage should occur atT0.Tc /(kFj0) ~with
j05vF /D0 andD0 being the gap energy atT50).86,87 Our
estimate ofkFj0.60 for CeRu2 ~which would be multiplied
by a factor of mass enhancementm* /m0;3) indicates the
saturation temperatureT0.0.1 K in CeRu2, suggesting that
the core radius would satisfy Eq.~4.21! over the current tem-
perature range of observation. However, although our dat
Fig. 11~a! indeed exhibit almost linear dependence onT, it is
much weaker than the one predicted theoretically. The s
line in Fig. 11~a! is a fit with the relation
0-9
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R. KADONO et al. PHYSICAL REVIEW B 63 224520
rv~T!5rv~0!@11c~T/Tc!#, ~4.22!

which yields the best-fit result withrv(0)563.9 Å andc
50.656. Note that one would expectrv(0);0 when Eq.
~4.21! is fully satisfied. The value ofrv(0) is rather close to
the asymptotic valuer0 observed at high field in the mag
netic field dependence@see Eq.~4.17!#. The situation seems
to be similar to the case of NbSe2,88 suggesting the presenc
of a common problem in the understanding of the electro
structure of vortex cores ins-wave superconductors.

According to the empirical two-fluid model, the temper
ture dependence of the magnetic penetration depth is g
by

l~T!5
l~0!

A12~T/Tc!
n

, ~4.23!

with n54. As shown in Fig. 11~b!, while it gives a reason-
able description of the observed temperature dependenc
l with l(0).2512 Å , the data exhibit slight deviation from
Eq. ~4.23!. This result is qualitatively in good accord wit
the one obtained from bulk measurement,34 where a similar
trend of deviation was also reported. More specifically,
observedl(T) shows weaker curvature than that of E
~4.23! with l(T→0);2000 Å . This asymptotic value is
close to the one estimated from specific heat21 and from mi-
crowave response.24 Following Ref.24, an analysis using89

l~T!.
l~0!

A12~2pD̄0 /t !1/2exp~2D̄0 /t !
~4.24!

~with D̄05D0 /kBTc and t5T/Tc) for 0.3,t,0.6 yields
l(0).2120 Å andD̄0;3.0. Although the value ofD̄0 points
to the weak coupling limit, this should not be taken too s
riously since the result is based on the analysis over a v
limited temperature range~including only three data points!.
In any case, the observed temperature dependence forl at
H51 T is understood within the conventional theory.

Finally, we show in Fig. 11~c! that the parameters repre
senting the FLL distortion,sB and s lm , decrease with in-
creasing temperature. This tendency is understood in te
of the reduction of pinning energyU at higher temperatures
i.e.,

sB ,s lm}U~T! ~4.25!

U~T!5
1

8p
Hc

2~T!@rv~T!#n, ~4.26!

where Hc(T) is the thermodynamical critical field andn
takes integer values depending on the details of the pinn
mechanism. The temperature dependence ofHc(T) deduced
from the electronic specific heat followsHc(0)@(12t2)
1D(t)# with the deviationD(t) always being smaller than
0.01 (t5T/Tc).

21 Using Eq.~4.22! for rv(T), we have

U~ t !5U0~12t2!2~11ct!n, ~4.27!

which shows a monotonic decrease with decreasing temp
ture. Results of fitting by the aboveT dependence withn
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52 are shown in Fig. 11~c! which indicates that Eq.~4.27!
explains the observed trend qualitatively. The relative
strong pinning at higher temperature seen insB can be un-
derstood by considering the distribution of pinning energ
The pinning centers having greater pinning potential wo
be more effective at higher temperatures compared w
weak pinning centers, leading to the relative enhancemen
distortion towardTc . Comparison betweensB ands lm sug-
gests that the random pinning is more sensitive to such
tributions of the pinning potential. This may be intuitive
understood by considering that the long-range distortion r
resented bys lm is determined by the average net pinnin
energy over the correlated region.

B. Magnetic response of flux line lattice

Vortex pinning is one of the most complicated issues
the physics of the mixed state. This is mainly because
real nature of pinning centers is largely unknown and unc
trolled under conventional experimental conditions. Th
situation often leads to a sample dependence of each m
surement, making it difficult to ensure reproducibility amo
different samples. In particular, the results of magnetizat
measurements in CeRu2 between those by conventiona
SQUID and Faraday methods59 suggest that there may b
problems in clarifying the microscopic nature of vortex pi
ning relying solely on the bulk magnetization. Here,we de
onstrate that the distortion of FLL indeed depends on
step size of field change and therefore on the details of
actual magnetization process.

Figure 12 shows the comparison of the FFT spectra
tween those obtained after cooling the specimen to 2 K under
an external field~‘‘field cooling’’ or FC! and others obtained
after cooling to 2 K under zero field~‘‘zero field cooling’’ or
ZFC! followed by application of the field. The ramping ra
of the external field was about 0.2 T/min. Note that the f
quency range of Fig. 12~b! ~520 MHz! is much larger than
that of Fig. 12~a! ~55 MHz!. It is obvious that the spectra a
2 T exhibit little difference between FC and ZFC condition
except a small downshift of central field for ZFC data~which
may be an instrumental artifact!, while at 4 T, the spectrum
under ZFC shows a much broader line shape than that u
FC. Thus, these data indicate that the FLL distortion is n
ligible when the external field is changed in large steps t
T,H* , but it becomes extremely large when the field
ramped aboveH* . These results are perfectly in line with th
interpretation based on the SQUID magnetization meas
ments~e.g., Fig. 1! that the vortex pinning is weak belowH*
and spontaneously becomes strong aboveH* .

However, the situation is different when the external fie
is changed in small steps. In Fig. 13, the spectra obtaine
respective fields under the FC condition are shown in co
parison with those after isothermally changing the field
0.01 T. This change would lead to the downshift of the ce
tral frequency by 1.355 MHz when the FLL is rearrang
accordingly. The general tendency is again consistent w
the interpretation deduced from Fig. 12, i.e., the spectrum
2.5 T seems to follow the change in the external field wh
about half of the spectral weight remains at the previous fi
0-10



ev
-
it
.0

o
tio
t

a
t o

ir
s

om
w-
i
s

he
tio
ex
u

a-

with

ss
ical
ense
qua-

e
ob-
at
n-
te,
on

an

by

in

le
Ru
ith
a-

the
sed
al
x-
he
c
s

ap-
er

en-

u
we

POSSIBLE NODAL VORTEX STATE IN CeRu2 PHYSICAL REVIEW B 63 224520
at 4 T. Nevertheless, the line shape in Fig. 13~b! is consid-
erably broadened due to the remaining tail around the pr
ous field, in good contrast to Fig. 12~a! where no such broad
ening is observed. This indicates that the FLL exhib
residual irreversibility for a small field change such as 0
T, even in the presumably reversible region (H,H* ), prob-
ably due to the threshold for depinning. Thus, depending
the actual conditions of the field sweep, the magnetiza
measurement, for example, may or may not be subject to
effect of the depinning threshold.

The spectra in Fig. 13~d! have the additional feature of
low-frequency satellite that is also explained by the effec
strong pinning. Since the FLL at 4 T has a shorter lattice
constant than that at 3.99 T, the fraction held at 4 T is v
tually ‘‘compressed’’ from the rest. This compression mu
be balanced by another fraction that has ‘‘expanded’’ fr
the mean lattice constant for 3.99 T, yielding the lo
frequency satellite peak. A similar situation is observed
Fig. 12~b! on a much larger scale, where the spectrum ha
low-field tail associated with the increased field in t
strongly irreversible region. Because of such a large frac
with an expanded lattice, an almost equivalent fraction
hibits compressed FLL to conserve the net magnetic ind
tion.

FIG. 12. FFT spectra obtained at~a! 2 T and ~b! 4 T by zero
field cooling ~ZFC! or field cooling~FC! in CeRu2 at 2.0 K.
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V. DISCUSSION AND CONCLUSIONS

In the previous section we showed that there are two m
jor issues that remain to be understood, i.e.,~i! the strong
nonlinearity in the magnetic field dependence ofl(H), and
~ii ! the weak temperature dependence ofrv(T). We must
recognize that the characteristic line shape associated
n(B) is less distinct in FFT spectra above 3 T and that a
reasonable fit could be obtained by settingl to the value at
the lower field and allowingjv to vary along the field. Nev-
ertheless,jv increases with increasing field, which is no le
anomalous than the alternative case. Thus, the phys
meaning of these anomalies, in any case, is clear in the s
that they are the consequence of anomalously enhanced
siparticle excitation arising either outside (l) or inside (jv
;rv) the vortex cores. Since the core radiusrv is well re-
produced by Eq.~4.5!, it is reasonable to presume that th
cutoff parameter obeys the same power law. Then, the
served anomaly of the linewidth is uniquely attributed to th
of l. Our primary interest is in the nonlinear field depe
dence ofl(H) that is related to the possible new mixed sta
and therefore, our following discussion is focused mostly
this issue.

There are three experimental findings that indicate
anomaly in the quasiparticle excitation spectrum in CeRu2 at
higher magnetic fields.

~1! The magnetic penetration depthl(H) exhibits a steep
increase with increasing field forH/Hc2.0.6 ~present re-
sult!.

~2!The magnitude of paramagnetic moment measured
the neutron diffraction does not decrease belowTc at 3 T.66

~3! de Haas–van Alphen oscillation is observed deep
the mixed state~e.g.,H.0.4Hc2 for the e1,2,3 branch!.16

It is inferred from these findings that the quasipartic
excitation is subject to anomalous enhancement in Ce2
compared with conventional type-II superconductors w
s-wave pairing. Then, the issue is whether or not this anom
lous quasiparticle excitation can be understood within
bounds of the conventional model. One such attempt ba
on the Ginzburg-Landau theory with quasiclassic
approximation90 shows that the quasiparticle DOS may e
hibit a field-inducedanisotropic enhancement around t
equatorial directions~relative to the direction of magneti
field! on the Fermi surface.16 However, the relevant theory i
known to be accurate only nearHc2 and therefore a more
rigorous theory based on the Bogoliubov–de Gennes
proach would be required for further discussion. Anoth
possibility is to attribute the anomaly to theintrinsic anisot-
ropy of the energy gap, as in the case of YNi2B2C,91 al-
though the magnitude of anisotropy in CeRu2 suggested25 by
NQR is not very large (;0.15) and its origin is yet to be
elucidated. We also note thatl in YNi2B2C exhibits a linear
dependence on the magnetic field up toH/Hc2;0.7 with a
much steeper slope than that in CeRu2, indicating that the
effect of intrinsic anisotropy would be observed as an
hancedh in Eq. ~4.10! @or even closer to the case ofd-wave
pairing described by Eq.~4.12!# at lower fields.82 Thus, it
would be difficult to explain the observed anomaly in CeR2
with this scenario. For the nonconventional approach,
0-11
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FIG. 13. FFT spectra obtained at~a! 2.5 T and~c! 4 T by field cooling~FC! in CeRu2 at 2.0 K.~b! and~d! were taken just after reducing
field by 0.01 T from~a! and ~c!, respectively.
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first discuss the points raised in the arguments related to
peak effect and then examine the validity of the GFFL
model in describing the anomaly in CeRu2.

The nonlinearity in l(H) appears over the regio
H/Hc25h.0.6 where strong irreversibility sets in, as i
ferred from the present data in Figs. 12 and 13 as wel
from the peak effect. In the usual situation, the increase
pinning leads to the enhancement of FLL disorder, wh
then would lead to the increase of the linewidth for themSR
spectra. Figure 7 clearly demonstrates that this is opposi
the observed tendency in the linewidth. The same is true
the effects of random local magnetic field from Ru nucle
moments and small residual field from Ce moments;27 these
local moments contribute to theenhancementof the muon
spin relaxation rate~i.e., the broadening of the linewidth i
the frequency space!. Thus, we can conclude that th
anomaly inl(H) is not an artifact of the modulated line
width due to the spontaneous increase of the pinning fo
On the other hand, the apparent correlation between
anomaly inl(H) and the peak effect suggests that they
two different consequences of a common origin.

In recent years, the so-called ‘‘synchronization’’ mech
nism has been strongly argued to be the origin of the p
effect in CeRu2. In this scenario, the shear modulusC66 of
FLL is reduced, as inferred from Eq.~4.15!, at higher fields
so that the pinning becomes more efficient upon fitting
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softened FLL to the random pinning centers. This is ess
tially the same as ‘‘collective pinning’’ as long as the pi
ning is due to many weak pinning centers. It should
stressed that the explanation of the peak effect due to
hypothetical FFLO~or GFFLO! state is also based on a sim
lar mechanism, the difference being only in the origin
FLL softening. In the FFLO state, the FLL becomes soft d
to the nodal planes perpendicular to the FLL. This wou
effectively correspond to the reduction of tilt modulusC44.
Moreover, even if the FFLO state is realized, the synchro
zation mechanism must also be in effect due to the soften
of C66, so that the former effect may be completely mask
by that of the synchronization. Thus, it would generally
difficult in actual systems to distinguish these two mix
origins of FLL softening only by bulk measurements.

However, the microscopic natures of these two orig
greatly differ. The reduction ofC66 is not associated with the
change in the superconducting order parameter and there
the electronic structure of vortices in terms of quasiparti
excitation remains intact while the softening of FLL pr
ceeds. The broadening of the linewidth due to the enhan
FLL distortion is the only possible consequence observed
themSR line shape. Meanwhile, the FFLO~or GFFLO! state
gives rise to the periodic nodal planes of order parame
perpendicular to vortices, leading to a drastic change in
quasiparicle excitation spectrum.
0-12
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POSSIBLE NODAL VORTEX STATE IN CeRu2 PHYSICAL REVIEW B 63 224520
The FFLO state is expected to occur in a class of typ
superconductors that exhibit large spin susceptibilities

xs.2mB
2D* ~eF!, ~5.1!

where the density of states at the Fermi surfaceD* (eF)
.m* 2kF

2/2p2\2 is enhanced bym* /m.2.5– 3 times the
normal Pauli susceptibility, as suggested by the cyclot
mass and electronic-specific-heat coefficient. This largexs

gives rise to a free energy2 1
2 xshm

2 at the vortex cores@with
hm.B(r 50) being the field induced at the vortex core
the surrounding current#, which may be comparable to th
superconducting condensation energy at higher field.
proximating the vortex core as a cylinder of radiusrv , for
the free energy per unit length of the vortex core, o
obtains40

Ec5prv
2F Hc

2

8p
2

1

2
xshm

2 G , ~5.2!

where Hc is the thermodynamical critical field. Sincehm
;H for the relevant higher fields, the energy gain from ele
tronic spin polarization exceeds the cost of breaking up
perconducting condensation when

H.Hp* .Hc/2~pxs!
1/2;A m

m*
Hp , ~5.3!

with Hp given by Eq.~4.11!. We estimateHp* .6.5– 7 T that
turns out to be slightly larger thanHc2. It should be noted
thatEc itself is relatively small in relevant compounds due
their short core radii. The markedly weak pinning belowH*
~see Fig. 1! is explained by this small vortex-core energ
below Hp* . On the other hand, the GFFLO state presume
new inhomogeneous mixed state at higher fields where
superconducting order parameter has periodic planar no
i.e.,

D~z1L0!5D~z! ~50 for z50,6L0 , . . . !.
~5.4!

This is close to the form of the order parameter first inve
gated by Larkin and Ovchinnikov.38 Detailed calculation in-
cluding the effect of orbital current predicts that the ord
parameter nearHc2 is approximately given by

D~z!.D sin~2pz/L0! ~5.5!

with a wavelengthL0 ranging from 10j to 30j.40 The shape
of D(z) deviates from Eq.~5.5! toward a trapezoidal shape
lower fields, leading to a narrower region for the norm
state. Sincel2}1/uDu2, the corresponding magnetic penetr
tion depth in thex-y plane should follow

l2~z!.
l2

sin2~2pz/L0!
, ~5.6!

i.e., it should show divergent increase at nodes whereD(z)
50. Assuming that the muon probes the above distribut
of l(z) at random~which is justified by the prediction tha
L0 is of the same order of magnitude asl), the increase ofl
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observed at higher fields is readily explained in the sa
manner as that of an average linewidth calculated from E
~4.3! and ~5.6!,

sFFLO5L~H !E dz/L0

l2~z!

5L~H !E
2p

p sin2 zdz

l2

5L~H !~A2l!22, ~5.7!

which is equivalent to the linewidth determined by an effe
tive penetration depthl̄[A2l. Since the asymmetric featur
of n̄(B) is greatly weakened due to the reduced linewidth
higher fields, the net line shape is predominantly determi
by this effective linewidthsFFLO. Therefore, when the dat
are analyzed using the modified London model, one obse
the gradual shift of field dependence froml(H) to l̄(H)
5A2l(H). Thus, the presence of the GFFLO state expla
the result of Fig. 8~a! qualitatively.

However, the current model of the GFFLO state has so
problems that must be settled in order to quantitatively
scribe the observed properties in CeRu2. In particular, the
estimated lower boundary of the GFFLO state,Hp* , is close
to Hc2 and thus much larger than the field above which
steep increase ofl ~and hence of the quasiparticle densit!
was observed (;0.6Hc2). This discrepancy has been one
the strong bases for maintaining the negative argum
against the presence of the GFFLO state in CeRu2, together
with the absence of a paramagnetic effect on the Maki
rameterk2. A similar problem has been pointed out by T
chiki et al.,40 who found that the estimated effect of orbit
current was too small to explain the onset of the GFF
state at such a low field. Nevertheless, they also admi
that the estimation was based on a simple quasi-free-elec
model @which is evident in Eq.~5.3!, for example# and that
therefore, further development of the theory is needed be
the detailed electronic structure characteristic of the mix
valent compounds can be considered.

One of the less critical but important issues is the rep
ducibility ~or lack! of hysteresis associated with the firs
order phase transition. Unfortunately, this seems to be d
cult to settle because the singularity~i.e., the magnitude
of discontinuity in the free energy! upon the onset of the
GFFLO state seems to be rather small at the phase boun
The order parameter along the direction of vortices take
trapezoidal form with relatively thin layers of normal stat
in longer periods, which leads to the small change, for
ample, in the effective penetration depth. This would also
the case for other bulk physical quantities such as spe
heat, thermal conductivity, and magnetization. In particu
the interpretation of the magnetization process seems to h
its own problem. As shown in Fig. 13, the magnetizati
measurements in CeRu2 always bear a nonequilibrium FLL
configuration depending on the step size of field modulati
This transient nature often leads to a hysteresis which is
related to phase transition.57,58 Moreover, the magnetization
measurements suffer further complication due to the coex
0-13
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ing effect of conventional FLL softening at higher fields@see
Eq. ~4.15!#, which makes it difficult to extract the effect as
sociated with different origins of FLL softening. In any cas
our result indicates that the anomaly inl develops gradually
for H/Hc2.0.6, suggesting that it might be difficult to ob
serve the hysteresis associated with the phase transition

In conclusion, we have presented microscopic evide
that the quasiparticle excitation spectrum is anomalously
hanced in CeRu2 at higher fields (H.0.6Hc2), as evidenced
from the strong nonlinear field dependence ofl(H). This
result is in line with the anomalous behavior of paramagne
moments observed by neutron scattering. While the prese
of this anomaly coincides with the peak effect in the mag
tization process, the conventional arguments to account
the peak effect without resorting to a novel mixed state
not successful in explaining the strongly enhanced quasi
ticle excitation inferred from these anomalies. On the ot
22452
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hand, the model of the generalized FFLO state seems to
vide a qualitative account of the enhanced quasiparticle
citation at higher fields, despite the difficulty in showing
quantitative agreement with our result. In this sense,
presence of a novel mixed state in CeRu2 remains yet a
possibility, with the revised model of the GFFLO state bei
one of the candidates for such a novel state.
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Haga, Y. Ōnuki, S. K. Kwon, and B. I. Min, Phys. Rev. B60,
5348 ~1999!.

13D. Wohlleben and J. Ro¨hler, J. Appl. Phys.55, 1904~1984!.
14A. P. Murani and R. S. Eccleston, Physica B241-243, 850

~1998!.
15M. Hedo, Y. Inada, T. Ishida, E. Yamamoto, Y. Haga, Y. On̄uki,

M. Higuchi, and A. Hasegawa, J. Phys. Soc. Jpn.64, 4535
~1995!.

16M. Hedo, Y. Inada, K. Sakurai, E. Yamamoto, Y. Haga, Y
ion

, 1

rgy

s.

nd

ys.

.

,
B

i,

.

.
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Ōnuki, J. Phys. Soc. Jpn.64, 4849~1995!.
34K. Kadowaki, H. Takeya, and K. Hirata, Phys. Rev. B54, 462

~1996!.
0-14



T.
, N
i,

u

Y

C

h

F.
ev

T.

rt,
et

e

ca

u

u

P

ha
, S
Y

y

S
.
Y.

. K
C
M.

ra,

, J.

Y.

Y.

s.

J.
,

Jpn.

oc.

s-
B.

.
s.

.

.

.

.
n-
er-

n-
r,

n-

POSSIBLE NODAL VORTEX STATE IN CeRu2 PHYSICAL REVIEW B 63 224520
35R. Modler, P. Gegenwart, M. Lang, M. Deppe, M. Weiden,
Lühmann, C. Geibel, F. Steglich, C. Paulsen, J. L. Tholence
Sato, T. Komatsubara, Y. On̄uki, M. Tachiki, and S. Takahash
Phys. Rev. Lett.76, 1292 ~1996!; F. Steglich, R. Modler, P.
Gegenwart, M. Deppe, M. Weiden, M. Lang, C. Geibel, T. L¨-
hmann, C. Paulsen, J. L. Tholence, Y. On̄uki, M. Tachiki, and S.
Takahashi, Physica C263, 498 ~1996!.

36H. Goshima, T. Suzuki, T. Fujita, R. Settai, H. Sugawara, and
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