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Possible nodal vortex state in CeRyl
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The microscopic property of magnetic vortices in the mixed state of a high-quality Geftal has been
studied by muon spin rotation. We have found that the spatial distribution of magnetic indB¢tipprobed
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 proportiontlfo )2 with 3=0.53 (H
being the magnetic fieJdwhich is in good agreement with the recently observed nonlinear field dependence of
the electronic specific heat coefficiept<H?. In particular, the anomalous increase of magnetic penetration
depth in accordance with the peak effect in dc magnetizateH{=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 statét=foi™* .
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. INTRODUCTION surfacé®?Y support the quasi-one-electron picture, although
there seems to remain a residual influence of on-site Cou-
Since its discovery in the late 1950s by Matthtsal.®  lomb interaction.

superconductivity in CeRuwith the C15 cubic Laves phase Thus, the revelation of relatively weak electronic correla-
structure has been drawing continuing interest. Studies in thigon in CeRy leads us to the expectation that the supercon-
early stage were mostly focused on the coexistence of magluctivity in this compound would be of conventional BCS
netism and superconductivity because of the unusual insenype, as suggested by the highest transition temperaiire (
sitivity of the superconductivity to alloying with magnetic =6.1—6.5 K among Ce intermetallic compounds. However,
element€° The primary aspect of the recent interest lies inrecent studies have shown some distinct features that compel
the nature of 4 electrons that yields the possibility of study- careful reexamination of such a naive presumption. While
ing the role of electronic correlation in superconductivity, onthe pairing symmetry was determined to $@ave by vari-
which much progress has been made in recent years. Coous measurements including those of specific featiclear
trary to the earlier speculation that Ce ions are tetravalenuadrupole  resonance (NQR),?>?®> and  microwave
with all 4f electrons contributing te, p, andd bands, studies responsé? a detailed study of spin-lattice relaxation in NQR
using various  spectroscopic techniques, includingsuggests an anisotropic energy gafhe nonlinear field de-
photoemissiofi;*? x-ray absorptiort? and inelastic neutron pendence ofy in the mixed state suggests a close link with
scattering;* have provided strong evidence that CgRsia  such an anisotropic order parameter, in addition to the field-
mixed valent compound with nearlyf# occupation. On the induced anisotropic pair breaking efféttThis is also re-
other hand, there is mounting experimental evidence that thiated to the surprising result that the de Haas—van Alphen
4f electrons are itinerant, as typically demonstrated by thescillation can be observed deep in the mixed state of GeRu
de Haas—van Alphen measurem&ht® Recent band- where the cyclotron radius is much larger than the intervor-
structure calculations have shown that tHeedectrons form  tex distancé® Moreover, the presence of weak magnetism
a strongly hybridized band with conduction electrons withcoexisting with superconductivity is strongly suggested,
the average # electron count being close to unity.**The  which may play some implicit role in the related issues.
relatively small enhancement of the cyclotron mass Meanwhile, the origin of large hysteresis in the isothermal
(=0.6—8m,, which is about three times the calculated band-dc magnetization near the upper critical figt}, (or so-
electron mas$) as well as the electronic-specific-heat coef-called “peak effect’) has been an issue of considerable at-
ficient ¥ [=30 (mJ/mol)K?, which suggests an approxi- tention because of the possibility of an associated novel
mately 2.5-times enhanced density of states at the Fernmixed state. The related anomaly was first observed as an
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enhanced paramagnetic magnetizaffowhich was followed  that the observed phenomena are explained essentially within
by the observation of irreversible magnetizatf8i® Al- the conventional pinning mechanism. However, we should
though the peak effect is rather commonly observed in clearecognize that these points must be carefully scrutinized on
type-ll superconductors and is usually explained by the inthe basis of the following counterarguments.

crease of net pinning force due to the softening of the flux (1) It should be remembered that the mechanism of spon-
line lattice (FLL) and associated optimization of the vortex taneous increase of the pinning force between the conven-
configuration along with randomly distributed pinning tional and the FFLO case has no essential difference in the
centers’®—*2the one observed in CeRturned out to exhibit  sense that it is due to the softening of FLL. Both the conven-
an additional feature of field and temperature hysteresis dional softening and that due to the occurrence of the FFLO
the onset of the irreversible regiéh®*—*This hysteresis has state can coexist, making it difficult to distinguish one from
been interpreted as a manifestation of the first-order phastae other. Thus, the first two points might be explained by
transition to a further inhomogeneous novel mixed state prethe mixed effect of these two origins. As to the effect of La
dicted by Fulde-Ferrel-Larkin-Ovchinnikd#FLO)."*8The  doping, it should be noted that the decrease of the pinning
FFLO state has been predicted to occur in clean type-Il suforce for the single vortex is readily compensated by the
perconductors(i.e., electronic mean free pathis much increase of the collective pinning force, which is the essence
longer than the superconducting coherence leggjhwith of collective pinning. Needless to say, the bulk magnetiza-
large Pauli paramagnetic spin susceptibility of the con-  tion is sensitive only to the total pinning force.

duction electrons and a large Ginzburg-Landau parameter (2) It has been revealed that the magnitude of the para-
«.29 The system satisfying the latter two conditions can reachmagnetic moment in CeRumeasured by neutron diffraction
the Clogston-Chandrasekh@C) limit where the spin polar- does not decrease beldly at 3 T while it is expected to
ization (Zeeman energy xsH?/2 is comparable with the su- decrease in the clean limit due to the formationsafave
perconducting condensation enel‘gﬁl&-r at fieldsH near  Cooper pairdthis is actually observed in 38i (Ref. 67].

H,. The recent model including the effect of orbital current Thus, the situation in CeRus that the paramagnetism is not
predicts that the system near the CC limit falls into a newsuppressed by superconductivity, suggesting an enhanced
inhomogeneous statégeneralized FFLO state or GFFLO presence of quasiparticles neHr,. The behavior ofk,
statg at a fieldH; below H., where the order parameter is should be assessed carefully in light of this anomalous para-
spatially modulated with periodic planar nodes aligned permagnetism.

pendicular to the vortice®€ It also predicts that the transition In addition to these, the results in Ref. 59 typically exem-
is of the first-order at bothi; andH,. The possibility of the  plify the complexity of the magnetization measurements and
FFLO state was first pointed out in a heavy-Fermion supertheir interpretation, as was also revealed by earlier works. It
conductor UPgAl; based on  magnetostriction is clear that microscopic information is definitely needed to
measurements, followed by other candidates including unravel this complicated issue in terms of the mechanism of
UPt; (Ref. 42 and UBg;.*3 FLL softening. This work is devoted to the search for micro-

Unfortunately, further experimental investigations to con-scopic clues to distinguish the origin of FLL softening in
firm the presence of the FFL@r GFFLO state in CeRy  CeRy.
are largely divided in their conclusions. Detailed studies of The muon spin rotationgSR) technique provides a pow-
the magnetization process have led to both affirm&tivé  erful tool for obtaining microscopic information of FLL in
and negativé—>° arguments, indicating the difficulty of in- the type-Il superconductors. Implanted muons randomly
terpreting these data unambiguously. The most critical arguprobe the local magnetic field produced by the FLL, yielding
ments based on the magnetization and tran&p8ftmea-  the field distribution profile from which one can directly de-
surements may be summarized in the following points. rive magnetic penetration depithand vortex core radiug, .

(1) The peak effect is rather insensitive to impurities andin the first attempt to obtain such information for CeRuy
is observed in the specimen that is not in the clearthe uSR technique, we found an anomalous increase of the
limit, 5>°¢%3whereas the FFLO state is predicted to occur forpenetration depth in the magnetic field region where the peak
those in the clean limit. In particular, the pinning force doeseffect was observetf The enhanced\ effectively corre-
not decrease with increasing spin susceptibility, as indicatedponds to the enhanced normal state carrier density; this is
by the effect of La doping® consistent with the emergence of the GFFLO state.

(2) The enhanced pinning is observed in the temperature In this paper, we report on our newSR measurements of
region nearT,,%06253\whereas most theories on the FFLO the mixed state of CeRuwith much improved single crys-
state predict that it exists only below the critical poiFit tals. Following a brief description on the experiment and
=0.55-0.56 .39+ data analysis, we will present the superconducting param-

(3) The Maki parameter, increases with decreasing eters {, p,, etc) versus magnetic field and temperature
temperaturé*®whereas it is expected to behave oppositelydetermined by.SR. Then, the response of FLL to the varia-
when the system is near the CC lirfiit. tion of the external magnetic field as observed/dyR will

(4) There is no clear indication of the first-order phasebe presented to provide microscopic basis for the interpreta-
transition in the most recent magnetization measurements dion of bulk magnetization measurements. Lastly, after a
the best-quality specimen wusing a Faraday forcecritical review of earlier arguments concerning the FFLO
magnetometet’ state, the nature of the mixed state in CeRaarH ., will be

We note that there are many other less critical argumentdiscussed in light of the preseptSR results.
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Field (T) FIG. 3. A schematic view of the Belle spectrometer. Muons are

o ) __implanted from the left with the initial polarizatioR,, perpendicu-
FIG. 1. Isothermal dc magnetization of the single-crystalline|ay to the external fieldd,. The signal from the muons that missed
CeRy specimen with rr=91, where the field was parallel f@0Q]. the specimen is discriminated by the veto counter.

ments with varying external field will be described latsee

Sec. IV B.. Muons were implanted into the specim@gnea-
Single crystals of CeRuwere grown by the Czochralski Suring about 7 mm7 mm and 0.5 mm thickafter passing

pulling method from a solution of 4X99.99% purgCe and  through a 3-mm-diameter collimator. The initial muon spin

4N Ru in a tetra-arc furnace. The crystals were purified byPolarization was perpendicular to the magnetic figldand

solid-state electrotransport annealing at 700—800 °C under € ¢ axis whereH|/c) and thus to the FLL in the supercon-

high vacuum of 10%° Torr. The ingots were determined to ducting state.

be single crystals from x-ray Laue patterns. The residual re-

sistivity ratio [rrr=pgt/pg, i.€., the resistivity at ambient [l. DATA ANALYSIS

temperaturepgt divided by the residual resistivity, at low

Il. EXPERIMENTAL DETAILS

temperature$RT is room temperatuy¢was 91, which is to Since the muons stop ran_doml_y on the I_ength scale of
FLL, the muon spin precession signal provides a random

be compared with re30 of the'prewous speuméﬁ:The sampling of the internal field distribution in the mixed state.
crystals were further characterized by magnetization MY this case, the real amplitude of the Fourier-transformed

surement using a superconducting quantum interference de. spectrum corresponds to the internal field distribution
vice (SQUID) magnetometer to identify the region of the n(B), i.e

peak effect. The field-dependent magnetization and corre-
spondingH-T phase diagram for the present specimen are
shown in Figs. 1 and 2. n(B)=R% VMJ [Px(t)+iPy(t)]expi yMBt)dt},

The uSR measurements were performed on the M15 (3.1)
beam line at TRIUMF that provides a beam of nearly 100%
spin-polarized positive muons of momentum 28.6 MeVA  where y,=27X135.54 MHz/T,B is the magnetic induc-
1SR spectrometer “Belle” with high time resolution was tion, and
used to measure the decay positron time spectra under a

transverse field of up to 4 T. A schematic configuration b (t):i[Nl(t)_N3(t)} (32
around the central part of the spectrometer is shown in Fig. X Ap| N1 (1) +Nj(t) |’ '
3. The specimen was field-cooled at measured magnetic
fields to determine the field dependence of the superconduct- 1 [ No(t)—Ny(t)
ing parameters. The details of the procedure for the measure- Py(t)= A_o m} 3.3
6.0 - - - - . are the complex muon polarization witit(t) (j=1,2,3,4)
sof CeRu, ] being the time-differential positron counts of the four
) (rrr=91) counters shown in Fig. 3 andl, the initial decay positron
o 40f ] asymmetry(after corrections for background and instrumen-
S sob 1 tal asymmetry. Figure 4 shows typical examples of the fre-
2 quency spectr@a=Agn(B)] at 2 K deduced by fast Fourier
2.0F ] transformation(FFT). An appropriate apodization was per-
N S . . formed to reduce the satellite structure in the FFT spectrum
' | due to the finite time window=3.2 us), so that the relative
0.0; ; 5 . s % s height of the satellite peaks should be less than & @ince

it is not clear how the statistical errors in the time spectra
propagate upon FFT, the errors in the FFT spectra were es-
FIG. 2. H-T phase diagram of CeRuwhere the peak effect timated from the fluctuation of the FFT signals outside the
region defined byH* andH,, in Fig. 1 is shown as the hatched peak regionH,, is abou 5 T atthis temperature and thus all
area. the spectra in Fig. 4 reflect the field distribution of the mixed

Temperature (K)
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0.125 whereK is a translation of the vortex reciprocal lattice,
04 | R R
K=lu"+mv’', (I,m=0,£1,+2...) (3.6)
0.075 1
0.05 | . ~, 2T 2.
u'=—-—=y,
0025 - a \/§y
0
A,_zw(ﬂ 1A) 37
0.025 Vi=—| X \/§y ,
0
B oos - | with x andy denoting the plane of precessiamormal to the
é vorticeg, By (=H) is the average internal fieldy is the
‘a 0.025 - 1 penetration depth, ang, is the cutoff paramete[The lattice
<§ o structure is reported to be triangular from both neutron
_ diffraction’>”® and scanning tunneling spectroscof§TS
g 005 1 measurement¥] Here, it should be stressed that the cutoff
1 0025 L | parameteré, cannot be simply regarded as the Ginzburg-
’ Landau(GL) coherence lengtl§ or the vortex core radius,
0 | although it is indeed related # Detailed theoretical analy-
005 L | | sis indicates thafv must be scaled by a factor depending_on
| the magnetic field in order for the London model to provide
0.025 | - a proper approximation of the GL theofy’® In order to
0 | avoid a model dependence in the interpretation of the cutoff
i parameter, we will adopt a different definition of the vortex
0.05 | . core radiugsee below.
| | The theoretical line shape to be compared witBR data
0.025 - | 4T in the frequency domain is then obtained by convoluting
0 I n(B) with the spectruny(B) that provides a natural line-
I

width determined by the time window for FFT including the
effect of apodization and additional broadening resulting
- -2 0 L 2 3 from other sources of field inhomogeneity;

¥.(B=H) (MHz)

A( —(r2 2
FIG. 4. The Fourier transform of theSR signals observed in ”(B):f e 78 q(x)[(1—bg)n(B—x)+bod(H—x)]dx,
CeRy at 2 K, where the real amplitude corresponding to the mag- (3.9
netic field distribution is plotted.

where b is the fractional yield of the background signals
state for each field. The probability that muons probe thefrom muons stopped in the material outside the specimen. In
field at saddle points is maximum where the field is lowerparticular, the field inhomogeneity due to the random disor-
than the applied external fieldl. Since the average field der and distortion of FLL due to vortex pinning is well de-
/Bn(B)dB is close toH, the functionn(B) has an asymmet- scribed by the Gaussian distribution of the fieff§’ The
ric distribution with respect tdd. In Fig. 4 the FFT spectra line shapeq(B) was determinedn situ by measuring the
are plotted againsB—H so that this asymmetry can be uSR spectra in the normal sta@@hich was readily attained
clearly seen. by raising the sample temperature abdvg and Fourier-

In order to reconstruct a two-dimensional field distribu-transformed by the same procedure as at lower temperatures.
tion profile from the one-dimensional spectral density mea- While the FFT spectra abevl T were well reproduced by
sured byu SR, one needs a model of the vortex structure. Wehe modified London model, we found that it does not pro-
calculated the spectral density functio(B) from the field vide a satisfactory description of the total line shape for the
profile B(r) given by the London model with a perfect tri- lower field data, as shown in Figs(é—5(c). The discrep-
angular FLL/®™ ancy is characterized by the shift of the spectral weight to

lower frequencies with an enhanced tail, which is not readily
understood in terms of the Gaussian broadening due to ran-
n(B)= dB(r)’ 3.4 dom vortex pinning. Our heuristic approach has revealed that
the fitting is drastically improved by introducing the fluctua-
tion of the reciprocal vector in Eq3.5).

B(r =E _ 3. ~ R
(") O; 1+K2\2 3.9 K=1"U'+m'v’, (3.9

. 2.2
—iK-rg=K2g
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This fluctuation can be physically interpreted as the longWhereoy is the effective depolarization rateorresponding
range distortion of FLL represented by the respective indice¥0 og). In the present analysis, we first optimized the fitting
of K in the reciprocal space, which is illustrated in Fig. 6. Asin the frequency domain that allows direct physical interpre-
shown in Figs. &d)—5(f), the calculated line shape with finite tation, then used time-domain analysis to estimate statistical
values fora,,,, yields excellent agreement with data below 1 €rrors for the physical parameters.

T. The field dependence af, (see the section below

Px(t)+iPy(t)=e—’fft2Fn(B)exp(i ¥,B1)dB,
0

strongly suggests that such a long-range distortion seems to IV. RESULT
be related with the softening of the compression modulus
C11— Cgg at lower magnetic fields. Thus, the effect may be A. Superconducting parameters

called a “random compression” of FLL. We stress, how-
ever, that this effect is discernible only below 1 T, and has
the least relevance with the main issue of the peak effect and Before proceeding directly to the result of the fitting
associated anomaly at higher fields. analysis using the modified London model, we demonstrate
The alternative method of analysis is to perform it in thethe anomalous field dependence of #8R linewidth in a
time domain, where the time evolution of the complex muonmodel-independent manner. Because of the relatively large
polarization is magnetic penetration depth, the obseryesR time spectra

1. Magnetic field dependence
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Sttt A A A A A A At FIG. 8. (a) Magnetic penetration deptk, and (b) high-field
cutoff parameteg, vs field in CeRy at 2 K obtained by fitting data

“random compression” leading to long-range FLL distortion, with the modified London model. Solid curves(#® are calculated

where the filled circles indicate the regular positions of vortices inby _Eq. (4.13 with =1, \.Nh”e dashed line is a gwde for the eye.
. X . g o _Fitting result by Eq(4.5 is shown in(b) as a solid curve.
the triangular lattice and open circles indicate the actual positions in

the respective situations.

£, (A)

FIG. 6. (a) The effect of random vortex pinning, artld) that of

the time domain analysis. The linewidth decreases with
increasing field due to the strong overlap of vortex fields and
the increasing importance of the vortex cores. According to
Eq.(3.5), the field-dependent mean field variation is

above~2.5 T are reasonably well reproduced by Gaussial
damping with a single linewidtla,

P(t)+iPy()=e """ expliy,Bt). (4. (ABY)=7.5x10"4(1—h)2g2\ %, 4.2

The magnetic field dependence @fat 2 K obtained by the whereh=H/H_, and ¢, denotes the flux quantuffi.Since
fitting analysis in the time domain is shown in Fig. 7. Note the corresponding averageSR linewidth is given by
that the statistical errors in Fig. 7 are properly estimated from

7=y, ((AB?)/2) 2= A (H)\ 21— Hi 43

05 : : : : : :
CeRu, c2
0.45 2K 1 the linewidth is expected to have a linear relation with the
o | magnetic field. However, the observedin Fig. 7 shows a
< : steep decrease with increasing field figr H/H ;,> 0.6 (with
2 o35 | presumedH.,=5 T from Fig. 2, reaching a value almost
~ equivalent to the natural linewidth at arouhd=0.8. Note
S _ that no such singularity is expected from K8.5) consider-
ing the modest change in vortex spaciiegg.,a is 282 A at
05— ——————————— — o= — 3T, and 245 A at 4 T. This result clearly demonstrates that
the quasiparticle excitation is anomalously enhanced in
02 ' ' : ' ' ' CeRy in this field range.
04 05 08 O'L /Hoj 0o oM The result of fitting analysis using the modified London

model indicates that this anomaly of the linewidth can be

FIG. 7. Muon spin relaxation ratéinewidth) in CeRy at 2 K €effectively attributed to that of the magnetic penetration
deduced by analyzing the time spectra by Gaussian damigings ~ depth\. Figure 8 shows the field dependencexofind the
assumed toé5 T atthis temperature. Lines are guides for the eye.cutoff parameteg, obtained from the data at 2 K. It is evi-
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dent that\ is mostly independent of the field below 3(iTe.,  which is thus proportional téd. This leads to the linear re-
h<0.6), whereas it shows a steep increase with increasinigtion

field above 3 T. The values b&lo3 T (A\=2000 A) are in

good agreement with those obtained by bulk magnetization Nsx1—7h, (4.10
measuremenit: On the other handg, exhibits gradual de- where is the parameter representing the magnitude of pair-
crease with the fieldexcept in the lowest field range where breaking interaction anki=H/H,. It should be noted, how-

the change is rather steefRecent calculations foswave  ayer, that this relation is not valid when the field exceeds the
superconductors using quasiclassical Eilenberger equatiogsc |imit

predict the shrinkage of vortex core radjpisdue to vortex-

vortex interactiorf® At T=0 K, the calculated quasiparticle Ao

density of state$DOS) N(H) is well represented by a power H,= , (4.11
law H? with 8=0.67. Provided that all the DOS come from V2us

inside the vortex cores, we expect or the threshold field for the FFLO stafgee Sec. Y. On the

_ 2 8 other hand, a nonlinear field dependence is expected for the
N(H)=Ncord H) e mp, HH”, (4.4 superconductors with gapless nodes. According to Volovik,

where the factoH is from the number of vortices per unit the presence of a zero-gap region on the Fermi surfiaee

area, and then we have in k §pac_e leads tp a square—roqt erendencekbnf the.
quasiparticle density of staté$This is because the density
p,cHBE~ D2 (4.5  of states is predominantly determined by the contribution

o5 _ outside the vortex cores where the spatial motion of the qua-
Thus, one would expecp,«xH™ "™ at T=0 (i.e., B  siparticles is limited by the intervortex distanee-¢/+h
=0.67). As shown in Fig. 8, provided thag=¢, (whichis <)\ In this caseNg(H) is scaled bya&yyhe vh (with yy

only a coarse approximation, as mentioned earliéhe  peing the normal-state DO@ind one would expect

power lawé, = £,h(P~ 172 with B=0.807 andé,=59 A re-

produces the observed weak field dependence relatively well. ngxl— n\/ﬁ (4.12
However, in the following, we will define the vortex core ) o )
radius more directly from the distribution of supercurrentWith 7=1 due to the predominant contribution of quasipar-
density around the vortex core, which provides a reliabldicle excitation outside the cores to the net DOS.
basis for comparison independent of the model used in the From these relationiEqs.(4.6), (4.10, (4.12], we derive
analysis. At this stage, we only note that the dedu§eid in

reasonable agreement with the coherence legdth=2K) A(H)= A (0) 4.13
=81 A estimated fronH, (T=2 K), demonstrating that the Ji— nhv’ ’

parametei, introduced as a cutoff in E¢3.5) can be inter- ) o
preted as a quantity defined by the coherence length. Th¥ith v=1 (s wave or 1/2(gapless nodesAs shown in Fig.
large Ginzburg-Landau parametet~30 indicates that 8(&)., comparison of Eq(4.13 with the present data is far
CeRy is a typical type-Il superconductor. from satisfactory, particularly at hlg_her fields V\_/her_e the o_b—
The London model gives an approximate value Xor served\ shows a much steeper increase with increasing
field. Naturally, the inclusion of enhanced quasiparticle ex-
citation from the continuum state associated with the gapless
== , (4.6 nodes (¢=1/2) does not improve the agreement. This is
A mrc? mainly because of the fact that such enhancement affects the
field dependence of, especially at lower fields where
M(H)=\(0)(1+ 3 »h) with effectively largeryn for v=1/2,
while the observed anomaly is mostly in the higher-field
_ range. Such a linear field dependence dfas been observed
5% 1= Nen/(H)/Nend Hez), S by #SR in highT, cuprate® (d-wave pairing with line
whereNg,(H) is the quasiparticle DOSutsidethe vortex nodeg and in a class of superconductors including
cores. In conventional superconductors vetivave pairing, 2H-NbSe (Ref. 8] and borocarbidé$ (s-wave paring,
the quasiparticle excitation at lower fields is mostly confinedwhere a clear tendency of greatgffor larger anisotropy has
within the vortex cores. The pair-breaking excitation energybeen revealed. In this sense, the weak dependence on the
a outside the coregwhich contributes to the field depen- magnetic field foh<0.5 is consistent with that in the case of

1 4mnge?

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

dence of\) is determined by the Zeeman energy, ordinary sswave pairing. In any case, the observed field de-
pendence ok exhibits considerable deviation from those of
a=ugH (4.8  the conventional models.

The remaining physical parameters of our model, g,
in Eq. (3.8 andoy, in Eq.(3.11), are related to the distortion
H of FLL. As mentioned earlierg,, represents the effect of
N. (H _ 4 _Hs (4.9 random compression, which turned out to be the predomi-
en\( ) A A 1 . . . .
0 0 nant factor in improving the agreement between the calcu-

in the clean limit and hence,
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FIG. 9. The magnitude of random compressigg, vs field in b)
175 | _

CeRy at 2 K obtained by fitting data with modulated reciprocal
vectors in the modified London model. Fitting result by E416)
is shown as a solid curve.

lated line shape and measure@&R spectra at lower fields.
Compared with the effect afy,,, the values deduced farg
are small(0.5—1 mT below 1 T and zero for higher fieJds

and can thus be disregarded. Figure 9 shows the field depen- Sor i
dence ofo,, at 2 K. It exhibits a steep increase with decreas- 25 .
ing field below ~1 T, indicating that the effect is mostly o R R S

associated with the low-field property of FLL. The elastic 6 0102 03 04 05 08 07 08 09

property of FLL is described by three elastic moduli: com-
pression modulusC;,—Cgg, Shear modulusCgg, and tilt

H/H02

modulus C,,. The former two represent responses to the FIG. 10.(a) Supercurrent density(r)dB(r)/dr in CeRy at 2
respective modes of lattice distortion within the plane per calculated forH=0.1, 2, anl 4 T from theB(r) reconstructed
pendicular toH, whereas the last one represents the respons¢sing the modified London model. Arrows indicate the position of

to the tilting of vortices from the direction dfl. The field

maximum corresponding to the effective core radiysat each

dependence of these moduli over the field region far fronfield. (b) Magnetic field dependence pf , where the fitting result

H., is approximately expressed by

2

He
C11=Cys= éhz. (4.14
0.13H, b 415

66~ K2 8

with h again beingH/H,. Equation(4.14) indicates that the

by Eq. (4.5 is shown as a solid curve.

from B(r), one can define the vortex core radius to be

the radial distance from the vortex center at which the super-
current densityj (r) reaches its maximum value. The super-
current densityj(r) is obtained from the field profile
B(r)=(0,0B(r)) through the Maxwell relation j(r)
=|V X B(r)|. This feature provides an accurate and model-
independent measure for monitoring the change in the effec-
tive size of vortex core®®! In Fig. 10a), we show some

observed distortion is related to the softening of FLL inexamples ofj(r) normalized by the maximum valug,.y
terms of CompreSSion and/or tlltlng of vortices. Provided that= J (pv), where one can C|ear|y see that the peak of supercur-

the vortex pinning forceF, is independent of the field
(which is a reasonable assumption for low fig/dse can
assume Hooke’s law ,«Cj; oy, , Which yields

rent is shifted with the field. The field dependenceppfis
shown in Fig. 1(b). The parameters,,, andog were set to
zero for the calculation oB(r), to eliminate the irrelevant

effect of FLL distortion. Following Eq(4.5), a fit using the

F relation

Om* <~~~
Im C|]

g

(h—hy)?’ (4.1
o _ , py=poht?~ 1" (4.17)

for C11— Cgg andCyy4. As shown in Fig. 9, a satisfactory fit
is obtained by Eq(4.16 with g=2.16<x10 ° and a small yields satisfactory agreement with the observed dependence
offsethg=—2.92x10"?, indicating thato, is related to the ~with 3=0.531 andp,=60 A . The deduced power seems to
long-range distortion induced by random compression/tiltingbe in good agreement with that of the electronic-specific-heat
of vortices. coefficient y(H) at this temperaturé=2 K) whereas the

Once a satisfactory fit to the measured field distributionagreement with the model of the field-induced anisotropic

is obtained using the field distribution profitéB) generated gap is incompletd! This result strongly suggests that the
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10 T T rizes the results for the cutoff parametér, penetration
a) depth \, vortex core radiug,, long-range FLL distortion
1 o1m, and line broadening factaerg for 1.9—-5.0 K. The core
radius p, was deduced by the same procedure as used to
obtain the result in Fig. 10. It is notable that the temperature
dependence ob, scales to that of, quite well. According

125

75 to the Ginzburg-Landau theory, the temperature dependence
50 of the coherence length negg is related to the upper critical
field Heo(T) by
25
5500 — [ D, i1
5000 €= 27H o (T) (4.19
4500 However, this is thought to be valid only along the phase
0?4000 boundary on theH-T phase diagranfi.e., é§(H=H,,T
~— 3500 =T,.)], while little is known about the actual temperature
< 3000 dependence deep in the superconducting phase. It is evident
2500 :cn Fir?. 1)@ that_ I_Eq.l(;l_.llg) with an empiricalT-dependence
2000 or the upper critical field,
1500 Hea(T)=Hea(0)[ 1 ¢(T/To)"], (4.20
0.7 which reproduces the data in Fig. 2 wikh,,(0)=6.22 T,
0.6 {=0.876, andv=1.31, exhibits a much steeper temperature
~ 05 dependence g, than that observed experimentally.
E ’ Since the work by Kramer and Pesch, who discussed the
= 04 P— ;
quantum effects for quasiparticles bound in the vortex cores
o 03 based on the Eilenberger thedi{#* the actual temperature
0.2 dependence of the effective core radius has been an unsettled
0.1 issue to be scrutinized in more detail. The quasiparticles
0 within the cores are subject to the Andreev reflection at the
15 2 25 3 35 4 45 5 55 core radius and thereby form discrete bound sttest
Temperature (K) lower temperatures, they occupy the lower energy levels that

are confined spatially within the narrower region, leading to
FIG. 11. Temperature dependence of the cutoff paramgter the shrinkage of effective core radius. They predict that the
and vortex core radius, (a), the magnetic penetration depth(b), effective core radius in the clean limit superconductor would
and those to describe the FLL distortiong and oy, (c). Solid  decrease linearly with decreasing temperatureTfae<T
curves in(a) are fitting results by Eq94.19 and (4.22), respec- <T. as
tively, the one in(b) is a fitting result by Eq(4.23 with y=4,
while the dashed curve is the best fit wit+ 1.35, and those ifc) T
follow Eq. (4.27). £1(T)=&acsT (4.2
Cc

nearly VH dependence of(H), particularly at lower fields with &g being the BCS coherence length andthe Fermi
(h=0.5) where\ behaves normally, is mainly due to that of energy. The core radius would level off at a low enough

the vortex core radius, i.e., temperature where only the lowest bound state is occupied.
Such an effect is suppressed in the dirty limit due to the
'y(H)OCNcore(H)OCHﬂ'pg. (4.18 strong damping of the quasiparticle bound states, leading to

. ) ) the almost constang; over the entire temperature range.
The slightly smaller value g8 compared with the theoretical Rgcent theoretical calculations based on the Bogoliubov—de-

prediction for theswave superconductors may be explainedgennes approach confirmed the above prediction, where the
by the anisotropy of the energy gap suggested by RQR.  gaqyration of shrinkage should occurTat=T./(kr&g) (With
£=velA, andA, being the gap energy at=0) %% Our
estimate okg&,=60 for CeRy (which would be multiplied

As shown earlier in Fig. 2, the temperature dependence dfy a factor of mass enhancemant /my~ 3) indicates the
superconducting parameters was studied under an externsaturation temperaturg,=0.1 K in CeRy, suggesting that
field of 1 T where the peak effect is virtually absent over thethe core radius would satisfy E@.21) over the current tem-
entire region of temperature. Here, the primary purpose waperature range of observation. However, although our data in
to examine the validity of our method by measuring thoseFig. 11(a) indeed exhibit almost linear dependenceloiit is
parameters along a line in the-T phase diagram where much weaker than the one predicted theoretically. The solid
they are considered to behave normally. Figure 11 summdine in Fig. 11a) is a fit with the relation

2. Temperature dependence
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po(T)=p,(0)[1+c(T/T], (4.22 =2 are shown in Fig. 1(t) which ind_icgtes that Ec(.4.27)

_ ) _ ) explains the observed trend qualitatively. The relatively
which yields the best-fit result witlp,(0)=63.9 A andc strong pinning at higher temperature seenvincan be un-
=0.656. Note that one would expept(0)~0 when EqQ.  gerstood by considering the distribution of pinning energy.
(4.21) is fully satisfied. The value 96,(0) is rather close to  The pinning centers having greater pinning potential would
the asymptotic valug, observed at high field in the mag- pe more effective at higher temperatures compared with
netic field dependendesee Eq.(4.17)]. The situation seems yeak pinning centers, leading to the relative enhancement of
to be similar to the case of Nbs&® suggesting the presence gjstortion towardT,. Comparison betweesg and o, SUg-
of a common problem in the understanding of the electronigests that the random pinning is more sensitive to such dis-
structure of vortex cores igwave superconductors. tributions of the pinning potential. This may be intuitively

According to the empirical two-fluid model, the tempera- yngerstood by considering that the long-range distortion rep-
ture dependence of the magnetic penetration depth is givesented byo,,, is determined by the average net pinning

by energy over the correlated region.
A(0)
(M= v’ (4.23 B. Magnetic response of flux line lattice
N1I—=(T/T,)

Vortex pinning is one of the most complicated issues in

with »=4. As shown in Fig. 1(b), while it gives a reason- physics of the mixed state. This is mainly because the
able description of the observed temperature dependence fPéaI nature of pinning centers is largely unknown and uncon-

EW'IZ )z\éo);izsisﬁli tiP;e %E;iaet)i(vhel?lt i?]“ggto%e;gloorg f\;\(/)itmh trolled under conventional experimental conditions. This
thcé on.e o.btained from bu(?k measur()a/méﬂg here a similar situation often leads to a sample dependence of each mea-
surement, making it difficult to ensure reproducibility among

trend of deviation was also reported. More specifically, the,. : e
observed\ (T) shows weaker curvature than that of Edg. different samples. In particular, the results of magnetization

) . . — "measurements in CeRubetween those by conventional
(4.23 with A(T—0)~2000 A . This asymptotic value is
close to the one estimated from specific Akand from mi- SQUID and Faraday methctissuggest that there may be

X : ) problems in clarifying the microscopic nature of vortex pin-
crowave respons¥. Following Ref.24, an analysis usifig ning relying solely on the bulk magnetization. Here,we dem-

A(0) onstrate that.the distortion of FLL indeed dependg on the
(4.24  step size of field change and therefore on the details of the
V1—(27Ay/t)Y2exp(— Ag/t) actual magnetization process.
= , Figure 12 shows the comparison of the FFT spectra be-
(with Ag=Ao/kgT, and t=T/T,) for 0.3<t<0.6 yields yyeen those obtained after cooling the specinoed K under
\(0)=2120 A andA,~3.0. Although the value ok, points  an external field“field cooling” or FC) and others obtained
to the weak coupling limit, this should not be taken too se-after cooling 6 2 K under zero field“zero field cooling” or
riously since the result is based on the analysis over a veryrFC) followed by application of the field. The ramping rate
limited temperature rangéncluding only three data points  of the external field was about 0.2 T/min. Note that the fre-
In any case, the observed temperature dependence &r quency range of Fig. 1B) (=20 MHz) is much larger than
H=1 T is understood within the conventional theory. that of Fig. 12a) (=5 MHz). It is obvious that the spectra at
Finally, we show in Fig. 1) that the parameters repre- 2 T exhibit little difference between FC and ZFC conditions,
senting the FLL distortiongg and oy, decrease with in-  except a small downshift of central field for ZFC détenich
creasing temperature. This tendency is understood in termsay be an instrumental artifacwhile at 4 T, the spectrum
of the reduction of pinning energy at higher temperatures, under ZFC shows a much broader line shape than that under
i.e., FC. Thus, these data indicate that the FLL distortion is neg-
ligible when the external field is changed in large steps to 2
o, Tim>U(T) (429 T<H*, but it becomes extremely large when the field is
ramped abovél* . These results are perfectly in line with the
U(T)= SLHg(T)[PU(T)]”, (4.26 interpretation_ based on the SQUI_D r_nag_netization measure-
™ ments(e.g., Fig. 1 that the vortex pinning is weak belo/*
and spontaneously becomes strong ahid¥e
However, the situation is different when the external field
changed in small steps. In Fig. 13, the spectra obtained at
respective fields under the FC condition are shown in com-
. F . parison with those after isothermally changing the field by
+D(1)] with thﬁ dey|at|onD(t) always being smaller than 0.01 T. This change would lead to the downshift of the cen-
0.01 (t=T/T,)." Using Eq.(4.22 for p,(T), we have tral frequency by 1.355 MHz when the FLL is rearranged
U(t)=Ug(1—t2)2(1+ct)", (4.27) accc_)rdingly. T_he general tenden<_:y is again consistent with
the interpretation deduced from Fig. 12, i.e., the spectrum at
which shows a monotonic decrease with decreasing tempera:5 T seems to follow the change in the external field while
ture. Results of fitting by the abovE dependence witim  about half of the spectral weight remains at the previous field

AMT)=

where H,(T) is the thermodynamical critical field and
takes integer values depending on the details of the pinnin%
mechanism. The temperature dependencd §) deduced
from the electronic specific heat followsl (0)[(1—1t?)
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0.125 T T T V. DISCUSSION AND CONCLUSIONS
01 g%RKuz ] In the previous section we showed that there are two ma-
jor issues that remain to be understood, i(®.,the strong
§ 0.075 | nonlinearity in the magnetic field dependencexdf), and
= (i) the weak temperature dependencepgfT). We must
g 0.05 | recognize that the characteristic line shape associated with
< n(B) is less distinct in FFT spectra at®B T and that a
E 0,025 | reasonable fit could be obtained by settingo the value at
e the lower field and allowing, to vary along the field. Nev-
o ertheless¢, increases with increasing field, which is no less
anomalous than the alternative case. Thus, the physical
—~0.02 P RS T T R meaning of these anomalies, in any case, is clear in the sense
269 270 2n 272 275 274 that they are the consequence of anomalously enhanced qua-
Frequency (MHz) siparticle excitation arising either outside)(or inside ¢,
00— ~p,) the vortex cores. Since the core radjysis well re-
b)H=4T produced by Eq(4.5), it is reasonable to presume that the
002 I 1 cutoff parameter obeys the same power law. Then, the ob-
o served anomaly of the linewidth is uniquely attributed to that
5 0015 - ] of \. Our primary interest is in the nonlinear field depen-
% 7FC FC(x ) dence of\ (H) that is relat.ed to the pqssi_ble new mixed state,
g 0.01 | T and therefore, our following discussion is focused mostly on
= this issue.
g 0.005 | 7 There are three experimental findings that indicate an
= anomaly in the quasiparticle excitation spectrum in Ce&u
0 : 5 : higher magnetic fields.
(1) The magnetic penetration deptliH) exhibits a steep
-0.005 L increase with increasing field fdd/H.,>0.6 (present re-
530 534 538 542 546 550 sult).
Frequency (MHz) (2)The magnitude of paramagnetic moment measured by
FIG. 12. FFT spectra obtained & 2 T and(b) 4 T by zero  the neutron diffraction does not decrease befovat 3 TS .
field cooling (ZFC) or field cooling(FC) in CeRy at 2.0 K. (3) de Haas—van Alphen oscillation is observed deep in

the mixed statée.g.,H>0.4H, for the €, , 5 branch.*®
It is inferred from these findings that the quasiparticle
) - ) excitation is subject to anomalous enhancement in GeRu
at 4 T. Nevertheless, the line shape in Fig(l3s consid-  compared with conventional type-Il superconductors with
erably broadened due to the remaining tail around the previg waye pairing. Then, the issue is whether or not this anoma-
ous field, in good contrast to Fig. (& where no such broad- |oys quasiparticle excitation can be understood within the
ening is observed. This indicates that the FLL exhibitshounds of the conventional model. One such attempt based
residual irreversibility for a small field change such as 0.0lon the Ginzburg-Landau theory with quasiclassical
T, even in the presumably reversible regidh<(H*), prob-  approximatioR® shows that the quasiparticle DOS may ex-
ably due to the threshold for depinning. Thus, depending omibit a field-inducedanisotropic enhancement around the
the actual conditions of the field sweep, the magnetizatiorequatorial directiongrelative to the direction of magnetic
measurement, for example, may or may not be subject to thigeld) on the Fermi surfac¥. However, the relevant theory is
effect of the depinning threshold. known to be accurate only ne&t., and therefore a more
The spectra in Fig. 18) have the additional feature of a rigorous theory based on the Bogoliubov—de Gennes ap-
low-frequency satellite that is also explained by the effect oforoach would be required for further discussion. Another
strong pinning. Since the FLLta T has a shorter lattice possibility is to attribute the anomaly to therinsic anisot-
constant than that at 3.99 T, the fraction held at 4 T is virropy of the energy gap, as in the case of YBUC> al-
tually “compressed” from the rest. This compression mustthough the magnitude of anisotropy in CeRwggeste by
be balanced by another fraction that has “expanded” fromNQR is not very large +0.15) and its origin is yet to be
the mean lattice constant for 3.99 T, yielding the low-elucidated. We also note thatin YNi,B,C exhibits a linear
frequency satellite peak. A similar situation is observed independence on the magnetic field upHoH.,~0.7 with a
Fig. 12b) on a much larger scale, where the spectrum has auch steeper slope than that in CeRindicating that the
low-field tail associated with the increased field in theeffect of intrinsic anisotropy would be observed as an en-
strongly irreversible region. Because of such a large fractiomancedy in Eq. (4.10 [or even closer to the case dfwave
with an expanded lattice, an almost equivalent fraction expairing described by Eq4.12] at lower fields$? Thus, it
hibits compressed FLL to conserve the net magnetic inducwould be difficult to explain the observed anomaly in CeRu
tion. with this scenario. For the nonconventional approach, we
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FIG. 13. FFT spectra obtained@ 2.5 T and(c) 4 T by field cooling(FC) in CeRy at 2.0 K.(b) and(d) were taken just after reducing
field by 0.01 T from(a) and(c), respectively.

first discuss the points raised in the arguments related to th&oftened FLL to the random pinning centers. This is essen-
peak effect and then examine the validity of the GFFLOtially the same as “collective pinning” as long as the pin-
model in describing the anomaly in CeRu ning is due to many weak pinning centers. It should be
The nonlinearity in A(H) appears over the region stressed that the explanation of the peak effect due to the
H/H.,=h>0.6 where strong irreversibility sets in, as in- hypothetical FFLOor GFFLO state is also based on a simi-
ferred from the present data in Figs. 12 and 13 as well atar mechanism, the difference being only in the origin of
from the peak effect. In the usual situation, the increase oFLL softening. In the FFLO state, the FLL becomes soft due
pinning leads to the enhancement of FLL disorder, whichto the nodal planes perpendicular to the FLL. This would
then would lead to the increase of the linewidth for ;h8R  effectively correspond to the reduction of tilt modul@s,.
spectra. Figure 7 clearly demonstrates that this is opposite tdoreover, even if the FFLO state is realized, the synchroni-
the observed tendency in the linewidth. The same is true foration mechanism must also be in effect due to the softening
the effects of random local magnetic field from Ru nuclearof Cgg, so that the former effect may be completely masked
moments and small residual field from Ce moméfitiese by that of the synchronization. Thus, it would generally be
local moments contribute to thenhancemenof the muon  difficult in actual systems to distinguish these two mixed
spin relaxation ratéi.e., the broadening of the linewidth in origins of FLL softening only by bulk measurements.
the frequency spage Thus, we can conclude that the  However, the microscopic natures of these two origins
anomaly inA(H) is not an artifact of the modulated line- greatly differ. The reduction o is not associated with the
width due to the spontaneous increase of the pinning forcechange in the superconducting order parameter and therefore
On the other hand, the apparent correlation between thene electronic structure of vortices in terms of quasiparticle
anomaly in\(H) and the peak effect suggests that they areexcitation remains intact while the softening of FLL pro-
two different consequences of a common origin. ceeds. The broadening of the linewidth due to the enhanced
In recent years, the so-called “synchronization” mecha-FLL distortion is the only possible consequence observed in
nism has been strongly argued to be the origin of the peakhe uSR line shape. Meanwhile, the FFL@r GFFLO) state
effect in CeRy. In this scenario, the shear modulGgg of  gives rise to the periodic nodal planes of order parameters
FLL is reduced, as inferred from E¢4.15, at higher fields  perpendicular to vortices, leading to a drastic change in the
so that the pinning becomes more efficient upon fitting thequasiparicle excitation spectrum.
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The FFLO state is expected to occur in a class of type-liobserved at higher fields is readily explained in the same

superconductors that exhibit large spin susceptibilities manner as that of an average linewidth calculated from Egs.
) (4.3) and(5.6),
Xs=2ugD* (ef), (5.1
where the density of states at the Fermi surf&r®(eg) UFFLOZA(H)f dziL,
=m*2k2/27°h? is enhanced bym*/m=2.5-3 times the \2(2)

normal Pauli susceptibility, as suggested by the cyclotron )
mass and electronic-specific-heat coefficient. This lgyge =A(H)fw sir? ¢d¢
gives rise to a free energy 3 x<h?, at the vortex corepwith -7 22
h,=B(r=0) being the field induced at the vortex core by

the surrounding currehtwhich may be comparable to the =A(H)(V2)) 2, (5.7
superconducting condensation energy at higher field. Apgnich is equivalent to the linewidth determined by an effec-

proximating the vortex core as a cylinder of radjsis, for tive penetration depth=+/2\. Since the asymmetric feature
the TrZ% energy per unit length of the vortex core, oneofF(B) is greatly weakened due to the reduced linewidth at
obtain higher fields, the net line shape is predominantly determined
Hg 1 } by this effective linewidthorr o. Therefore, when the data

(5.2 are analyzed using the modified London model, one observes
the gradual shift of field dependence fraxfH) to A (H)
where H, is the thermodynamical critical field. Sinde,, = V2\(H). Thus, the presence of the GFFLO state explains
~H for the relevant higher fields, the energy gain from elec-the result of Fig. 8) qualitatively.
tronic spin polarization exceeds the cost of breaking up su- However, the current model of the GFFLO state has some
perconducting condensation when problems that must be settled in order to quantitatively de-
scribe the observed properties in CgRLn particular, the
m estimated lower boundary of the GFFLO sta-tq*,, , is close
H>H} =H/2(mxs) "~ \| —Hp, (5.3 to H,, and thus much larger than the field above which the
m steep increase of (and hence of the quasiparticle dengity
with H,, given by Eq.(4.11). We estimatdd ¥ ~6.5-7 T that was observed-0.6H,). This discrepancy has been one of
turns out to be slightly larger tha ,. It should be noted the strong bases for maintaining the negative argument
thatE, itself is relatively small in relevant compounds due to @gainst the presence of the GFFLO state in GeRagether
their short core radii. The markedly weak pinning belaiy ~ With the absence of a paramagnetic effect on the Maki pa-
(see Fig. 1is explained by this small vortex-core energy rameterx,. A similar problem has been pointed out by Ta-
below H; . On the other hand, the GFFLO state presumes &hlkl et al.,4o who found that the estimated effect of orbital
new inhomogeneous mixed state at higher fields where thgurrent was too small to explain the onset of the GFFLO

superconducting order parameter has periodic planar nodeate at such a low field. Nevertheless, they also admitted
ie. that the estimation was based on a simple quasi-free-electron

model[which is evident in Eq(5.3), for examplg and that
A(z+Lg)=A(z) (=0 for z=0,xLg, ...). therefore, further development of the theory is needed before
(5.4 the detailed electronic structure characteristic of the mixed

This is close to the form of the order parameter first investi—valent compounds can be con§|dered. . :
One of the less critical but important issues is the repro-

gated by Larkin and Ovchinniko?? Detailed calculation in- L ) . : :
cluding the effect of orbital current predicts that the orderdUCIbIIIty (or Iack)_ .Of hysteresis assomqted with the flrs_t-_
order phase transition. Unfortunately, this seems to be diffi-

parameter near; is approximately given by cult to settle because the singularifye., the magnitude
A(z)=A sin(27z/L,) (5.5 of discontinuity in the free energyupon the onset of the
GFFLO state seems to be rather small at the phase boundary.
with a wavelengti_, ranging from 1@ to 30¢.** The shape  The order parameter along the direction of vortices takes a
of A(2) deviates from Eq(5.5) toward a trapezoidal shape at trapezoidal form with relatively thin layers of normal states
lower fields, leading to a narrower region for the normalin onger periods, which leads to the small change, for ex-
state. Since\?«1/A|?, the corresponding magnetic penetra- ample, in the effective penetration depth. This would also be
tion depth in thex-y plane should follow the case for other bulk physical quantities such as specific
heat, thermal conductivity, and magnetization. In particular,
the interpretation of the magnetization process seems to have
its own problem. As shown in Fig. 13, the magnetization
measurements in CeRalways bear a nonequilibrium FLL
i.e., it should show divergent increase at nodes wie(®  configuration depending on the step size of field modulation.
=0. Assuming that the muon probes the above distributiorThis transient nature often leads to a hysteresis which is not
of \(2) at random(which is justified by the prediction that related to phase transitidA>® Moreover, the magnetization
L, is of the same order of magnitudea)s the increase ok~ measurements suffer further complication due to the coexist-

Ec=mp; P EXShrzn

A(z)= )\—2 (5.6
 sirk(2mz/Ly)] '
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ing effect of conventional FLL softening at higher fiel[dgge hand, the model of the generalized FFLO state seems to pro-
Eq. (4.195], which makes it difficult to extract the effect as- vide a qualitative account of the enhanced quasiparticle ex-
sociated with different origins of FLL softening. In any case, citation at higher fields, despite the difficulty in showing a
our result indicates that the anomalyNrdevelops gradually quantitative agreement with our result. In this sense, the
for H/H ,>0.6, suggesting that it might be difficult to ob- presence of a novel mixed state in CgRemains yet a
serve the hysteresis associated with the phase transition. possibility, with the revised model of the GFFLO state being
In conclusion, we have presented microscopic evidencene of the candidates for such a novel state.
that the quasiparticle excitation spectrum is anomalously en-
hanced in CeRuat higher fields H>0.6H,), as evidenced
from the strong nonlinear field dependencexgH). This
result is in line with the anomalous behavior of paramagnetic We appreciate the hospitality of TRIUMF while this work
moments observed by neutron scattering. While the presenseas conducted. This work was partially supported by a
of this anomaly coincides with the peak effect in the magneGrant-in-Aid for Scientific Research on Priority Areas and a
tization process, the conventional arguments to account faBrant-in-Aid for Scientific Research COBOCE2004 from
the peak effect without resorting to a novel mixed state aréhe Ministry of Education, Culture, Sports, Science, and
not successful in explaining the strongly enhanced quasipaifechnology, Japan, and also by a grant from the CREST,
ticle excitation inferred from these anomalies. On the othedST, Japan.
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