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Transverse-field muon spin relaxation investigations of the magnetic penetration depth
in the carbide superconductors Y2C2„Br,I …2 and YC2
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We present measurements of the temperature and magnetic field (Bext,0.2 T) dependences of the
transverse-field muon spin relaxation rate taken on polycrystalline samples of the layered superconductors
Y2C2X2 , X5Br,I, and the binary carbide YC2. The aim of these investigations was to determine the magnetic
penetration depthl(T) which is a fundamental parameter of the superconducting state. The magnetic-field
dependence of the muon-depolarization rate belowTc is discussed. An analysis of the temperature dependence
of the depolarization rates allows qualitative conclusions regarding the strength of the electron-phonon cou-
pling in the compounds under investigation. The dependence of the transition temperature on the condensate
density of the halide-carbide superconductors is compared to that of other exotic superconductors.
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I. INTRODUCTION

In the past decades, superconductors with layered cry
structures were intensively investigated, because they dis
a variety of unusual electronic properties. The most pro
nent examples are the high-Tc cuprate systems which exhib
exceptionally high transition temperatures at optimal dopi
In the tantalum and niobium dichalcogenides and their in
calated derivatives a transition between quasi-tw
dimensional and three-dimensional anisotropic supercon
tivity could be achieved by tuning the layer distances.1,2 Also
the organic superconductors which exhibit a charge tran
from the separating layers to the conducting layers attra
much interest despite their modest transition temperature3,4

While an explanation for the observed behavior in the
systems based on a microscopic theory is still lacking, th
appears to be general agreement that basically two eff
dominate the electronic properties in these ‘‘exotic’’ mate
als: First, the layered crystal structures give rise to a p
nounced anisotropy of their electronic properties. Ba
structure calculations reveal bands with low dispersion~‘‘flat
bands’’! which establish a structured electronic densities
states~DOS! at the Fermi level. When two flat bands cro
with opposite curvature to form a saddle point at the Fe
surface the DOS diverges with a logarithmic curvature. T
occurrence of such a ‘‘Van-Hove singularity’’ causes d
matic consequences on the electronic properties, e.g. de
tions from Fermi-liquid behavior may be expected due
enhanced electron correlations.5,6 Second, in all of the ‘‘ex-
otic’’ systems the charge carrier densities in the normal s
are low. Therefore, charge screening which is effective
normal metals on a length scale of some Å is reduced
electron correlations become pronounced over an exten
length scale. These effects also influence the order param
in the superconducting state. If the coherence lengthj'(0) is
much smaller than the layer spacing, the order param
becomes quasi-two dimensional.2 The subscriptsi and' in-
PRB 620163-1829/2000/62~21!/14469~7!/$15.00
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dicate an orientation parallel and perpendicular to the lay
in the structure of the corresponding compounds, resp
tively. The amplitude of the order parameter is related to
superconducting charge carrier densityns and the supercon
ducting properties are assumed to be strongly affected
phase fluctuations if the superconducting charge carrier c
centration is reduced below a certain limit.7,8 This statement
was evidenced in theTc vs sFLL(0) plot by Uemura
et al.,9,10 which shows a linear dependence of the transit
temperature on the transverse-field muon spin relaxa
(TF-mSR) depolarization ratessFLL(0)}ns for many exotic
superconductors.

In this contribution we present TF-mSR investigations on
the layered carbide halides Y2C2X2 , X5Br,I, and their
three-dimensional relative YC2. The aim of our experiments
was to evaluate the magnetic-field penetration depthl which
is one of the fundamental parameters of the superconduc
state. In clean-limit superconductors 1/l2 is proportional to
the superconducting carrier densityns divided by their effec-
tive massm* . For the determination of absolute values f
the magnetic penetration depth and condensate dens
TF-mSR measurements provide a powerful tool.11 The
present investigations have been performed on polycrys
line powder samples of the superconductors YC2 and the
highly anistropic Y2C2X2 because no single crystals of su
able size and quality are available to our knowledge.

The crystal structures of the Y2C2X2 compounds consis
of closely packed yttrium metal atom bilayers which a
sandwiched between sheets of halogen atoms~Fig. 1!. Quasi-
molecular C2 dumbbells occupy octahedral voids to for
Y6C2 units condensed into layers which are surrounded
halogen atom layers. SuchX-Y-C2-Y-X layered units stack
and form a structure with monoclinic symmetry. A detaile
discussion of the stacking sequences and lattice propertie
the rare-earth carbide halides can be found in Ref.12.
layered compounds Y2C2X2 are structurally related to the
superconducting carbide YC2. The latter compound consist
14 469 ©2000 The American Physical Society
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14 470 PRB 62R. W. HENN et al.
of a three-dimensional network of the same Y6C2 units.13,14

Since the discovery of superconductivity in the rare-ea
carbide halides Y2C2X2, considerable work has been devot
to an understanding of their physical behavior in the sup
conducting state.15–26Extensive investigations have reveal
a variety of characteristic properties. For example, in
Y2C2Br22xIx series a pronounced peak inTc(x) was ob-
served at a bromine to iodine ration of 1:3 (x51.5), see Ref.
22. For Y2C2Br0.5I1.5 the transition temperature reaches 11
K, which is close to theTc’s of the organic or Chevrel-phas
superconductors. The superconducting states of the c
pounds Y2C2Br2 (Tc55.04 K), Y2C2I2 (Tc59.97 K), and
YC2 (Tc54.05 K) have been investigated in great detail
means ofCP(T,B) andM (T,B) experiments.14–19These ex-
periments reveal an enhanced electron-phonon couplin
the halide superconductors while YC2 exhibits textbook-like
BCS weak-coupling behavior. The layered compoun
Y2C2X2 were found to be high-k superconductors (k'60
for Y2C2I2) and have critical fields ofBc25360.2 T and
Bc2511.860.2 T for the bromine and iodine compound
respectively. For Y2C2I2 an anisotropy ratio of the coherenc
length of g5j i /j'55.260.2 was derived from magneti
ac-susceptibility investigations on single crystals. The
plane and out-of-plane coherence lengths ofj i5133 Å and
j'526 Å considerably exceed the lattice constants. The
fore, the superconducting order parameter of Y2C2I2 is
strongly anisotropic but still extends across several la
units. On the other hand, the Ginzburg-Landau paramete
the binary carbide YC2 is close to the type-I limit (kGL
'1), and the critical fieldBc2560610 mT is much reduced
compared to those of the carbide halides.14,17,28

Band structure calculations with the tight-binding line
muffin-tin orbital TB-LMTO method indicate that an overla
of antibonding C2-p* molecular orbitals with energeticall
neighboring Y-d states is responsible for the metallic cha
acter of the Y2C2X2 , see Ref. 22. This covalence is ev
denced by the short C-C bond distance of 12862 pm, Ref.
18. The band-structure calculations also reveal a pronoun
peak in the electronic density of states close to the Fe
energy due to a saddle point at the Fermi surface in Y2C2Br2.
The Fermi energy falls in a region where the DOS decrea
with a positive curvature with increasing energy. This fin

FIG. 1. Perspective projection of the crystal structure of Y2C2X2

along @010#. Halogen atoms are represented by large circles
rare-earth metal atoms by smaller circles. The octahedral void
the yttrium atom bilayers are occupied by C2 units ~small filled
circles!. The dashed lines indicate the monoclinic unit cell.
h

r-

e

m-

in

s

-

e-

r
of

ed
i

es
-

ing is supported by13C-NMR experiments, which show de
viations from a linear temperature dependence of the K
ringa relaxation25 and the pressure dependence ofTc in the
Y2C2X2 series.26 The structure in the DOS has been d
cussed to be of significant importance for the supercond
ing state in the yttrium carbide halide materials.21–23

II. SAMPLE PREPARATION AND CHARACTERIZATION

Single phase samples of Y2C2X2 were synthesized by re
acting stoichiometric amounts of yttrium metal chip
~99.999% Johnson-Matthey!, YOX free YX3 salts and graph-
ite powder~Aldrich Chemie!. YX3 was prepared as reporte
in Ref.27 and purified by sublimating YX3 several times in
high vacuum in an especially designed tantalum contain
The ingredients were sealed in tantalum crucibles and
acted at 1300 K for several days. The reaction was ter
nated by quenching the samples to room temperature.20 The
precursor materials and the products are sensitive to air
moisture. Therefore, all procedures were carried out in
dried argon or helium gas atmosphere. The YC2 sample was
prepared by arc-heating of stoichiometric quantities of
trium metal chips and graphite pieces~Deutsche Carbone
99.999%! in dried argon gas atmosphere. Subsequently,
pellets were sealed in tantalum crucibles and anneale
temperatures between 1200 and 2300 K for 10 days.

All samples under investigation were characterized
x-ray diffraction measurements to prove phase purity and
compare the crystallographic data with the literature12,20 ~see
Table I!. dc magnetization measurements were performe
check the superconducting properties, e.g., the transi
temperatures, magnetic shielding, and Meissner fraction.

The lattice parameters of the investigated yttrium carb
halide samples agree with the literature data within exp
mental error. No additional lines due to impurity phases w
found. The diamagnetic shielding is complete in all yttriu
carbide halide samples and the Meissner fraction typic
reaches 30% of full magnetic shielding. The YC2 sample
used in themSR experiments exhibits a lower transition tem
peratureTc53.85 K as reported previously in Ref.14. More
over, thec-lattice parameter of the investigated sample
reduced with respect to that which has been found in sam
with a transition temperature ofTc'4.0 K. A comprehen-
sive analysis of the sample characteristics and the de
dence on the preparation conditions has led to the conclu
that local carbon defects of about 2.5%/C are responsible
the observed reduction ofTc and the shortening of the
c-lattice parameter in our sample.14 Therefore, the presen
yttrium dicarbide sample is assigned as YC22d in the follow-
ing, with d'0.05. Relying on this fact we conclude that o

d
of

TABLE I. Lattice parameters of the present carbide superc
ductors.

a b c b
Compound ~pm! ~pm! ~pm! ~deg!

Y2C2Br2 695.4~1! 376.5~1! 993.1~1! 99.99~2!

Y2C2Br0.5I1.5 715.3~2! 385.2~1! 1038.4~2! 93.90~4!

Y2C2I2 721.7~1! 288.3~1! 1043.7~1! 93.68~1!

YC22d 366.37~2! 366.37~2! 617.32~5! 90
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PRB 62 14 471TRANSVERSE-FIELD MUON SPIN RELAXATION . . .
YC22d sample is not in the clean limit which has to be tak
into account for the interpretation of the TF-mSR data in Sec.
IV.

III. THE TF- µSR EXPERIMENTS

A comprehensive discussion of the TF-mSR technique is
provided in Ref. 29, and the used instruments are descr
in detail in Ref. 30. Here, we give only a brief description
the method, which is necessary for an understanding of
data analysis. The TF-mSR experiments above~below! T
52 K were performed using a standard4He gas-flow cryo-
stat (3/4He dilution cryostat! at beamlinepM3, both at the
Paul-Scherrer-Institut in Villigen, Switzerland.In situ
pressed disc-shaped pellets of 10 mm diameter and abo
mm thickness were sealed in especially designed sam
holders made of high purity silver. The pellets were enclo
in dry helium gas behind a 100mm Mylar window to avoid
exposure to water and oxygen. The samples were fixed
small amounts of dried silicon grease to guarantee ther
contact to the environment. After cooling the sample in
external field ofBext50.1 T to temperatures belowTc in
order to induce a homogeneous flux line lattice~FLL!, posi-
tive muons with initial spin polarizationPW m(t50) transverse
to the external fieldBext were implanted. The muons come
rest at interstitial lattice sites which are yet unknown for t
present compounds. However, since the characteristic le
l of the FLL is significantly larger than the lattice param
eters, the implanted muons are randomly distributed throu
out the FLL field profile. Each muon spin starts to precess
its local field with the Larmor frequencyvm5gmBloc (gm
52p•135.5 MHz/T). After an average lifetime oft
52.2 ms the muons decay emitting positrons preferably i
the direction of the muon spinPW m(t). The resulting asym-
metric positron-emission rateNe1(t) includes all the infor-
mation on the precession frequencies and depolariza
rates of PW m(t). The Fourier transformF(vm) of Ne1(t)
yields the distribution of the precession frequencies of
muon spins and thus of the FLL field profiles. For polycry
talline samples typically almost symmetric Gaussian-sha
distributions F(vm) are detected~see inset of Fig. 2! for
which the second moments^Dvm

2 & may be extracted by fit-
ting the TF-mSR time spectraPm(t) by an exponential term
exp(2seff

2 t2/2) ~for the definition ofseff see Ref. 32! as is
shown in Fig. 2. Here, the depolarization rateseff of the
initial muon-spin polarizationPm(0) is proportional to the
second moment of the frequency distributionseff}^Dvm

2 &.
The magnetic penetration depth of a polycrystalline type
superconductor can be evaluated from the depolariza
rate:

sFLL~T! ~ms21!5Aseff
2 ~T!2snuc

2

51.0723105lpoly
22 ~T! ~nm!, ~1!

wherein nuclear contributionssnuc to the effective muon de
polarization have been subtracted.29 In order to check the
reliability of the l values obtained from the time spect
Pm(t) we additionally analyzed the Fourier transform
Fm(v). Figure 2 displays the time spectrum of a data
recorded with the Y2C2I2 sample atT53.0 K in an external
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field of Bext5150 mT. The good agreement of Gaussia
with the recorded time spectra is evidenced in the inse
Fig. 2.

In highly anisotropic superconductors, the flux lines a
no longer in direction of the external field but are almo
aligned parallel to the layers. Therefore, the second mom
of the frequency distribution has a dominant contribution
the in-plane component of the magnetic penetration de
l i , and the equation

lpoly'1.233l i ~2!

was shown to hold forg5l' /l i.5, Ref. 31. The depolar-
ization ratesFLL of the initial spin polarization measured o
polycrystalline samples of a highly anisotropic type-II sup
conductor provides therefore a direct measure of the in-pl
penetration depthl i and hence of the ratio of the superco
ducting condensate densityns to the effective massmi*

sFLL@ms21#57.0863104l i
22 ~nm!

52.51310221
me

mi*
ns~cm23!. ~3!

It is known that a nearly symmetric and Gaussian li
shape should be expected in polycrystalline samples du
random orientations of the grains of a superconductor w
strongly anisotropic properties and the variation of the m
netization in the grains,34 as it is in the present investigatio
~see Fig. 2!. The influence of unusual flux states, pinnin
and flux dynamics, however, cannot be directly gained~as
they can in single-crystal materials!, and these may induce
systematic uncertainties in the second moments^Dvm

2 & de-
rived from mSR data on polycrystalline samples. For e
ample, the vortex-core radii and thus the field distributions
the vortices may be strongly field and temperature depen
as it is known for the layered superconductor NbSe2 ~see

FIG. 2. Asymmetry versus time spectrum for Y2C2I2 recorded at
T53.0 K in an external field ofBext5150 mTdisplayed in a ro-
tating reference frame. The full line displays the fitA(t)5aexp
(2seff

2 t2)cos(̂v&t). The exponential decay of the asymmetry sign
Pm(t)5exp(2seff

2 t2) includes the effective depolarization rateseff .
The inset contains the real part of the Fourier transformFm(v) of
the time spectrum below. A fit of two Gaussian lines has be
applied in order to account for a background signal arising fr
muons which stop in the silver backing of the sample holde
('3% asymmetry!.
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14 472 PRB 62R. W. HENN et al.
Ref. 35!. These systematic uncertainties have been the re
for objections to the interpretation ofmSR data on polycrys-
talline samples by means of a simple Gaussian analys36

Therefore we emphasize that the quoted errors inl(0) only
relate to the statistical errors of the Gaussian analysis, an
not consider model-dependent uncertainties.

However, a systematic error in the second moment of
field distribution^DBloc

2 & andseff}^Dvm
2 & of 25% due to the

influence of pinning effects or unusual flux states, wou
induce a variation of only 7% in the resulting penetrati
depth values.29 Thus, despite all shortcomings mention
above, there is reasonable consistency between thes(0) and
l i(0) values that have been derived from TF-mSR experi-
ments on polycrystalline or single-crystalline samples
some cuprate superconductors.29,33,37

IV. RESULTS AND DISCUSSION

In all investigated carbide superconductors we obser
one distinct temperature dependent TF-mSR depolarization
rate which clearly proves the existence of a FLL over
total sample volume.

In the following, the experimental results of the TF-mSR
investigations are discussed. First, the field dependence
the depolarization ratessFLL of YC22d and Y2C2I2 recorded
at T52.1 K are compared. From an analysis ofs(T
52.1 K,Bext) data a field regime is found for which th
London limit holds and the evaluation ofl is reliable. The
subsequent measurements of the temperature dependen
the depolarization rates have been performed within th
field ranges. Thel(T) data are compared to results of pr
viousCP(T,B) investigations which reveal a strong electro
phonon coupling in the Y2C2X2 systems. From an extrapo
lation sFLL(T→0), the superconducting charge carri
densities are obtained. These results are discussed in
scheme of theTc vs sFLL(0)-plot which reveals a linea
relation of Tc and sFLL(T→0)}ns /mi* in the underdoped
regime of the high-Tc cuprates and other exoti
superconductors.10

A. The field dependence of the depolarization rate

Equation~2! has been shown to be only meaningful if th
external magnetic fieldBext is within a range where the sec
ond moments of the field distribution̂DBm

2 &}^vm
2 &}seff are

independent of the applied fieldBext, Refs. 11 and 33. The
dependence ofseff on Bext has been investigated in order
find a field range meeting the requirements of the Lond
model. Figure 3 displays the field dependencyseff for
samples of the YC22d and Y2C2I2 superconductors. Eac
data point has been obtained from a single time spect
Pm(t) which was recorded after cooling the sample in t
applied field from temperatures aboveTc to 2.1 K. Both
seff(T52.1 K,Bext) curves exhibit a cusp in the low-fiel
range. For the Y2C2I2 sample,seff(T52.1 K,Bext) increases
until reaching a maximum value of 1.17ms21 at Bext
'30 mT. AboveBext'80 mT the effective depolarizatio
becomes independent of the applied field. The situation
the YC22d superconductor is more complicated because
compound is very close to the type-I type-II transition38,14

(kGL'1) where nonmagnetic impurities and defects qua
on
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tatively affect the magnetic phenomena in the supercond
ing state. In the dirty limit (l !j) the reduction of the
normal-state mean free pathl due to defects reduces the c
herence length in the superconducting statejeff}Ajclean• l
and increases the critical fieldHc2}1/jeff

2 , Ref. 39. The crys-
tallographic characterization of our sample reveals a redu
c-lattice parameter~see Table I! indicating a carbon defi-
ciency. Also the reducedTc and the higher critical field
Bc2(T52.1K)'130 mT as compared to the results from t
clean limit sample14,38 give further evidence for the investi
gated yttrium dicarbide sample to be in the dirty limit~Fig.
3!. According to theseff(Bext) dependence, the applied fiel
for the determination of the London penetration depthl(0)
for Y2C2X2 must be larger than 80 mT, while for YC22d a
reliable evaluation ofl(0) from Eq.~3! is not meaningful.

The low-field cusp inseff(B) was observed before fo
polycrystalline high-Tc superconductors.29 The cusp was
explained40 as due to a pinning-induced distortion of the flu
line lattice, which enhanceŝDBm

2 & and results in a highe
value for the depolarizationseff . The observation of such a
cusp at low magnetic fields implies that pinning effects a
weak and negligible at higher fields. This indicates the
sence of strong pinning centers, e.g. lattice distortions
impurity phases, and evidences the high-quality and str
tural homogeneity of the investigated Y2C2I2 sample.29

B. The temperature dependence of the depolarization rate

In order to evaluate the London penetration depth fr
the TF-mSR depolarization ratesseff , the nuclear contribu-
tions snuc were subtracted according to Eq.~1!. Above Tc ,
the internal field distribution is not affected by the FLL an
a temperature-independentmSR depolarization occurs due t
the magnetic field induced by nuclear moments. For Y2C2I2
and YC22d the temperature dependence ofsFLL(t)/sFLL(0)
is compared to the theoretical function of BCS theory

sFLL~ t !

sFLL~0!
5

1

12
] ln D~ t !

] ln t

, ~4!

FIG. 3. Dependence of the depolarization rateseff(T52.1 K)
on the applied magnetic field for Y2C2I2 ~circles! and YC22d ~dia-
monds!. The dashed lines were drawn to guide the eye. For Y2C2I2

the depolarization is nearly constant for external fields above
mT. In the case of YC22d no field regime satisfies the requiremen
of the London limit. The critical fieldBc2'130 mT of the investi-
gated YC22d sample is higher than that of a clean-limit sample~see
text!.
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PRB 62 14 473TRANSVERSE-FIELD MUON SPIN RELAXATION . . .
whereD(t) is the temperature dependence of the BCS-
width41 and t5T/Tc . Additionally, a power law

sFLL~ t !

sFLL~0!
512tn ~5!

has also been fitted to the data, wheren54 corresponds to
the two-fluid ~2FL! model.42

The sFLL(t)/sFLL(0) data are in qualitative agreeme
with the investigations of the specific-heat jump atTc . In the
case of YC22d , the data pass along the theoretical curve
the BCS model for weak electron-phonon coupling, and
fitted by a power law with a power ofn52.5. However, we
note that there is no applied magnetic field to hold the L
don limit for YC22d @and thus there is no simple relatio
betweensFLL and the London penetration depth as in E
~1!#. Nevertheless, the observedsFLL(t)/sFLL(0) data are in
fair agreement with BCS theory assuming asFLL}1/lpoly

2

relation ~see Fig. 4!.
For Y2C2I2, the power-law fit results in an exponent

n53.1, which is significantly enhanced with respect to th
of YC22d . Here, sFLL(t)/sFLL(0) data have larger value
than according to BCS theory and are shifted in the direc
of the 2FL model. The large value of the exponentn53.1
qualitatively indicates an enhanced electron-phonon coup
in Y2C2I2. The analysis ofsFLL(t)/sFLL(0) supports the the
heat-capacity data for both samples: According to the an
sis of the specific-heat jump atTc using thea model,43 the
gap width of YC2 amounts to a value ofa5D(0)/kBTc
51.82, which is close to the BCS value ofa51.79 and
indicates weak electron-phonon coupling for th
compound.17 On the other hand, a significantly increased g
width of a5D(0)/kBTc52.27 has been reported for Y2C2I2,
which implies strong electron-phonon coupling. In the co
text with the above results it should be mentioned that th
is a marked disagreement of thesFLL(t)/sFLL(0) depen-

FIG. 4. Temperature dependence of the normalized effec
muon depolarization rate taken at 150 and 15 mT for Y2C2I2 and
YC22d , respectively. For Y2C2I2 ~open circles! and YC22d ~open
squares! data were fitted to a power law 1-tn ~dashed lines! with
n53.1 and 2.5, respectively. Data are compared to BCS weak
pling ~dotted line! and 2FL model~full line! assuming asFLL

}1/lpoly
2 relation.
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dence between polycrystalline samples and single crysta
high-Tc cuprates, which has not yet been understood.29,44

The above results support s-wave symmetry of the super
ducting order parameter in all investigated compounds. F
conclusive evidence on the nature of the order parame
however, can only be gained from investigations on sin
crystals.

C. The London penetration depth

The London penetration depthsl(0) of the Y2C2X2 com-
pounds have been evaluated in the scope of London th
by extrapolating the low-temperature TF-mSR depolarization
sFLL(T→0). The values of the London penetration dept
which were taken from polycrystalline samples have be
deduced according to Eq.~1! and are compiled in Table II. In
the case of YC22d , the evaluation of the magnetic penetr
tion depth is not meaningful because there is no field ra
where the London limit applies~see Chap. IV A!. Thel(0)
values gained from the presentmSR experiments are in ex
cellent agreement with those which were reported from
analysis of the magnetization data for the same Y2C2X2
compounds.17 However, the accuracy of the presentl(0)
values is about one order of magnitude higher~the estimated
error about one order of magnitude lower! as for the magne-
tization measurements reported in Ref.17.

Investigations of the upper critical field of a Y2C2I2 crys-
tal yield an anisotropy ratio ofg5j i /j' 55.260.2. This
value is similar to that reported for fully oxygenated~slightly
overdoped! YBa2Cu3O72x , Ref. 45, and Eq.~2! may be
used in the case of Y2C2I2 in order to obtain the in-plane
component of the London penetration depthsl i 5257
63 nm. Withg'5.2, the out-of-plane value of the penetr
tion depth of Y2C2I2 amounts tol'51340650 nm.

D. The superconducting charge carrier density

The shielding currents of a superconductor penetrate
the length scale of the magnetic penetration depthl(0)
which is directly related to the superconducting condens
density ns(0)/m* for clean limit superconductors@see Eq.
~3!#. Uemuraet al. were the first to realize that the transitio
temperatures of the underdoped cuprates when plotted ve
the TF-mSR depolarization ratesFLL(T→0)}ns(0)/m* fall
on a common line.10 An explanation for this amazing finding
was proposed by Emeryet al.8 who suggested that phas
fluctuations of the order parameter in the superconduc
state become increasingly pronounced with decreasing

e

u-

TABLE II. Critical temperatures Tc , depolarization rate
sFLL(0), and absolute values for the London penetration dep
lpoly(T→0) which was calculated using Eq.~1!.

Tc sFLL(0) lpoly(0)
Compound ~K! (ms-1) ~nm!

Y2C2Br2 5.05 0.3560.02 55365
Y2C2Br0.5I1.5 11.6 0.2260.07 698610
Y2C2I2 9.97 1.0760.02 31763
YC2-d 3.85 1.2560.03 (810650) Ref. 46
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densate densitiesns(0) and suppress the superconducti
transition temperatures according toTc}ns(0)/mi* }sFLL(T
→0).

It was shown later that other unconventional superc
ductors also lie close to the Uemura line.10 Figure 5 displays
the low-Tc low sFLL(0) regime of theTc vs sFLL(0) plot.
Full triangles reflect the values for the present carbide su
conductors. While Y2C2Br2 and Y2C2Br0.5I1.5 are located
close to the Uemura line, Y2C2I2 deviates like the optima
and overdoped high-Tc superconductors.

The depolarization ratesFLL(T→0) and thus the super
conducting condensate density of Y2C2Br0.5I1.5 is somewhat
reduced with respect to that of Y2C2Br2. For the mixed halo-
gen compound Y2C2Br0.5I1.5, the different halogen atom
are randomly distributed throughout the halogen sites, wh
results in a distribution of the crystal potentials and may g
rise to localization effects. This may reduce the charge c
rier density in the normal state and also the condensate
sity in the superconducting state and shifts themSR depolar-
ization sFLL(T→0) to lower values than for the
corresponding compound without localization. Experimen
evidence for localization effects in the mixed halogen co
pound Y2C2Br22xIx were gained from investigations of th
temperature dependence of the electrical resistance.17 Also
sFLL(T→0) for the investigated YC22d sample is much
smaller than for other weak-coupling BCS superconduc
because the charge carrier density is likely limited by el
tron localization due to a reduction of the carbon conte
Therefore, thesFLL(T→0) data for YC22d which is inserted
in Fig. 5 must be regarded as a lower limit with respect
values expected for a clean limit YC2 sample.

FIG. 5. Superconducting transition temperature versussFLL(T
→0). The yttrium carbide superconductors are compared to o
exotic systems. The open symbols refer to results on BE
(BaxK12x)BiO3, and Chevrel superconductors~diamonds, squares
and circles, respectively; data were taken from Ref. 10!. The full
triangles present data for Y2C2Br2 , Y2C2I2 , Y2C2Br0.5I1.5, and
YC22d . In the case of YC22d the relation sFLL(T→0)
}ns(0)/m* is not valid and data for YC22d must be regarded as
lower limit for ns(0)/m* .
-

r-

h
e
r-
n-

l
-

rs
-
t.

o

In the Tc vs sFLL(0) plot the investigated carbide supe
conductors are located in the vicinity to Chevrel phases,
ganic BEDT, and BaxK12xBiO3 superconductors. The differ
ent values for the depolarization ratessFLL(T→0) in the
Y2C2Br22xIx series can be explained by a systematic cha
in N(eF): Recent investigations of the pressure dependen
of Tc in the Y2C2Br22xIx series support a rigid-band mod
where the Fermi energy shifts through a peak in the DOS
increasing the iodine contentx, see Ref. 26. The electroni
specific-heat contribution nearly doubles for Y2C2I2 with re-
spect to Y2C2Br2. This changes the charge carrier densit
in the normal state and thus the condensate densities in
superconducting state in the Y2C2Br22xIx series and cause
the observed increase ofsFLL(T→0).

V. SUMMARY

For all investigated carbide superconductors the recor
mSR spectra are well described by a single component re
ation function, proving the existence of a FLL over the ent
sample volume. The investigations of the field and tempe
ture dependences of the depolarization rates taken f
Y2C2I2 indicate weak pinning and high-k superconductivity
in agreement with results from magnetization data. F
YC22d which according to the reducedc-lattice parameter
~Table I! exhibits a carbon deficiency, no field regime sat
fies the requirements of the London model.

The temperature dependencessFLL(t)/sFLL(0) support
the results of the specific-heat investigations, namely,
YC2 exhibits a weak electron-phonon coupling while it
enhanced in Y2C2I2. The low temperature values of themSR
depolarization have been used to calculate the London p
etration depth for the Y2C2X2 superconductors. Moreover, i
the case of Y2C2I2 the in-plane and out-of-plane values
the London penetration depth were derived in context w
the anisotropy ratio of the upper critical field.

In the Tc vs sFLL(0) plot, the carbide materials lie clos
to the Chevrel phases, organic BEDT, and BaxK12xBiO3 su-
perconductors. Y2C2Br2 and Y2C2Br0.5I1.5 are located close
to the Uemura line. For these compounds, phase fluctuat
of the superconducting order parameter were considere
limit the superconducting transition temperatures. F
Y2C2Br0.5I1.5 and YC22d , defects and crystal inhomogene
ities reduce the normal-state charge carrier densities and
the superconducting condensate densities, which limits
observedsFLL(T→0) values.
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