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We characterize the superconducting state of the carbideg, WG_,Th,C,, and Y;_,CaC, (0<x
<0.3) by means of magnetization and specific-heat measurements.isY@ superconductor withl
=4.02(5) K. Partial substitution with Ca and Th, as well as doping with the strongly pair breaking Gd, reduces
the critical temperature. Isothermal magnetization measurements gim¥iCate a superconducting behavior
close to the type-I limit withB.,(0)=59(2) mT. Specific-heat data of ¥CY,gThy ,C,, and Yy C& 1C, are
analyzed in terms of weak-coupling BCS theory anddhmodel. The comparison with the model predictions
as well as the'?C/*C-isotope effect off, indicate excellent agreement with weak-coupling BCS theory for
YC,. A strong dependence of the superconducting properties on the carbon deficiency is observed. We
describe high-temperature annealing procedures to optimize the superconducting properties of theAlamples.
initio calculations of the electronic band structure using the tight-binding linear muffin-tin orbital atomic-
sphere approximation method are presented and the density of states at the Fermi energy is discussed in view
of the experimental Pauli susceptibilities and heat-capacity re$884.63-182807)06738-4

[. INTRODUCTION studied by measuring the Pauli susceptibility and the specific

heat of the conduction electrons. The experimentally deter-

Interest in the properties of superconducting lanthanoidnined electronic density of states at the Fermi energy is en-
carbides has recently increased due to the discovery of s@ar_;_‘?egt ?)Y -gh sul_bstltutlonf?utt_lowetr)g[dIbyt Ca SUbi“tUt'O”-
erconductivity with transition temperatures up to 23 K in ' '9ht-binding linéar muifin-tin orbital atomic-sphere ap-
Fhe Ni and P()j/-based borocarbidepfamﬂi‘é%an(? also be- proximation(TB-LMTO-ASA) calculations of the electronic

cause of the observation of superconductivit o band structure are presented and the electronic densities of
u vall up uctivity withup states at the Fermi energy are discussed in view of the ex-

11.6 K in layered rare-earth carbide halides. . perimental results and electron-phonon coupling parameters
Binary and quasibinary lanthanoid.if) carbides, espe- are derived. Our investigations reveal a strong influence of

cially Th substituted sesquicarbides of yttrium and lanthathe carbon deficiency on the superconducting properties of

num, Ln,C;,2 had attracted particular attention more than athe yttrium dicarbides. Special high-temperature annealing

decade prior to the discovery of superconducting cuprateprocedures were employed to optimize the superconducting

because their transition temperatures reached values closepmoperties of our samples.

those of niobium based15-type Nb;X compounds. Lan-

thanoid dicarbide&nC, (Ln=Y, La), which crystallize in a

the body-centered-tetragonal Ca€tructure typ& (see Fig.

1), exhibit lower transition temperatures. For example,
Giorgi et al. detected superconductivity in YLCat 3.88 Kt .
Apart from reports on the appearance of superconductivity, . B

however, to the best of our knowledge, further detailed in-

vestigations concerning the superconducting properties of

YC, have not been carried out sinte*® cV
Stimulated by the interest in the layered yttrium-carbide-

halide superconductofs! with crystal structures and chemi-

cal bonding properties closely related to those of the lantha-

noid dicarbides?'®we have carried out a detailed study of

the  superconducting properties of samples of

YC,, Y1_4Th,C,, and Y;_,CaC, (0<x=<0.3) hy

specific-heat and dc-magnetization measurenténtshe

analysis of the magnetization and specific-heat experiments

as well as of the"’C/*3C-isotope effect off ; of YC, reveals \ I,
that these compounds behave as nearly ideal weak-coupling —_——]——
BCS superconductors. Th and Ca substitution reddces

and the maximalT, is therefore observed for compounds
with the ideal composition of Y& FIG. 1. Perspective view of the crystal structure of y&long
The electronic properties in the normal state have beef0n10].
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Il. EXPERIMENTAL TABLE I. Technical data concerning the band-structure calcu-
lations (see text

A. Sample preparation

Pellets of abou 1l g of YC, and the Th-substituted s p d f S(Bohr radi)
yttrium-dicarbides(Y,Th)C, were prepared by arc-melting

- . - . - I i I i 3.743
stoichiometric quantities of coarse chips of yttrium metal | | . 1412
(Johnson Matthey Inc., 99.99%horium metalGoodfellow | ) ! '2 3
Inc., 99.5% and graphitg Deutsche Carbone, 99.99% a | ! (1)'825

| .

purified argon atmosphere:3C (Chemotrade, enrichment E2
99%) was purchased in form of an amorphous powder. After
melting the sample pellets were sealed in tantalum cruciblegins C, units bonded via &C triple bonds fc_c=120
and annealed in an induction furnace to temperatures bepm) in agreement with the formulation as &Fac;_ In a
tween 1200 and 2300 K. _ o ~ molecular view, all bondingp orbitals of the G unit are
CaC, was prepared from a mixture of distilled calcium fjjled and separated by a large energy gap from the empty,
(99.8%9 and a slight excess of graphite powder. The thor-antihonding=* and o* orbitals. The additional electron in
oughly mixed powders were pressed into a tantalum cruciblec, enters the lowest-lying=* orbitals which, together
and heated to 1400 K. The Ca-substituted samplegith the Y d states, form the conduction baht22
Y1-xC8C; (x<0.3) were prepared by heating a pressed The electronic structure of YCwas calculatedab initio
pellet of a mixture of appropriate amounts of powders ofysing the self-consistent TB-LMTO-ASA meth8YA local
YC; and CaG to 2000 K for several times followed by slow exchange-correlation potential was (&eahd all relativistic
cooling to room temperature. Qualitative and quantitativeeffects were included except for the spin-orbit coupling. The
chemical analysis confirmed the molar ratio of the constitu1 MTO method has been described fully elsew&fe and

ents. X-ray powder diffraction proved single-phase samplegye shall therefore only give some technical data of the cal-
which all crystallized in the body-centered-tetragonalcyations in Table I.

0 . . . .
CaC,-structure typé: In this table the inclusion of a partial wave~ angular
momentum O,p~1, and so opin the LMTO basis set is
B. Magnetization measurements indicated by anl (meaning low and an included partial

ave, which has been down folded is indicated byian
meaning intermediajeS is the sphere radius in atomic units
andE1 andE2 stand for interstitial spheres, which had to be

samples were sealed in quartz glass sample tubes designedqqerted in order that the volume of all spheres in the unit
give a negligible background signal. The sample tubes wer&€!l €guals the unit-cell volume. No overlap between two
filled with helium exchange gas to provide sufficient thermal@t0mic centered spheres exceeded 16% and the overlap be-
contact. Diamagnetic shieldirgero-field cooledzfc) sus- tween an atomic sphere and an interstitial sphere did not

ceptibility] and Meissner effedfield-cooled(fc) susceptibil-  €Xceed 18%. The interstitial spheres were located adthe
ity] were measured in external magnetic fields of 1 mT. + ¢/4 and 0.266D + c/3 equivalent positions, respectively.

The Pauli susceptibilities were determined from high-field TN€ SPhere radii and the positions of the interstitial spheres
(1 T<uoH<5 T) susceptibility measurements applying the WE'® determined by an automatic algorithm developed by

Honda-Owen extrapolation methiddo correct for ferromag- Krier et al=> We used 1063 irreducible points in all tetrahe-

netic impurities, a Curie-type correction for the susceptibilitydronhl('SpEl"CeI mt(ejgrflmorfg. _ |
of paramagnetic impurities and the correction for closed-l. T .ecﬁ CE a(;e eectroc;nc structurle a.I(I)ng. some ;ym;}netry
shell diamagnetism. ines in the body-centered tetragonal Brillouin zone is shown

in Fig. 2. The corresponding density of states is shown in
Fig. 3 and is in qualitatively good agreement with that of
Zhukov et al?® The energy bands may be understood using
The heat capacities,(T) were measured by a quasiadia- the orbital decoration techniqd@The two lowest bands at
batic heat pulse method in a vacuum calorimeter. Thearound—14 and—6 eV (Er=0 eV) are the bonding and
samples were mounted onto a sapphire platform with a thimntibonding combinations of the carbaenorbitals, respec-
layer of Apiezon-N grease. Powder samples were sealed utively. The bonding combination of the twm, and the two
der 1 bar®He exchange gas into Duran capsules with a flap, orbitals form the two degenerate bands frdmto Z
bottom face. around—3 eV, which split up in two bands away from this
The heat capacities of the adden@ample holder and symmetry line. The fifth band af is due to the bonding
Duran capsulewere determined in separate runs and subcombination of the tw@, orbitals. This hybridizes strongly
tracted. The absolute errors of thg(T) data for YC,  with the higher lying Yds,2_, orbitals and therefore contrib-
(sample 2a, 1.588)care of the order of 1% or better, while utes to the metal carbon bonding. All these bands are com-
they are somewhat larger for the data of the powder samplepletely filled and they therefore contain 10 of the 11 valence
electrons. The remaining electron is shared between the Y
Ill. ELECTRONIC STRUCTURE CALCULATIONS dy2_y2 orbitals, _which form a str_ongly dispersive band in
planes perpendicular to thedirection with a small electron
The colorless insulating calcium carbide, Ga€an be pocket aroundZ [ =(2#/a,0,0), not shown in Fig.|3and
considered as the prototype ionic carbide. Its structure coreombinations of Yd,,, dy,, antibonding Cp,, and anti-

Measurements of the dc-magnetizations were performe
with a superconducting quantum interference device magn
tometer(MPMS, Quantum Design The moisture sensitive

C. Specific-heat measurements
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lattice expansion induced by Th substitution is very small,
\ and it is estimated to redud®(Eg) by 0.7, 1.4, and 2.1 % for
x = 0.1, 0.2, and 0.3, respectively. For the calcium-
substituted compounds ;Y ,Ca.C,, N(Eg) is calculated to
be 0.34, 0.33, and 0.31 states eVspin * for x = 0.1, 0.2,
and 0.3, respectively.

IV. RESULTS AND DISCUSSION
A. Sample characterization

Table 1l compiles the crystallographic and the supercon-
ducting properties of our samples. A central result of our
investigation is the finding that the properties, and in particu-

B lar the superconducting critical temperature, depend very
sensitively on the carbon content of the samples. Proper heat
treatment(see below of the stoichiometric YG samples re-
sults in superconductors with a sharp transition and transition
temperatures up to 4.620.05 K (onset temperature, sample
2a). This temperature is somewhat higher than Theof
3.88 K reported previously for YEby Giorgi et al!! The
increased transition temperatures are observed only after
heating the samples to 2300 K followed by a subsequent
slow cooling to 1200 K at a rate of 50 K/h. For samples
treated in this way the lattice parametarandc are found to
\/\// be largest. Rapid cooling, even of stoichiometric ¥ C
samples, leads to a reductionif to ~ 3.86 K and a visible
decrease of the lattice parameters, as well. We attribute this
N observation to local carbon defects which are induced by
heating the samples to high temperatures and frozen in when
FIG. 2. Self-consistent energy band structure of ,y@long  suybsequently quenching the samples from 2300 K to room
some symmetry lines in the body-centered-tetragonal Bri”OUi”temperature. The carbon excess is assumed to precipitate at
zone. Z=2m/c (0,0,3, I'=(0,0,0), X=m/a (1,10, P=m/a  the poundaries between %C, grains.
(1,1a/c), andN=m/a (1,0.a/c). The zero of energy is at the |ientional reduction of the carbon contésamples 3 and
Fermi level. 4) leads to a rapid, almost linear, decreaseTgfwith the
) ) L ) carbon deficiency~ 0.1 K/% C (cf. Fig. 4), as well as a
bonding Cp, orbitals. The latter combination provides hop- yecrease of the lattice parameters, which is more pronounced
ping between the Y& planes, and the corresponding bandsgo, the ¢ axis. The lattice parameters therefore are a sensitive
consequently are strongly dispersive in thelirection. The  jnicator for the carbon content of the samples. The reduced
density of states perlforr_mjlla unit at the Fermi level isq4ih0n content, apparently, leads to a partial replacement of
N(Ep) =0.34 states eV" spin . Using a rigid-band picture ¢ ' sits by single C atoms as is also evidenced by a detailed

the densities for. the thorium substituted Compoundﬁnvestigation of the hydrolysis reaction of %C, showing
Y 1-xThC, are estimated to be 0.35, 0.38, and 0.40 state§,, increase of methane species in the hydrolysis

1 for x = 0.1, 0.2, and 0.3, respectively. The products3L

eV ! spin
veral A substitution of Y in YC, with Th or Ca results in com-
6 : - pounds which, up to 30% substitution, still exhibit the GaC
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9024 TH. GULDEN et al. 56

TABLE Il. Preparation conditions, lattice constardsand c, the superconducting transition temperatdig (onset temperature of
diamagnetic shieldingand the upper critical fiel&., of the investigated samples. A sign in the column labeled “slow cooled” indicates
that the sample was cooled down from 2300 to 1200 K at a rate of 50 K/h.

Sample Composition Preparation Slow cooled a (pm) c (pm) T. (K) B, (MT)
1 Y13c, arc melting + 366.35(5) 617.86(11) 3.855)

2a YC, arc melting + 366.38(3) 617.70(8) 4.025)

2b YC, arc melting + 366.44(5) 617.62(11) 3.994)

2c YC, arc melting + 3.955) 59(2)
2d YC, arc melting + 3.955) 60(2)
3 YCi g5 arc melting 366.372) 617.32(5) 3.8605)

4 YCi 1, arc melting 365.439) 611.51(15) 2.8510)

5 (Y0.01:Tho 09 Cs arc melting + 367.72(5) 619.38(13)  3.705)

6 (Yo.81Thp.19 Co arc melting + 369.18(5) 621.19(13 3.525)

7 (Yo.70Tho.30 C> arc melting + 370.56(4) 623.21(11) 3.435) 500(50)
8 (Yo.9Ca.10C> induction heating + 368.04(3) 619.27(12) 3.158) 300(50
9 (YosCa.20C> induction heating + 368.44(9) 619.89(12) 2.8210)

10 (Y0.71Ca 29 C> induction heating + 369.86(9) 620.27(17) 2.40(10)

structure. The lattice parameters closely follow Vegard's law Above 100 K the magnetic susceptibilities of all investi-
indicating a full assimilation of the dopants. All Th- or Ca- gated samples can be fitted very well to a modified Curie law
substituted samples consistently show lower superconductingee Fig. 6

transition temperatures in contrast to the,C4 system,

where replacement of Y by Th leads to a significant increase Xmo=C/T+ xo- 1
of T..® Substitution of magnetic rare-earth atoms like, e.g.,

Gd for Y in YC,, as well, induces a dramatic decreasd of The Curie termC/T accounts for magnetic impurities
(cf. Fig. 4. which were found to amount to 0.25% or less of s@n

The magnetic susceptibility measurements reveal a sharp 1/2 entities per formula unit. The temperature-independent
transition to superconductivity with T,/ T,~ 1-2 % for all  part, xo, represents the sum of the conduction electron para-
samples. The diamagnetic shielding is complete while thénagnetism(*Pauli susceptibility”) xp,,; and of the diamag-
Meissner-effect fraction typically is found between 10 andnetism of the closed sheljgy;,:

70 %, depending on the annealing conditigas Fig. 5).
X0= Xpaulit Xdia- (2

B. Isotope effect . i
Xdia Was calculated using the increments for the

The shift of the superconducting transition temperature oparticular ions¥ Y 3*:—12x10 % emumol’?, Ca?*: -8
YC, induced through the replacement of the natural mixturex 10-6 emumorl %, and TH*:—20x 10 ® emumol L. For
of C isotopeq98.9% °C) by isotopically enriched*C was
studied on two samples which showed lattice parameters

which within error bars were identical to those of thég, 0.0 4o - ——s Lounns
samples. The”C/*3C isotope effect o, of YC, amounts [ f s
to (cf. inset Fig. 5 -05 | 02 5 1 1
AT,=—0.172) K ERN .
¢ ' ' NqE> 10 | 31:8 39 4fo o 5
which corresponds to an isotope exponent of ° cesccoes LI
= 15} fc ]
a=0.517) = : o i
in very good agreement with the prediction of weak-coupling 20 [ . . . g
BCS theory. 20 25 30 35 40
T (K)

C. Pauli susceptibility
FIG. 5. Magnetic susceptibility of a well-crystallized sample of

Figure 6 displays the molar susceptibility yc, . (sample 3 which was annealed at 2300 K. Diamagnetic
Xmol(T, moH—) for YC 1 g5 (sample 3 which is typical for  shielding(zfc) was measured after zero-field cooling and the Meiss-
all samples under investigation. Each data point was oObner effect(fc) by cooling in a field of 1 mT. The inset shows the
tained from the extrapolationg,H—<, of a set of field- onset of diamagnetic shieldingfc susceptibility for a sample of
dependent magnetic-susceptibility measurements carried owC, (sample 2) (®) and for Y*°C, (sample 1 (#) on an en-
at constant temperatuféionda-Owen methdd). larged scale.
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TABLE Ill. Temperature-independent susceptibilities extracted from the fit of Bdo the experimental
data. Diamagnetic susceptibilities, calculated Pauli susceptibilities and extracted density oNé&Eigs
An asterisk indicates that the measured temperature-independent susceptibility has been corrected for the
diamagnetic susceptibility of the graphite impurities.

Sample Composition X0 Xdia XPauli N(Eg) Graphite impurity
(107 % emu mol ) (ev~tspint fu."1) (mol %)

2b YC, 12.25) —-18.5 31 0.48

2c YC, 141)* —-18.5 33 0.51 9.4

2d YC, 16(2)* —-18.5 33 0.53 15.6

3 YCyes 11.65 -182 30 0.47

5 (YoorThoodC,  12.65)* —195 32 0.50 2.6

6 (YosTho1dC, 11.65)* —20.6 32 0.50 2.9

7 (YosThosdC,  16.65)* -21.8 38 0.58 1.2

8 (YooCa10C, 11  —181 19 0.30

C3~ the increment was calculated according to Pascal'SA band-structure calculations show that the electronic
method to—6.5x 108 emumol .3 Samples B, 2c, 2d, density of states intersects the Fermi level with a positive
5, 6, and 7(cf. Table I1l) were prepared with a slight surplus slope (cf. Fig. 3. In a rigid-band model an increase of the
of carbon which we expect to precipitate in the preparatiomumber of valence electrons therefore is expected to raise the
process as graphite impurities at grain boundaries. Th&ermi energy and to cause an increase of the electronic den-
graphite contribution tgyp,,; Was taken into consideration sity of states and ofp,,;. Figure 7 displays the dependence
when evaluating the Pauli susceptibility by using a diamag-of the Pauli susceptibility on the valence electron number per
netic susceptibility of—90x 10°% emumol! for polycrys-  metal atom indicating the growth gfs,; With that number,

talline graphite** however with different slopes for the Ca- and Th-substituted
From xpaui the electronic densitN(Eg), at the Fermi samples. Interestingly]; is maximized for three valence

energyE: may be obtained from electrons per metal atom and falls off when reducing or rais-

ing the number of valence electrons. The Pauli susceptibili-

N(EF)X:XPaU,i/Z,ué_ (3) tiesindicate a density of states at the Fermi level of about 0.5

eV~ ! spin ! f.u.”! which is about 50% larger than the val-

The Pauli susceptibilities fall in a range of 19 to 38 ues obtained from the band-structure calculations. This dis-
% 10~ ® emumol ! for the different compounds and exhibit a crepancy indicates some exchange enhancement of the elec-
clear dependence on the Th or Ca substitution with the terironic susceptibility which will be discussed in detail below
dency to increase with growing Th content and to decreastogether with the Sommerfeld coefficients extracted from the
when replacing Y by Ca. This observation is in good agreelow-temperature specific-heat measurements and the results
ment with the results of the band-structure calculations. Subef the band-structure calculations.
stitution with Th in the oxidation state+#4 raises the number
of valence electrons per metal atom to values above 3 pe

metal atom, while Ca substitutiofpxidation state Z) re- ] 40
duces the valence electron count below 3. The TB-LMTO- 4.0 - - 432
30 =
S
35 + e S 480
> 3
25 1 {30 %, ;
—_ & [
T < 30t 3 288
5 = 5 =
E 20 ] 9'_ N
g 25 126
= —4 20
£15 -
20 - 124
| L L 1 N L 1
10 : ' 2.7 3.0 33
0 5 10 15
1000/T (K) VE/metal atom
FIG. 6. Magnetic susceptibility of YECq5 (sample 3 between FIG. 7. Variation of T, (@), the Pauli susceptibilityp,; (H),

room temperature and 80 K. The fit with a modified Curie [&4. and the Sommerfeld coefficient (A) with the valence electron
(1)] is indicated by the full line. count(VE) per metal atom. Lines are guides for the eye.
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50 FIG. 10. Specific-heat capacity, /T vs T2 of YC, (sample
0H (mT) 2a).

FIG. 8. Isothermal magnetic polarizatial{B) of a spherical using BCS weak-coupling predictions. An upper limit for
sample of YG (sample Z). B.1(T) was estimated from the deviation of tA€B) curves
from the initial linear increase.

The coherence length and the penetration depth in the

The isothermal magnetization was determined on golycrystalline average amount tY=740(50) A and
spherical sample of YE(2c). In Fig. 8 the negative polar- \2Y=810(50) A, respectively.
ization —J(B) is plotted for temperatures between 2 and 4
K. The shape of these curves reflect the demagnetization due
to the spherical sample geometry as is expected for a type-|
superconductor with fully reversible magnetization. How- The specific-heat capacity of YC(sample 2, bulk) is
ever, the polarization curves are irreversible once they devishown in Fig. 10 in &,/T vs T2 representation. Data sets
ated from the initial linear low-field increase. This behavior measured in zero fleld and in a field of 0.4 T are displayed.
clearly indicates flux penetration in the Shubnikov phase of & he lattice and electronic contribution of the normal-state
type-ll superconductor. specific heat, y up to~ 9 K are very precisely described

The analysis of the polarization curves within the scope oby ¢, n(T)=ynT+ BT2 with yy=2.782(5) mJ/mol K and
Ginzburg-Landau (GL) theory vyields the characteristic B equivalent to an initial Debye temperatuf®y(0) of
lengths and critical fields. The GL parameter was determined181) K. The fit with the parametery and 8 is given in
from the slopes of the thermodynamic critical fielB.{,) Fig. 10. The parameters of this and the following fits are
and the upper critical fieldH,) nearT, (Fig. 9 according listed in Table IV.

D. Magnetization

E. Specific heat

to Figure 11 displays the differenckc, between the spe-
cific heats of the superconducting and the normal state
1 [ B ldT (Acp=cps—Cpn) for sample &. The differenceAc, is
K= E( m) (4)  fully described by the thermodynamic free enthalp® of a
cth T, superconductor. The electronic specific haat,(T/T,) of a

_ _ weak-coupling BCS-superconductor has been calculated by
and amounts ta=1.0715). This value is close to the type- \ihischlegef® The jump at the transitioA c,(T,) amounts
I-type-Il limit of 1/y/2. The zero-temperature critical fields 1.4261y\T..

Bc2(0)=59(2) mT andB(0)=33(2) mT were calculated | the upper panel of Fig. 11 we show a fit of this BCS
I . model of the specific heat to our data At . In order to

60 [ 3 model the data near the slightly smeared transition a Gauss-
ian distribution of the transition temperatures was included.

50 The parameters of the fit afie,, the width of the transition
40 [ AT./T., and the electronic coefficients. We obtainT,
'g =3.840(1) K, AT /T.=0.713)%, and ys=2.790(5)
= 30 | mJ/mol K2. The small transition width indicates good sample
=20 [ homogeneity, especially it indicates that there are only slight
10k variations of the local carbon stoichiometry. A comparison

of ys with yy shows excellent agreemefalifference 0.3%

The plot, however, reveals small systematic differences of
the BCS fit. The model predicts too low values in the range
0.82—0.95T. and too high values fof <0.82T...

A model for the thermodynamic properties of a supercon-
FIG. 9. Lower B.;), upper B.,), and thermodynamicaB,)  ductor with BCS-like Cooper pairing and variable electron-
critical fields of YC, (sample 2). The full lines indicate a fit with phonon coupling strength was suggested by Padamsee

a parabolic law. et al3® In this model(alpha-model the ratio of the width of
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TABLE IV. Parameters of the fits of models to the specific hgabf YC, in the normal-metallic B
>B.,) and in the superconductin@®&0) state. BCS denotes a fit with a weak-coupling BCS madel fit
with the « model.

Sample Composition Fit T AT, Vs YN 05(0)
(K) (%) (mJ/mol K?) (K)
2a YC, BCS 3.8401)  0.7703) 2.7905) 2.7825) 418
a=1.82(1) 3.882) 1.000) 2.671) 2.7825) 418
2b YC, BCS 3.82%8) 0.6219 2.734)
6 Y 0.81Tho 16Co BCS 3.58%5  0.7308)  3.193) 3.234) 368
a=1.87(4) 3.583) 1.1 2.955) 3.234) 368
8 Y 0.0C% .12 BCS 2.9947) 1.0 2.434) 2.822) 427

«=1.83(2) 3.000) 152 2.4004) 2.822) 427

the gap at the Fermi level at zero temperatuse Substituted sample is increased by 16% with respect to the
=A(0)/kgT, is used to parametrize the specific heat, . value for YC,, the yy of the Ca-substituted sample is, within
In the lower panel of Fig. 11 we display a fit with this model. error, the same as in the unsubstituted compound. The pa-
The free parameters alle,, AT, /T, ys, anda. We obtain ~ rameters for the fits on these two samples are also given in
values forT, andAT,/T, very similar to those of the BCS Table IV.
model, while theys is slightly smallef2.671) mJ/mol K2]. The initial Debye temperaturésp(0) for the Th- and the
The ratio ofys/yy deviated now 4% from unity. For the gap Ca-substituted sample are 368 and 427 K, respectively. They
parameter we findr = 1.821); a value very close to the are in good accordance with the values calculated from a
weak-coupling BCS limit ofxgcs=1.764. scaling of ©p(0) = 418 K of YC, with the ratio

The specific heats of a sample in which 20% of the yt-\Mvc,/My,thcac, Of the molar massesVl, of the indi-
trium has been substituted by thoriuYi g gThg 5C,, sSample  vidual compounds.
6), and of a 10% calcium substituted sample A fit of the « model to the data of the Th- and Ca-
(Y 0.oC& 1C,, sample 8 are shown in Fig. 12 again in a substituted sampleé6 and 8 reveals a slightly enhanced
Acy,(T) representation. As described above, both substituparameter indicating a tendency to an increased electron-
tions lowerT.. The effect on the electronic specific heat, phonon coupling. However, the quality of thec,(T) data
however, is different. While the coefficienty for the Th-  of these samples is not sufficient to unambiguously distin-

guish the BCS fit from the fit (cf. Table IV). The Sommer-

- feld coefficients extracted from these fits nicely follow a lin-
[ 1 ear relationship over the valence electron colht Fig. 7)
12 - — Bcs (@ 7 which is similar to the Pauli susceptibilities.

F. Electronic properties

In this section we discuss relevant electronic parameters
as they can be derived from the results of the specific heat
and susceptibility measurements.

Ac, (md/mol K)
(=]
T
!

O I T LA B | T T
L A I T TN P B 16 | E
T UL AL UL BLELRLELE BLRLRL B 4
:. — ° YO.BThO.ZC2
A 12 ' — g-model by ] o 2r Y,.Ca, C, i
o L 1 < |
5 o ] 2
£ 5 8r
2 L o 4 |
2 3 C - < L )
0 b 0=
T N U I WP I L L L
20 25 30 35 40 45 1.5 2.0 2.5 3.0 3.5 4.0
T (K) T(K)
FIG. 11. DifferenceAcy(T) of the specific heats of YL FIG. 12. Difference Acy(T) of the specific heats of

(sample 2) in the superconducting and the normal state. Fits of theY ; g;Thy 14C, and Y oCa 1dC, (Samples 6 and 8, respectivein
BCS model and thee model are given by the full line&letails see the superconducting and the normal state. Fits ofdhmodel are
text). given by the linegdetails see text
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TABLE V. Compilation of the density of states at the Fermi The reduction ofT . induced by Th substitution clearly con-
energy as calculated from the band-structure calculationgrasts the behavior of yttrium sesquicarbide, YTh,C,
[N(Ef)es], from the Pauli susceptibilitiefN(Eg),] and from the  where a maximun,, of 17 K for a formal charge-4.5 of
measured electronic specific th(EF)‘yexp]' Aot fepresents the  the C, unit is reached for the compoundoyThO_ch%.13’39

total enhancement of the electronic specific isae Eq(4)], Ay It is particularly interesting to note, that the reduction of
is the electron-phonon coupling constant calculated from the Mc--|—C is significantly more pronounced in case of Ca than in
Millan equation, andJ the Stoner enhancement factor. case of Th substitutiofcf. Fig. 7). A clue to understand this

difference may come from our findings in the layered
Y ,Br,C, systent® Intercalation of Nabetweenthe layers
eV~ spin ! fu."Y leading to the injection of electrons into the layers is accom-
panied by an increase af.. An equivalent addition of elec-
(YoeiTho19C,  0.38 0.67 050 0.76 0.51 0.24 trons due to a substitution of Y by Thmside the layers,
YC, 0.34 0.58 050 0.71 0.55 0.32 however, leads to a decreaselgf. The expected increase of
(YoolC10C,  0.34 0.51 029 050 052~0 T, through raising the Fermi level, apparently, is overcom-
pensated by a decrease Bf through introducing disorder

_ . _ inside the layers in the latter case. The substitution of Y by
The electronic specific heat may be enhanced over its bargy, i, YC, results in a similar decrease . which, how-

value by electron-phonon coupling and by electronic correg,qr s jess pronounced than in case of Ca substitution
lations. The enhancement factog, contains the total mass \ypare poth the decrease of the Fermi level and disorder
enhancement due to both contributions and is defined by |4\ ar T.. Obviously, substitution of ¢ units by single C

— 4_ . . .
—(14+\ 5 atoms(replacement of (2 by C*7) introduces rather simi-
Yer~( o0 Y85 ® lar changes to the system as replaciny Yoy Ca2* causing

with ygs being the “bare” Sommerfeld coefficient which is g rather identical response of the system with respedt.to
related to the calculated electronic density of stié€Br)ss  (cf. Fig. 4.

at the Fermi energy via

Composition  N(Eg)gs N(EF)vexp N(Ep)y Aot Awm U

2
- _WzkéN(EF)BS- (6) V. SUMMARY AND CONCLUSIONS

73
In summary, the compound Y.L and its Th/Ca-

Using the McMillan equation an estimate of the electron-substituted variants represent a set of interesting supercon-
phonon coupling parametan,, from the measured critical ductors. The results of our extensive experiments unambigu-
temperatured; and the Debye temperatures can be nmi#de. ously prove bulk superconductivity in all investigated
With a pseudopotentiap* ~0.13 we arrive at electron- compounds. The modeling of the thermodynamic properties
phonon coupling parameters of about 0.5 and almost neeveals almost ideal BCS-type behavior in the weak-coupling
variation over the three investigated samples. All results arémit. The carbon isotope effect on tHe investigated for the
compiled in Table V together with the density of states ob-compound YG is in best agreement with this conclusion.
tained from the TB-LMTO-ASA band-structure calculations The analysis of the magnetization curves yields Ginzburg-
and the density of stated(Eg), calculated from the Pauli Landau parameters slightly above the limit of/2/ (type-II
susceptibilities according to E3). superconductgr

The enhancement factay,, is about 40% larger than the Most intriguing are the results of the Th- and Ca-
electron-phonon coupling constants estimated from the Mcsubstitution experiments: While the Sommerfeld coefficients
Millan equation pointing to some enhancement by electroni®f the electronic specific heat, the Pauli susceptibilities, and
correlations. Enhancement by electronic correlations is athe Debye temperatures show a monotonic behavior as func-
well indicated by the Stoner parametémwhich was deduced tion of the electron concentratioii, exhibits an extremum.
from the comparison of the experimental Pauli susceptibili-The maximum transition temperature in the system
ties and the bare Pauli susceptibilities calculated from thgy, Th/CaC, is observed close to a valence electron number

TB-LMTO density of states according to E@) of 3 per metal atom viz. for the stochiometric compound
exp YC,. We ascribe the appearance of this maximum to a com-
Xpaui= Xpauil (1—U). (7) " plex interplay of the degree of electronic filling and disorder

. . due to the substitution of Y with Ca and Th atoms.
In contrast to the behavior &fyy , Aiot, @andU vary with

the number of valence electrons donated by the metal atoms
to the G, units. A\, increases with increasing number of
valence electrons whild shows a maximum at Yg&like the
superconducting transition temperature. The origin of this We thank E. Braher, R. Eger, C. Hochrathner, K. Ripka,
behavior is not clear at present. and N. Rollbinler for experimental assistance. Valuable dis-

Finally, we briefly discuss the variation @f, induced by cussions with E. Gmelin, Hj. Mattausch, and E. H. Brandt
substitution of Ca or Th which both lead to a decreas€.of are gratefully acknowledged.
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