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Effects of La substitution on the superconducting state of CeColg
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We report the effects of La substitution on the superconducting state of the heavy-fermion superconductor
CeColny, as seen in transport and magnetization measurements. As opposed to the case of conventional
superconductors, pair breaking by nonmagnetic La results in the depressigrandl indicates a strong gap
anisotropy. The upper critical field., values decrease with increased La concentration, but the critical field
anisotropy,y=HZ,/HS,, does not change in ¢eLa,Colns (x=0-0.15). The electronic system is in the

clean limit for all values ok.
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[. INTRODUCTION centrated HCI for several hours followed by a thorough rins-
ing in ethanol. All samples obtained with this process
The study of heavy fermion superconductors over the pasthowed no signs of free In contamination. Powder x-ray pat-
two decades has shown an abundance of new phenometens showed that the samples crystallized in HoGosBaic-
that are associated with Cooper pair formatidn.particular, ~ ture without any additional peaks introduced by La alloying.
the competition between magnetic and superconducting inn addition, magnetization measurements provided a more
teractions among electrons near the Fermi surface has giveensitive test of the possible presence of magnetically or-
rise to unconventional superconductivifyand raised specu- dered second phases. Both as grown and etched samples
lations that the spin pairing might be mediated by magnetishowed no sign of an antiferromagnetic transition of Geln
interaction’ Research in the field has been associated wittElectrical contacts were made with Epotek-H20E silver ep-
difficulties in sample preparation, sample to sample variaoxy. In-plane resistivity was measured in Quantum Design
tion, experimental conditions and ultimately in the number ofMPMS and PPMS measurement systems from 0.35 to 300 K
examples where relevant physical phenomena can be oland in fields up to 90 kOe applied parallel and perpendicular
served in a clean form. The recently discovered@®  to thec axis. There is an uncertainty in the nominal resistiv-
family (M =1Ir, Rh, Co of heavy-fermion superconductors ity values associated with sample geometry due to the un-
encapsulates many important aspects of physics in this clasyen surfaces of etched samples. We measured several
of materials. CeRhi(Ref. 5 superconducts under applied samples for each concentration in order to reduce the mea-
pressures above 17 kbar with around 2 K whereas Celdn  surement error, which allowed us to estimate uncertainties in
(Ref. 6 and CeColg (Ref. 7 are ambient pressure super- nominal values as well. The dimensions of the samples were
conductors. CeColoffers a clean example of ambient pres- measured by a high-precision optical microscope with
sure heavy-fermion superconductivity with a remarkablyl0 um resolution and average values are presented. Ran-
high T,=2.3 K. The intriguing properties of CeCalifed to ~ domly chosen samples within each batch had no difference
the speculation that it may exhibit d-wave intheirR(T) curves. Magnetization measurements were per-
superconductivitf;?® and the  Fulde-Ferrel-Larkin- formed in MPMS-7 Quantum Design magnetometer in the
Ovchinnikov state in high magnetic fiel#sin order to have magnetic field of 10 kOe, applied parallel and perpendicular
more insight into the nature of CeCglwe perturbed its 1o C axis.
superconducting state by substituting La onto the Ce site. For
the purpose of comparing the influence of magnetic and non- IIl. RESULTS
magnetic pair breaking oi. suppression, we also substi-
tuted 5% of Nd on Ce site. We find that the anisotropy in the The results of powder x-ray diffraction measurement
upper critical field does not change in the whole concentrataken at room temperature are summarized in Table | and
tion range and that the decrease Tof with increased La shown in Fig. 1, together with the unit-cell volume of
doping cannot be explained solely with the pressure effectsaColns. As expected, the La-doped samples have a larger
due to the unit-cell expansion. In addition, our results presengnit-cell volume. The volume increase in the concentration
evidence for an anisotropic order parameter in Cegoln rangex=0-0.175 is consistent with the expansion of the
unit cell as La substitutes Ce in accordance with Vegard’s
law.
Figure 2 shows the magnetic susceptibility for
Single crystals of Ce_ ,La,Colns were grown by the self- Cey od\Ndy oC0Irs, Cq gdag 1£C0INg, and CeColg, taken in
flux method in a manner previously describe@urity of  the applied field of 10 kOe. In the whole temperature range
starting elementgin atomic percentwas: Ce: 99.86, La: aboveT., the substitution of magnetic €& by nonmagnetic
99.8, Nd: 96.9, Co: 99.99, In: 99.999. Crystals grew as thirLa®" reduces the susceptibility values in the La-doped
plates with thec axis perpendicular to the plate. Removal of sample when compared with undoped CeGoomparison
excess In from the surface was performed by etching in conef high-temperature moments through Curie-Weiss analysis

Il. EXPERIMENT
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TABLE I. Properties of Ce_,La,Colns doping seriesT, lattice parameters, unit-cell voluméfk;z(T), calculatedH .»,(0) from WHH
model and approximate chemical pressBig.micaidue to La alloying. Final row: properties of £&Nd, o<Colns.

X T, (K) a(A)(£0.007 A) c(A)(+0.007 A) V(A)3 dH, Heoo (0)(kO€) Penemicar (Kbar)
- d_T (kOe/K)

0 2.3 4.613 7.542 160.490.4 240@),110() 370(),170() 0

0.02 2.0 4.613 7.551 160.69.53 170-23(a),86+3(c) 235(@),119() -0.6

0.05 1.68 4.614 7.551 160.7®.2 190-19(a),95+7(c) 214(a),107() -1.1

0.075 1.31 4.615 7.551 160.869.23 207-27(a),98=2(c)  188(a),89(c) ~15

0.1 1.22 4.615 7.557 160.90.35 -2

0.125 0.86 4.623 7.546 161.2D.1 -3.1

0.15 0.78 4.619 7.563 161.39.4 236-27(a),103-2(c) 127(a),55(c) -35

0.175 - 4.619 7.567 161.480.1

1.0 - 4.638 7.612 163.7240.1

0.05(Nd) 2.0 4.601 7.546 160.370.3 0.5

of the polycrystalline susceptibility average at high temperadepopulation of crystalline electric field levéfsWe observe
tures shows that approximately 14% of the Ce ions were decrease of 5, for higher La concentrationgFig. 3(a)
substituted with La. Low-temperature magnetic susceptibilinsef. At low temperatures, there is a clear suppressioh.of
ity of Ceygd-a914C0Ins does not reveal any difference in as more Ce ions are replaced by [lFg. 3(b)]. The increase
Curie tail from the pure material, thus ruling out Kondo-hole of the normal state residual resistivipy is probably due to a
interpretation of La dilution(Fig. 2 inseL.'® We also see disorder that contributes to an increased conduction electron
broadening of the plateaulike feature iny, in  scattering. On the other hand, the resistive transition width
Cey ga-ap 1:C0Ins ascribed to thermal depopulation of Cef4  sharpens with La alloying. It is interesting to note that
levels. On the other hand, Nd impurities contribute to a proCe, _,La,Colngs is not in the well-defined Fermi liquid re-
nounced Curie tail at low temperatures. Subtraction of maggime aboveT.. The p(T) curves abovel, do not show
netic susceptibility of CeColfrom Ce ogNd, gsColIns inthe  signs of T? dependence, as it has been reported for
normal state below 10 K is consistent with approximatelyCeCySi,.}* Depression ofT, in CeColn, seems to scale
8% of Nd** paramagnetic moment, a result close to nominalwith the p, values for both magnetic and nonmagnetic dop-
stoichiometric value and within rough approximation of ourants, as seen by a comparison of th¢T) data of

analysis. Cey o\Ndy oColng with Ce, od a5 o L0INs.
Temperature-dependent electrical resistivities normalized Figure 4 shows the anisotropic upper critical field for

to their value at 300 K for Ce,LaColns and Ce _,lLaColn, normalized to the transition temperature in
Cey ogNdy osColIns are presented in Fig.(8. There are sev- zero field for each value of (values forx=0 were taken
eral key features to notice. Resistivities of all samples argrom previous report, Ref. 35 The H,, data were deter-
weakly temperature dependent at high temperatures, anglined as a midpoint between onset of superconductivity and
they pass through a maximum as the temperature is deero resistivity fromp(T) curves at a constant field and
creased. This behavior is traditionally interpreted as a CrOS%(H) curves at a constant temperature_ Add|ng La impurities
over from incoherent Kondo scattering to coherent Blochresylts in a depression oM. The anisotropy y
states of heavy electrons in the Kondo lattice. In the case of
CeColny this drop, at least partially, could be attributed to a
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FIG. 1. Unit-cell volume of Ce ,La,Colns (x=0-0.175,1) (inse) shows pronounced Curie tail with 5% of Nd substitution but
shown together with unit-cell volume of ggNd, o<Colns . no difference for 15% La substitution.
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FIG. 3. (a) Electrical resistivityp normalized to its value at 300
K vs temperature for Ge ,La,Colns for x=0, 0.1 and 0.175T 4«
is shifted to lower temperatures with increased La substituiion

sed. (b) Low-temperature resistivity shows depressionTgfand
increase inpg.

=HZ,/HS,, however, remains at the same valueyef2 (in-
set in Fig. 4. Uncertainty in our estimate of decreases for
higher-field data, away froril =0 transition /T ~1).

Assuming that the Fermi surface properties of the dope

material do not change substantially in the dilute La litfit,

it is reasonable to assume an inverse proportionality betwe

p andl, and therefore values ¢f could be estimated from
po for the whole doping seried{=A/py) using the value of
constantA from reportedl, and p, values for a pure
material'” We obtainl ,~540A for CeColg without La im-
purities. Figure 5 shows the ratio of mean free phtho

H,,(kOe)

[ (Ce,,la,Coln) A9 b
——x=0 (a)------- x=0{c}

—0—x= 0.02(a) —8— x=0.02(c)
20 [ A— x=0.05(a) —A— x=0.05(c)
—v—x=0.075(a) —v— x=0.075{c}
—0—x=0.15(a) —— x=0.15(c)

0
0.0 0.2 04

FIG. 4. Anisotropy in the upper critical fieldH., for
Ce _,La,Colns (x=0-0.15). Inset shows value gf=HZ,/HZ, vs
T./T. (H=0) for varous La concentrations:=0.02 (circles, x
=0.05 (up triangle$, x=0.075 (down triangley x=0.15 (dia-
monds.
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FIG. 5. Ratio of mean free pail) to coherence length&f for
Ce,_,La,Colns. Electronic system is in the clean limit already at

T=T,./2 for La concentrationg=0-0.15.

in-plane superconducting coherence length [£%(T)
=dy/2mH,(T)] for Ce _,La,Colns obtained atT=T./2.
In the whole doping range the electronic system is in the
clean limit which could explain a nearly constant value of
Y= ngngz .

A comparison of the effects of La substitution @g in
CeColn, and CeCy,Si, is shown in Fig. 6 Doping results
in a depression off; in both cases but CeCgJns more
robust to pair breaking arising from La impurities. The initial
rate of T. suppression is smaller than the rate seen in
CeCuy ,Si,: [(0.056T.)/(1% of La substitutionin CeColn
ys (0.089.)/(1% of La substitution in CeGySi,) |. La dop-
ing in CeColn is associated with only a modest increase in
nominal residual resistivity valueg,, shown in the Fig. 6

en

inset. Thep, values forx=0 (~5 u{) cm) in our experi-
ment are in between values reported previously in the litera-
ture[3.1 uQ cm(Ref. 19 and~7 uQ cm (Ref. 19].

IV. DISCUSSION AND CONCLUSIONS

The slope oH ., vs T curve atT. can be used to estimate
zero-temperature orbital critical fieléH.,,(0) using the
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FIG. 6. Comparison of La doping oR, of CeColr; (this work)
and CeCy,Si, (Ref. 19. Inset shows increase irp, of
Ce, _,La,Colng caused by La substitution.
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weak-coupling formula for conventional superconductors innetic impurities, andv=1—(A)?/{A?) characterizes the gap
Werthamer-Helfand-HohenberdWHH) model: H.,,(0) anisotropy,(- - -) stands for averaging over Fermi surface,
~0.TH/,(T)T..?° Table | shows estimates &f., nearT,  and ¢ is the digamma function. For a weak gap anisotropy,
for doped samples, together with the previously reportedhis result is due to Hohenbefd, see also later
value forx=0 for both crystalline direction$. All investi-  publications®®3! It can be shown that in fact Eq1) holds
gated samples have high initial slopes, as expected in th@r an arbitrary gap anisotropy.For isotropicA, =0, and
case of heavy-fermion superconducttd® Values of e come to Anderson’s theore,=T.o. For pured-wave
Hc20(0) decrease with introduction of La impuriti€$able  5rqer parameteA)=0, and Eq.(1) describes thel-pair
). The paramagnetic limiting fieldH p(o)_:Aolr“B\/E breaking by nonmagnetic scatterifghich differs from the
(where A is the energy gap af=0 and ug is the Bohr  Aprikosov-Gorkov result only by a factor of 2 in the defi-
magnetoi for pure CeColg (T,=2.3 K) is well below the  nition of the parametep,=#i/ 7Kg T ¢ i)
orbital Criti%"j}l field Hcp0(0) for either swave (AZ% To analyze theT.(x) data shown in Fig. 6, one has to
=3.5KgTo), or d_-wave pairing state£(0_=2.1_4<BT o). . relatex to the scattering time, a nontrivial connection. We
and our results indicate that this unusual situation is valid foty, iy yhis gifficulty by assuming that the residual resistivity
the investigated La-doping range. We note that the experi- . .
" : po is proportional to 1#. Further, we exclude paramefgg,
mental values of the upper critical field for £gla,Colns from Eqg.(1) by writing it for two values ofx and subtracting
(x=0-0.15) samples are most likely below the values ob—the resu.lts
tained by applying the WHH modéTable |, probably due '
to the polarization of the magnetic sublattice due to an en-
hanced internal field along both crystalline axes.
It has recently been reported thgtin CeColr increases
under applied pressuféNegative chemical pressure should T,
cause some decreaseTp. In the lack of better approxima- In—=«a
tion, we take bulk modulus of CeCgjo be the same as the
one for Celn (650 kbaj,?® and we calculate approximate

chemical pressure (Remica) for each La concentration us- \yhere T, ,=T.(x,,) and 3 is a constant to be determined.
ing —VodP/dV~650 kbar. The results are shown in Table Writing this equation for two different pairg, , one can

|. The depression off; oceurs at the rate OQTFMP~ determine the unknown and 3. This procedure yields val-
—0.43 K/kbar—a slope that is an order of magnitude larger

. ) ues scattered aroung=0.5 andB=0.2 K/u{) cm.
than reported for the increase ©f under hydrostatic pres- Hence, we finda=(A)%(A%~0.5 which implies a
sure. An order of magnitude difference from pure pressure -~ . K .
effect onT, is likely to exceed error in the estimation of bulk strqngly amsotroplc_gap_. Knovx_/mg the value 6f we _C‘?‘”_
modulus, and therefore points to the conclusion that the pair(?St'W|ate the sc_atterlng time using measy&ed reS|_st|V|t|es, for
breaking mechanisms that enter through disorder due to 1%=0 we obta|_n_ ™= ﬁ/ZWkB'B_p_'%l':%X 10°*% s. With the
alloying and increased scattering of Cooper pairs are domi€lectronic-specific-heat coefﬂuéﬁt?: 290 mJ/mol K we
nant in CeColg. In contrast to the conventional supercon- foughly estimate the Fermi velocityr= kg/e\y7po~2
ductors where nonmagnetic impurities have small effect o 10° cm/s. This would correspond to the mean-free gath
T., Cooper pairs formed in CeCajrare rather sensitive to ~260 A, a value smaller than expected but within a factor
La doping: 2% of La depressek, to the same value as of 2 of our determination of mean-free path which is reason-

1+ps
2

(1+M1
2

P12
= —= 2
}, M2 BTl,z' (2

~5% of Nd. able given the assumptions of average Fermi velocity and
The T, suppression induced by the nonmagnetic La subisotropic scattering.
stitution in Ce_,La,Colng is reminiscent of the pair- In summary, diamagnetic pair-breaking effect in CeGoln

breaking effect by magnetic impuritié5 Although various is consistent with the picture of a strongly anisotropic order
factors may suppres3. (an anisotropic scattering, for parameter. Anisotropy in the upper critical field/
examplé,2® we focus here on the scenario of CeGotaving =HZ2,/HS, does not change for x=(0-0.15) in
an anisotropic gap (kg) at the Fermi surface. This scenario Cé -«La,Colng, indicating an electronic system in the clean
is quite likely to occur given the unconventional nature in limit.
many heavy-fermion materials.

It is knowrf® that if A depends on the position at the
Fermi surface, the critical temperature is suppressed by non- ACKNOWLEDGMENTS

magnetic scattering according to
1
- l//( E) y M= m (1) . . .
kg 7T, lowa State University under Contract No. W-7405-82. This
work was supported by the Director for Energy Research,
Here T, is the critical temperature of the material in the Office of Basic Energy Sciences of the U.S. Department of
absence of all scattering,is the scattering time by nonmag- Energy.

We thank Joerg Schmalian and Doug Finnemore for use-
ful discussions and Hal Sailsbury for help with the optical
microscope. This work was carried out at Ames Laboratory,

Inhza y h which is operated for the U.S. Department of Energy by

Te

1+pu

2

054534-4



EFFECTS OF La SUBSTITUTION ON TH. .. PHYSICAL REVIEW B 66, 054534 (2002

17. Fisk, J.L. Sarrao, J.L. Smith, and J.D. Thompson, Proc. Natl. D. Aoki, H. Shishido, Y. Haga, and Y. Onuki, J. Phys. Soc. Jpn.

Acad. Sci. U.S.A92, 6663(1995. 70, 3362(2001).
2G. Bruls, D. Weber, B. Wolf, P. Thalmeir, B. Luthi, A. de Visser, 16C.S. Jee, B. Andraka, J.S. Kim, and G.R. Stewart, Phys. Rev. B
and A. Menovsky, Phys. Rev. Les5, 2294(1990. 43, 2656(1991).
*B.S. Shivaram, J.J. Gannon, and D.G. Hinks, Phys. Rev. 6&tt. 1R Movshovich, M. Jaime, J.D. Thompson, C. Petrovic, Z. Fisk,
. 1723(1989- o P. Pagliuso, and J.L. Sarrao, Phys. Rev. L&8.5152(2001).
K. Miyake, S. Schmitt-Rink, and C.M. Varma, Phys. Rev3& 18, Anplheim, M. Winkelmann, P. van Aken, C.D. Bredl, F. Steg-
6554 (1986.

s ) lich, and G.R. Stewart, J. Magn. Magn. Mat&6&77, 520
H. Hegger, C. Petrovic, E.G. Moshopolou, M.F. Hundley, J.L.

_ (1988.
(52%%30’ Z. Fisk, and J.D. Thompson, Phys. Rev. 8414986 19y, Nicklas, R. Borth, E. Lengyel, P.G. Pagliuso, J.L. Sarrao, V.A.

6 . . . . Sidorov, G. Sparn, F. Steglich, and J.D. Thompson, J. Phys.:
C. Petrovic, R. Movshovich, M. Jaime, P.G. Pagliuso, M.F. Hun- Condens. Matted.3, L905 (2001
glgeyés\ll.llz.zg,:];rao, Z. Fisk, and J.D. Thompson, Europhys. Lettooy R, Werthamer, E. Helfand, and P.C. Hohenberg, Phys. Rev.
7C. Petrovic, P.G. Pagliuso, M.F. Hundley, R. Movshovich, J'L'21slélll<7;e§25|f|19$6h?s;hido M. Nakashima. R. Settai. D. Aoki. Y. Haga
Sarrao, J.D. Thompson, Z. Fisk, and P. Monthoux, J. Phys.: Con- H H oo V. Aoki T N i H S,t : dY, O. i J .Ph 9a,
dens. Matterl3, L337 (2001). . Harima, Y. Aoki, T. Namiki, H. Sato, and Y. Onuki, J. Phys.
®Y. Kohori, Y. Yamato, Y. Iwamoto, T. Kohara, E.D. Bauer, Soc. Jpn70, 2248(2003.
M.B. Maple, and J.L. Sarrao, Phys. Rev. &4, 134526 T.P. Orlando, E.J. McNiff, S. Foner, and M.R. Beasley, Phys. Rev.

(2000). B 19, 4545(1979.

9N.J. Curro, B. Simovic, P.C. Hammel, P.G. Pagliuso, J.L. Sarrao>"U. Rauchschwalbe, W. Lieke, C.D. Bredl, F. Steglich, J. Aarts,
J.D. Thompson, and G.B. Martins, Phys. Rev.6B 180514 K.M. Martini, and A.C. Mota, Phys. Rev. Le#9, 1448(1982.
(2009). 24A M. Clogston, Phys. Rev. Let, 261(1962.

10K 1zawa, H. Yamaguchi, Y. Matsuda, H. Shishido, R. Settai, and®>M.J. Graf, S.-K. Yip, J.A. Sauls, and D. Rainer, Phys. ReG3
Y. Onuki, Phys. Rev. Lett87, 057002(2002). 15 147(1996.

TP Murphy, Donovan Hall, E.C. Palm, S.W. Tozer, C. Petrovic,2°G. Oomi, T. Kagayama, and J. Sakurai, J. Mater. Process. Tech-
Z. Fisk, R.G. Goodrich, P.G. Pagliuso, J.L. Sarrao, and J.D. nol. 85, 220(1999.
Thompson, Phys. Rev. B5, 100514R) (2002. 2TA.A. Abrikosov and L.P. Gorkov, Zh. Eksp. Teor. Fi9, 1781
123 M. Lawrence, T. Graf, M.F. Hundley, D. Mandrus, J.D. Thomp- (1960 [Sov. Phys. JETR2, 1243(1961)].
son, A. Lacerda, M.S. Torikachvili, J.L. Sarrao, and Z. Fisk, 22J. Schmaliar(private communication
Phys. Rev. B53, 12 559(1996. 29p_ Hohenberg, Zh. Eksp. Teor. Phy&, 1208(1963 [Sov. Phys.
Bp g, Pagliuso, N.J. Curro, N.O. Moreno, M.F. Hundley, J.D. Th- JETP18, 834(1964].
ompson, J.L. Sarrao, and Z. Fisk, Physic#t®be publisheyl 30D, Markowitz and L.P. Kadanoff, Phys. Rel31, 563 (1963.
4|, Sheikin, D. Braithwaite, J-P. Brison, W. Assmus, and J. Floquet**A.l. Posazhennikova and M.B. Sadovski, Pis'ma Zh. Eksp. Teor.
J. Low Temp. Phys118 113 (2000. Fiz. 63, 347 (1996 [JETP Lett.63, 358 (1996)].
15T, Muramatsu, N. Tateiwa, T. Kobayashi, K. Shimizu, K. Amaya, *2V. G. Kogan, Phys. Rev. B6, 020509R) (2002.

054534-5



