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Nonlocality and strong coupling in the heavy fermion superconductor CeColg:
A penetration depth study
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We report measurements of the magnetic penetration depith single crystals of CeColndown to
~0.14 K using a tunnel-diode-based, self-inductive technique at 28 MHz. While the in-plane penetration depth
tends to follow a power lawy ,~T%?, the data are better described as a crossover between liFedr() and
qguadratic T<T*) behavior, withT* the crossover temperature in the strong-coupling limit. Thexis
penetration depth, is linear inT. Both the magnitude of* and the different temperature dependencies in the
two directions rule out impurity effects, but instead indicate that the penetration depth is governed by nonlocal
electrodynamics in @-wave superconductor with line nodes along thaxis. This is experimental confirma-
tion of directional nonlocality, predicted theoretically by Kosztin and Leggett.
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The compounds QéIns (M=Co, Ir, Rh) have recently surements on a dirtier sampl&4=2.17 K) down to~0.2 K
been added to the heavy-fermion family, and have attracteghowed a nonexponential behavior, and the authors claimed
much interest due to their similarity with the cuprates: quasithat A(T)~T below 0.8 K& though the data clearly show
two-dimensional(2D) structure and proximity to magnetic some curvature in that temperature range. Further, the field
order! CeColn, in particular, is a good candidate for study: was applied along thab plane, so the shielding currents
its superconductivity is not sensitive to small changes imave both in-plane and interplane components. In this paper,
unit-cell volume or composition, unlike Ce€si,, and it has e present high-precision measurements of in-plapand
the highestT, (~2.3 K) among the heavy-fermion super- interplane\, penetration depths of CeCglat temperatures
conductors. CeColphas a tetragonal HoCoGarystal struc-  down to 0.14 K. We find thak, is best treated as a crossover
ture, consisting of alternating layers of Cgland “Coln,.”*  from ~T to ~T2 at a temperatur@*. Combined with the
de Haas-van Alphen data revealed that the Fermi surfag@sult thath, =T, this gives strong evidence for nonlocal
(FS is quasi-2D, with an open 2D undulating cylinder ex- behavior in ad-wave superconductor as predicted by Kosztin
tending along thg001] direction, as well as having large and Legget(KL).° This is direct evidence afionlocalityin
effective masses of electrofsNonetheless, the supercon- g-wave superconductors. This is an extremely significant re-
ducting properties are not very anisotropic. sult, providing experimental support for the well-known and

Recently, there has been mounting evidence for unconyidely mentioned KL nonlocal theory. It provides an entirely
ventional superconductivity in @&Ins. Specific-heat data different explanation, with totally different physics compared
reveal aT2 term at low temperature, consistent with the presto the impurity-scattering theory by Hirschfeld and
ence of line nodes in the superconducting energy ‘gapGoldenfeld™ of the frequently observed crossover from lin-
Thermal-conductivity measurements with in-plane appliedear to quadratic behavior in penetration depth measurements
field show fourfold symmetry, consistent with nodes alongof unconventional superconductors.
the (+ 7, =) positions> Nuclear quadrupole resonance Details of sample growth and characterization are de-
(NQR) measurements show that there is no Hebel-Slichtescribed in Refs. 1 and 11. Measurements were performed
peak just belowT,.® Below T, the spin susceptibility is utilizing a 28-MHz tunnel-diode oscillattf with a noise
suppressed, indicating singlet pairihgHowever, there are level of one part in 1®and low drift. The magnitude of the
some ambiguities in some of the measurements. Thermac field was estimated to be less than 5 mOe. The cryostat
conductivity data yield &3 low-temperature behavior that was surrounded by a bilayer Mumetal shield that reduced the
the authors claim is close t6° behavior predicted for un- dc field to less than 1 mOe. The sample was aligned inside
conventional superconductors with line nodes in the cleathe probing coil in two directions(i) the ab plane perpen-
limit. NQR measurements did not show the low- dicular to the rf field, measuring the in-plane penetration
temperature behavior of I{ that is expected for a line node depth\,, (screening currents in theb plane or (ii) with the
gap; instead 17, saturates below 0.3 RMicrowave mea- rf field parallel to the plane, giving a combination Xf, and
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T A A which renders this interpretation feasible, a decrease in the
Knight shift was observed only starting 8.’ We take the
latter to rule out a pseudogap mechanism.

Before considering other excitation processes, we note the
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o 2004'® important distinction betweeA\ (T), which is directly mea-
g o ™ sured, and the superfluid densifyp(T)=\%(0)/\?(T)]
= which can be inferred only with the knowledge)f0).* In

r the d-wave model, even ip varies strictly withT, i.e., p
: =1-aT/T,, the penetration depth is nonlineak(T)
: =N(0)[1+1/2(aT/T.)+3/8(aT/T)%+ ...]. Hence there
0l H is always a qqadr_atic component 7&ovv_hqse strength de-
pends oy, which in thed-wave model, is inversely propor-
, N tional todA(60)/d0|,.q4e, the angular slope of the energy gap
02 04 06 08 10 1.2 at the nodes® If p(T) is linear in T, there is no need to
T (K) invoke another mechanism.
To extract the in-plane superfluid density from our data,
FIG. 1. Low-temperature dependence of the in-plane penetratiojye need to know\ ,(0). For aquasi-2D superconductor
depthAA,(T). Lower inset shows\\,,(T) over the full tempera-  jith a cylindrical Fermi surface and the material parameters
ture range. Upper inset shqv&\,,('!’) VS T_l-5 in the temperature in Ref. 4,20 we obtain\,(0)= 2600 A, considerably larger
range(0.14-1.13 K. The solid line is a guide to the eye. than the experimentally obtained value of 190C° Ahis
along with a large heat-capacity jump®¢t leads us to con-

A, . The sample was mounted, using a small amount of Gkijder strong-coupling corrections as listed befdw?
varnish, on a rod made of nine thin 99.999% Ag wires em-
2 wo
In| —

bedded in Stycast 1266 epoxy. The other end of the rod was T,

thermally connected to the mixing chamber of an Oxford ncy(wo)=1+1.8 — -

Kelvinox 25 dilution refrigerator. The sample temperature is 0 ¢

monitored using a calibrated Ry@esistor at low tempera- T2

tures (T,56-1.8 K), and a calibrated Cernox thermometer at na(wo) =1+ 53(w_c) In(%) ; ®)
0 c
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higher temperature€l.3 K—2.5 K. We report data only for
T=0.14 K. The value ofT; was determined from magneti-

zation measurements to be 2.3 K, identical to the previously 7T\ ? g
reported valué. \/1Jr > [0-6”‘(1-_ _0-26}
The deviationAN(T)=X(T)-\(0.14 K) is proportional 7 (wg)= 9 < ; 3
to the change in resonant frequenkf(T), with the propor- 14 7TTC) 11 |,.<ﬂ 10.14
tionality factor G dependent on sample and coil geometries. Wo Te

For a square sample of sidev2 thickness @&, demagnetiza- . .
tion factor N, and volumeV, G is known to vary as each» represents the correction to the corresponding BCS

o _ _ (14 value. If we take the experimental value SE/yT.=4.51
V(\Bl)z]R;ﬁ:(t;n(,\',\/%\)/’_ 2d /V:/l\;(her(ies tﬁgD \elzvf/f({ei'gi\lle (1sa2nc11pl)le then Eq.(1) gives the chiracterist(equivalent Einstemfre-.
dimensiont® For our sample ®~0.73mm and @ quenlcywozg.l K ar_1d)\,,(0)=1500 A. I_—Iowever, P.etrowc
~0.09 mm. We determine@ from a single-crystal sample et al.” argued that _s_lnc€/T increases with decreasing tem-
of pure Al by fitting the Al data to extreme nonlocal expres- Perature, the specific-heat coefficienis temperature depen-
sions and then adjusting for relative sample dimensionsdent belowT.. This effect calls into question simple esti-
Testing this approach on a single crystal of Ph, we foundnates of strong-coupling corrections for CeGpIA better
good agreement with conventional BCS expressions. _estlmate is to usAC/AS, whereAS s the measured change

Figure 1 shows\\,(T) as a function of temperature. We 1N entropy of the sample fromi=0 to T.. Reference 1 then
see thath\ \ ,(T) varies strongly at low-temperatures, incon- 9ives AC/AS=2.5, so thatwo=17.9 K, resulting inAg®
sistent with the exponential behavior expected for isotropic=2.1kg T and Aj(0)=2000 A. On the other hand, the
swave superconductors. On the other hand, the variation igrger AC of Ref. 3 yieldsAC/AS=2.8 andwy=15.4 K,
not linear, but has an obvious upward curvature, unlike thdeading toA3°=2.2&gT, and\[%(0)=1900 A. These values
low-temperature behavior expected for pukevave super- of \j5(0) are close to that obtained by Ormeeipal 8
conductors. A fit of the low-temperature data to a variable Although we will argue that nonlocal effects are impor-
power law AN, (T)=a+bT" yields n=1.43+0.01 for tant, we will refer to{ \,,(0)/\;(T)]? as the “superfluid den-
sample 1 and 1.570.01 for sample 2. The upper inset of sity.” Figure 2 shows the calculated behavior of that quantity
Fig. 1 shows this approximaf€®? behavior for sample 1. using the three values of,(0) obtained above. We follow
Kosztin et al**~® proposed a theory that givesT&’? term  the procedure in Ref. 18 to compute the experimental super-
from the gradual evolution of the pseudogap ab®yéo the  fluid density, using thér®? fit to estimate the small differ-
superconducting gap beloW.. While resistivity measure- ence between,(0) and\;, (0.14 K). In each casgy(T) is
ments suggest the possibility of a pseudogap in CeGin  clearly not linear inT.
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circles penetration deptiA\, (T), after subtracting the in-plane
component. In-plané\\;(T) (crossey data are also shown for
comparison. Solid line is a linear fit from 0.14 K to 1 K. Inset
shows interplane superfluid densjy (T) for the whole tempera-

ture range.

FIG. 2. Low-temperature in-plane superfluid densjty(T)
=[A2(0)/\3(T)] calculated fromA\,(T) data in Fig. 1(thick
lines). The thin lines correspond to fits to data using B}, using
three values ok ;,(0). Inset shows,,(T) over the full temperature
range.

mentally obtained values above, suggesting that the sample

Nonlinearity inp(T) can arise from a crossover from an is too clean for the dirtyd-wave model to be applicable.
intermediate-temperatufpure linear-T behavior to, for ex- Having ruled out impurity scattering, we turn to nonlocal
ample, low-temperaturémpurity-dominated quadratic be-  electrodynamics as the source of the crossover,(iT). For
havior as pointed out by Hirschfeld and Goldenféldhey 4 d-wave superconductawith line nodes along the ¢ axis

interpolated between these two regions using nonlocality is expected to be relevant only when the applied
R magnetic field is oriented parallel to theaxis, while the
A=No+DT/(T*+T), (4) effect of impurities should not depend on the orientation of

. R .
whereT* is the crossover temperature. In terms of superﬂuiothe field. As KL noted, iiT* Is noticeably smaller foH.L ¢ .
density, one obtairté than forH//c we may conclude that the observed effect is

due mainly to nonlocal electrodynamics and not to impuri-
aT2IT ties. ForH L ¢, screening currents flow both parallel and per-
< (5 pendicular to thec axis, mixing\,, and A, with the fre-
T +T quency shift given by f | /fo=V/2V[ (A, /d)+ (N, /w)],2
where V, is the effective coil volume and, the resonant

Apy(T)=

whereT* depends on impurity concentration. A much more

provocative source of the crossover of Es). was suggested frequency with the sample absent. In orde_r to extractve
by KL,® who showed that fod-wave superconductors, non- subtract out then,, component fromAf, . Figure 3 shows

local effects change the linear behavior to quadratic below 1€ interplane penetration depth of CeColr; down to 0.14
crossover temperatufE, o .a=Aoé/(0)/\,(0). K. It is clearly linear inT from 0.14 K to 1 K. To obtain the

The solid lines in Fig. 2 are fits to E@5) and are very Superfluid degnsity, we estimate, (0) from the2H702 anisot-
good for all three values ok, (0). Thevalue of o varies 0Py Of ~2.3,”and the fact thak (0)= yH,(0),”" obtaining
from ~0.5 to 0.7, the smallest value of belonging to the A.(0)~2700 A. This is close to the value 6f2800 A ob-
largest value of ,(0). Thevalue ofe obtained is similar to  tained from microwave measurements in planar geonétry.
that found for YBaCuzOg o5 (a~0.6) 232 but smaller than If we fit A, (T) to Eq.(4), we findTT <0.15 K, significantly
that of TLBaCuOs;.s (a~1.0) (Ref. 25 and smaller than 0.32 K obtained for the in-plane case. This sat-
k-(ET),CUN(CN),]Br (a~1.2) .8 The value ofT* varies isfies the Kosztin-Leggett test and indicates that the super-
less across the threg,(0) values, from 0.32 K to 0.42 K. fluid response of CeCoinis governed by nonlocal electro-
These values ofT*/T. (~0.14-0.18) differ from the dynamics. This is also strong evidence ti#Coln; is a
cuprate$?>?® and the organic  superconductor d-wave superconductor with line nodes along the c .axis
k-(ET),CUN(CN),]Br (~0.05), where impurity scattering Sr,RuQ, failed this test® because its line nodes are horizon-
is presumed to be the source. Further, Ref. 4 puts an uppeéal instead of vertical. Kusunose and Sigrist argued that hori-
limit of 20 ppm on the impurity concentration. In the dirty zontal line nodes give power-law behaviors with less angular
d-wave model? this gives the unitary-limit scattering rate dependence for any in-plane direction of the screening cur-
I'~1.5x10° s, which vyields an upper limit forT* rents, and hence applied fieltlA calculation ofp, is shown
~65 mK. This is about five-times smaller than the experi-in the inset of Fig. 3: the upturn below 0.5 K is an artifact of
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the choice o\, (0). A largervalue of\, (0) would remove  (jow-T) behavior with a crossover temperatufé,, ca
this feature, but there is no justification for doing so. ~0.32 K. Such behavior can arise in a superconductor with
As a final test of the nonlocal scenario, we estim@fe nodes in the gap either in a dirg-wave model or from
using strong-coupling parameters. From the measuredonlocal electrodynamics. The linear low-temperature de-
H¢,(0) [001] value of 49.5 kOe, the coherence lengf{0)  pendence of the-axis penetration depth, strongly favors
is calculated to be 82 ATogether with the earlier-derived the nonlocal model with line nodes parallel to thaxis. This
values of A3°=2.2%gT. and \}(0)=1900 A, we find the is c_iirgct evidence oﬁonlo_calityin d-wave su_perconduct_ors.
strong-coupling nonlocal crossover temperat(ig, ..., | iS IS an extremely significant result, providing experimen-
= A3 £,(0)/A3(0)=0.22 K. Using a weak-couplingd tal support for the well-known and widely mentioned KI__
wave A(0)=2.1&gT,, we find T*,, oca=0.26 K. We re- nonlocal theory. We also demonstrate that strong-coupling
gard either value to be satisfactorily close to the experimengorrect'.onS are required to reconcile vanoush experlmentallyl
tal value of 0.32 K. Note that the value &f(0) is different etermined superconductmg parameters. The present result
from the calculated BCS value of 58(Ref. 4) or the strong- should reenergize the search for nonlocal effects in other
coupling corrected value of 50 A.?! This is not surprising unconventional superconductors.
since the BCS expressidiimssume a spherical FS, while the  One of the authoréE.E.M.C) acknowledges R. Prozorov
local-density approximation band structure reveals a venand Q. Chen for useful discussions. This work was supported
complicated FS with contributions from three different by the NSF through Grant Nos. DMR99-72087 and DMRO1-
bands®® 07253. Some of the work was carried out in the Center for
In conclusion, we report measurements of the magnetidicroanalysis of Materials, University of Illinois, which is
penetration deptfs in single crystals of CeCoindown to  partially supported by the U.S. Department of Energy under
~0.14 K using a tunnel-diode-based, self-inductive tech-Grant No. DEFG02-91-ER45439. Work at Los Alamos was
nigue at 28 MHz. The in-plane penetration depih,X ex-  performed under the auspices of the U.S. Department of
hibits a crossover between line@t highT) and quadratic Energy.
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