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A key aspect of unconventional pairing by the antiferromagnetic spin-fluctuation mechanism is that the

superconducting energy gap must have the opposite sign on different parts of the Fermi surface. Recent

observations of non-nodal gap structure in the heavy-fermion superconductor CeCu,Si, were then very

surprising, given that this material has long been considered a prototypical example of a superconductor

where the Cooper pairing is magnetically mediated. Here we present a study of the effect of controlled point

defects, introduced by electron irradiation, on the temperature-dependent magnetic penetration depth A(T)

in CeCu,Si,. We find that the fully gapped state is robust against disorder, demonstrating that low-energy

bound states, expected for sign-changing gap structures, are not induced by nonmagnetic impurities. This

provides bulk evidence for s, , -wave superconductivity without sign reversal.

DOI: 10.1103/PhysRevLett.119.077001

Theories of unconventional superconductivity, where the
pairing is not mediated by phonons, have been developed
over the past decades to explain superconductivity in
strongly correlated materials such as heavy fermions and
high-T'. cuprates. These theories have been challenged by
recent and surprising results on the heavy-fermion super-
conductor CeCu,Si, [1] which was the first discovered
heavy fermion superconductor [2], and as such, the first
candidate for an unconventional superconducting state. The
fact that superconductivity in CeCu,Si, emerges near a
quantum critical point of antiferromagnetic order has led to
the almost universally held conclusion that its supercon-
ductivity is unconventional with Cooper pairing mediated
by spin fluctuations. The essence of this mechanism is that
the momentum (k) dependent repulsive interactions can
effectively pair the electrons as long as the superconducting
gap A(k) changes sign in k-space. Depending on the
structure of the Fermi surface and spin fluctuations, this
can lead to different sign-changing gap structures such as d
wave in cuprates or s, wave in iron pnictides. For
CeCu,Si,, early experiments such as nuclear quadrupole
resonance relaxation rate [3,4] and specific heat [5]
suggested d-wave superconductivity with line nodes in
A(k). Inelastic neutron scattering measurements have
shown an enhancement of magnetic spectral weight at
around E ~2A, which has been interpreted as a spin
resonance expected for a sign-changing A(k) also consis-
tent with d-wave symmetry [6,7].

In contrast to this, recent experiments which have
combined specific heat [8], penetration depth, and thermal
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conductivity measured down to very low temperatures
have shown that gap nodes do not exist at any point on
the Fermi surface of CeCu,Si, [1]. This nodeless structure
might still be explained by a spin-fluctuation mechanism
if the points in k-space where the gap changes sign do not
coincide with the Fermi surface sheets, as is the case for
most iron-pnictide materials. Specific calculations for
CeCu,Si, have shown that spin fluctuations can lead to
an s -type structure but the closeness and corrugations of
the Fermi-surface sheets means that accidental nodes are
unavoidable [9]. However, a nodeless s, state cannot be
ruled out by this alone because the experimental Fermi
surface of CeCu,Si, has not been fully determined. Hence,
experiments to specifically probe for the presence or
absence of a nodeless sign-changing gap structure are
needed.

One such experiment is the effect of impurity scattering
on T.. It was demonstrated that for CeCu,Si,, increasing
impurity scattering leads only to a very weak reduction in
T, [1,10] which would appear to be inconsistent with a
sign-changing A (k). However, given the quantitative nature
of this argument further experimental confirmation is
needed. Previous attempts at phase-sensitive measurements
focused on the Josephson effect between CeCu,Si, and Al
[11,12]. Although a finite Josephson current and conven-
tional Fraunhofer pattern were observed, the results are
not conclusive because the polycrystalline nature of the
samples used complicates the interpretation. Moreover, in
such measurements the possibility of a surface-induced
s-wave component cannot be ruled out [12]. Thus bulk
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measurements that are sensitive to a possible sign change in
A(k) of CeCu,Si, are desirable.

Here we report on systematic measurements of the
temperature dependence of the magnetic penetration depth
A(T) in single crystals of CeCu,Si,, where impurity
scattering has been introduced in a controlled way by
electron irradiation. The irradiation creates pointlike
defects that act as nonmagnetic scatterers, which in the
case of sign-changing order parameters should induce
Andreev bound states at low energies. In the s, case,
therefore, the fully gapped state is expected to change to a
gapless state with low-lying quasiparticle excitations [13].
Indeed, in some iron-based superconductors a change in
low-temperature AA(T) = A(T) — A(0) from an exponential
T dependence to a T? dependence with increasing defect
level is found that supports the model of an s, gap structure
[14]. In CeCu,Si,, we observe essentially no change in the
low-temperature behavior of AA(T/T.) over a wide range
of impurity scattering rates, indicating the robustness of the
fully gapped state against disorder. This provides strong
evidence that the gap structure of CeCu,Si, is nonsign-
changing s-wave state (s ).

High-quality single crystals of CeCu,Si, were syn-
thesized by the self-flux method and characterized by
x-ray diffraction [15]. The crystals were cut into samples
with typical dimension about 350 x 350 um? (in the ab
plane) and thickness about 50 ym (along the ¢ axis). To
introduce spatially homogeneous defects in a controllable
way, we employed 2.5-MeV electron beam irradiation
at the SIRIUS Pelletron linear accelerator operated by
the Laboratorie des Solides Irradiés (LSI) at Ecole
Polytechnique. This incident energy is sufficient to form
vacancy-interstitial (Frenkel) pairs, which act as pointlike
defects. The attenuation distance of these irradiation
electrons in CeCu,Si, is about 2.7 mm, which is much
longer than our sample thickness. During the irradiation,
the sample was kept at ~20 K by using a liquid hydrogen
bath, which is important to prevent defect migration and
clustering. The temperature-dependent changes in the in-
plane magnetic penetration depth AA(T) were measured
using the tunnel diode oscillator (TDO) technique operat-
ing at 14 MHz [16] in a dilution refrigerator down to
~30 mK. The shift of the resonant frequency Af of the
oscillator including the sample directly reflects the change
in the magnetic penetration depth, AA(T) = GAf. The
geometric factor G is determined from the geometry of the
sample and the coil [17].

Figure 1(a) shows the temperature dependence of the
normalized frequency shifts for the pristine and irradiated
samples with irradiation doses of 2.2, 3.7, and 4.8 C/ cm?,
The superconducting transition remains sharp after irradi-
ation, indicating that the pointlike defects are introduced
uniformly. In Fig. 1(b) we show the dose dependence of T,
determined by the onset of the diamagnetic signal and
compare this to the evolution of the 7. and residual
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FIG. 1. Superconducting transitions of CeCu,Si, single crystals
before and after electron irradiation. (a) Normalized frequency
shift in the TDO measurements as a function of temperature
below 0.7 K for all measured samples. Samples were measured
while warming to minimize ac field self-heating close to T..
(b) Critical temperature 7. defined as the midpoint of transition
normalized by the clean-limit value 7, = 0.71 K as a function of
irradiation dose (upper axis). We also plot 7./ T . as a function of
residual resistivity p, taken from the reported resistivity data p(T)
[1] (lower axis). The upper axis is adjusted to match the linear
relation between the dose and p, [1].

resistivity p, reported previously [1]. Here the vertical axis
is normalized by T,., = 0.71 K, which is estimated from
the linear extrapolation to the zero defect p, limit. These
two independent results measured in different crystals are
in good agreement, demonstrating that all irradiated sam-
ples are homogeneous.

Figure 2 depicts the variations of penetration depth A4 as
a function of T/T, for pristine and irradiated crystals, after
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FIG. 2. Temperature dependence of the change in the penetra-
tion depth AA as a function of normalized temperature 7/T ... The
origin of Ad at T — 0 K is determined by the power-law fitting.
The vertical axis is normalized by each value at 0.37 ... Values of
AA(0.3T,.) are 29, 49, 38, and 30 nm for doses of 0, 2.2, 3.7, and
4.8 C/cm?, respectively.
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normalization by their values of A4(0.37.). We find no
significant change in the temperature dependence of A/ at
low temperatures, and all the curves almost collapse to a
single one. This indicates that the introduced defects have
essentially no effect on the low-energy quasiparticle exci-
tations. The fact that we do not observe any evidence for a
Curie-like upturn in AA(T') down to the lowest temperature
of ~30 mK even in most irradiated sample implies that
introduced pointlike defects are nonmagnetic in nature.
Any magnetic impurities would result in a Curie-like
upturn in the normal-state susceptibility, which would lead
to an additional contribution A, (T) to AAT), with
Ay ~ nA(0)uou? )3V ks (T + Oy). n and u are respec-
tively the density and the effective moment of the magnetic
impurity [14,18,19]. We estimate about two vacancies per
1000 Ce atoms are formed per 1 C/ cm? electron irradi-
ation, so the absence of the upturn in the 4.8 C/cm? sample
gives an upper limit of about y < 0.5up per defect. This is
much smaller than the moment of 2.5y for a free Ce** ion
with total momentum J = 5/2.

Having established the nonmagnetic nature of the
defects, we analyze the low-temperature AA(T) data to
make a more quantitative analysis of the changes in the gap
structure. We use two procedures: one is a fit to the power-
law dependence A4 o (T/T.)" with a variable exponent n
and the other is a fit to the exponential dependence A4
AT7'2 exp(=Apin/kgT) with a variable minimum gap
Ain- In both cases, we examine the changes in the fitting
parameters as a function of the upper bound of fitted
temperature range, 7,... The obtained results for n and
Ain are shown in Figs. 3(a) and 3(b), respectively. For the
power-law fitting procedure we find that all the data before
and after irradiation give high exponent values n > 3,
which is far beyond the dirty-limit line-node case of n = 2
exponent. This high-power dependence is practically indis-
tinguishable from an exponential temperature dependence.
The obtained gap values in the exponential fits are smaller
than the Bardeen-Cooper-Schrieffer value of 1.76kpT,,
suggesting that the gap has strong k dependence with a
large difference between minimum and maximum values.

Our principal finding is the robustness of the fully
gapped superconductivity against disorder in CeCu,Si,.
This is most clearly demonstrated by plotting the exponent
n in the power-law fit as a function of pair-breaking
parameter g = f/tim kT o in Fig. 3(c), in which we com-
pare with the typical results for d-wave Ce,_,La,Colns [20]
and for s.-wave BaFe,(As;_,P,), [14]. The impurity
scattering time 7y, is calculated with iy, = podapic/po-
In La-substituted CeColns the exponent increases with
impurity scattering and saturates at n ~ 2, which is con-
sistent with the gapless state expected theoretically in the
dirty d-wave superconductors [25] and established exper-
imentally for Zn-substituted YBa,Cu;0; [26]. In optimal
BaFe,(As;_P,),, which has a T-linear behavior due to the
accidental line nodes in the clean limit [27], the exponent
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FIG. 3. Disorder-induced changes of low-temperature penetra-

tion depth in CeCu,Si,. (a) Exponent n of a power-law fit of the
experimental data up to 7',,/T.. The colors for different doses
are the same as in Fig. 2. The dotted (dashed) line shows the clean
(dirty) limit case of n = 1 (2) in unconventional superconductors
with line nodes. (b) Similar plot for minimum superconducting
gap A,;, normalized by kT, obtained by the exponential
fitting. (c) Exponent n as a function of pair-breaking parameter
9 = N/ TimpkpT o, in comparison with those for BaFe, (As;_P,),
[14] and Ce,_,La,Colns [20]. For Ce,_,La,Colns, we use the
values of 1,,(0) = 200 nm and 4,.(0) = 280 nm [21], and p, is
estimated from Ref. [22]. (d) Normalized gap minima A ;,/kz T,
from the fit for T,./T. = 0.2 plotted against AT./T,. For
comparison, also plotted are the data for minimum gap in
neutron-irradiated MgB, (closed squares and triangles), which
change to a single gap (open symbols) for heavily irradiated
samples [23,24].

initially shows a large increase from n~1 to n=4,
indicating the lifting of nodes by the impurity-induced
averaging effect of the k dependence, which occurs only
when the nodes are not symmetry protected. Further
irradiation yields a decrease of n toward the gapless value
of 2, demonstrating the creation of the low-energy states
that are expected only for sign-changing cases. These
results established a nodal s, -wave state in this iron
pnictide. Thus in both d-wave and s__-wave cases, a gapless
state with the exponent n = 2 appears for pair-breaking
parameter g of the order of unity. In stark contrast, our data

077001-3



PRL 119, 077001 (2017)

PHYSICAL REVIEW LETTERS

week ending
18 AUGUST 2017

for CeCu,Si, reveal that the exponent remains high (n > 3)
even when g exceeds 20, which clearly indicates the
absence of impurity-induced low-energy states, evidencing
no sign change in A(k).

The minimum superconducting gap size A;, normal-
ized by kpT,. shows no appreciable change against the
relative suppression of the transition temperature AT /T .
as shown in Fig. 3(d). At first glance this appears
counterintuitive because the gap averaging effect due to
impurity scattering might be expected to lead to an increase
of the minimum A/T.. However similar behavior is also
observed in the protypical two gap superconductor MgB,,
where following an initial increase, A;,/T. remains
unchanged in a wide 7. suppression range up to about
half of T [23,24].

The anisotropic nature of the gap structure in CeCu,Si,
can be seen in the full temperature dependence of the
normalized superfluid density p,(7T) = 42(0)/A*(T). To
calculate p(T'), we need the value of A(0) for each sample,
which cannot be determined directly by using the TDO
technique. So instead we have estimated A(0) from the
lower critical field H.,(7T) measured by micro-Hall-probe
magnetometry as described in Ref. [28]. To minimize errors
due to geometrical demagnetization factors we measured
the same sample both before and after irradiation with a
dose of 1.9 C/cmz, which reduced 7', from 0.64 to 0.52 K.
For the irradiated sample we found poH.; = 0.9 £0.1 mT
at 100 mK compared to pgH.;(0) = 1.8 £0.1 mT in the
pristine sample [1]. From this we estimate that A(0) is
increased from 700 4= 50 nm for the unirradiated sample to
1100 + 100 nm for the irradiated one. An increase in A(0)
upon irradiation is expected because the effective penetra-
tion depth depends on the mean free path £ of quasipar-
ticles. For the unirradiated sample we estimated the
in-plane mean free paths and coherence lengths to be 7 =
3.0 nm and &,, = 4.7 nm, respectively, so the sample is
between the clean and dirty limits. Then from the change in
po we would expect £ to decrease by a factor 2 for this
irradiation level, pushing the sample closer to the dirty limit
and thus increasing 1(0). In the dirty limit, H,; « 172 is
expected to be proportional to # o« 1/p,, which appears to
hold as shown in the inset of Fig. 4. From this relation we
estimate A(0) ~ 1390 nm for the most irradiated sample
(4.8 C/cm?). Figure 4 displays the extracted p,(T) curves
before and after irradiation, which again show the robust-
ness of flat temperature dependence at low temperatures
indicating the absence of the low-energy states. The
multigap or strong k-dependent nature of A(k) manifests
itself in the concave curvature near 7. Contrary to the case
of MgB, [31], however, a simple two-gap model does not
fit the p,(7T) data very well. Possible reasons for this
include significant interband scattering and largely varying
A(k) for each band. For the irradiated sample, the concave
curvature of p (T) near T is less pronounced and the curve
becomes closer to the single-gap s-wave one, which is

1 T T T

1.0 .
@® Pristine
/ A0) =700 nm
08T clean dwave ® 4.8 C/cm? n
M0) = 1390 nm
|:Q
B 06 59 s-wave i
< ¢
= =
S o4lE
< s1.0f v |
£y <>
02r~ [ ./
o) o
O 4, (tucem) %
0 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0

/T,

FIG. 4. Temperature dependence of normalized superfluid
density p,(T) = 4>(0)/A*(T) in CeCu,Si, before and after
irradiation. Black and gray line are the theoretical temperature
dependence of py(T) in the conventional s-wave (BCS) and
clean-limit d-wave cases, respectively. The inset shows the
measured lower critical field H,; (closed circles) plotted against
the inverse of residual resistivity 1/p,. The dashed line evidences
a linear relation, from which the H.;(0) value for 4.8 C/cm?
(open diamond) and thus the corresponding A(0) value are
estimated.

consistent with the reduced anisotropy of A(k) by impurity
scattering.

In summary, systematic measurements of magnetic
penetration depth A(7') in electron-irradiated single crystals
of CeCu,Si, show that nonmagnetic impurity scattering
does not induce any low-energy quasiparticle excitations.
This provides bulk evidence for the absence of a sign
change in the gap function in the superconducting state of
this heavy-fermion superconductor. The s, -wave state
inferred in this study is generally a manifestation of on-site
attractive interactions, but how this can overcome the
strong Coulomb repulsion in such a strongly correlated
electron system calls for new theoretical approaches
beyond the widespread spin-fluctuation-based unconven-
tional mechanism of superconductivity. Very recent calcu-
lations show that in the vicinity of magnetic quantum
critical point, the orbital fluctuations may lead to s, , -wave
superconductivity [32]. Indeed, the importance of orbital
degrees of freedom has been pointed out in several aspects
for some Ce-based materials including CeM,Si,, where M
is a transition metal element [33-35]. Thus the relationship
between the orbital effects and gap symmetry in heavy-
fermion superconductors deserves further studies.
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