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Heavy-fermion metals typically contain 4f or 5f ele-
ments (e.g. Ce, Yb or U) and are characterized by a
dramatic increase of the effective mass of the charge
carriers at low temperatures which may reach up to
several hundred times the mass of a free electron.
This is brought about by a magnetic interaction — the
so-called Kondo effect — which couples the free
electrons to the local f magnetic moments (and
hence, to those electrons that are fixed to the crystal
lattice) such that the latter magnetic moments are
effectively screened. The properties of these metals
can often be described, according to Landau, by con-
sidering quasi-particles made up of the electrons and
their interactions instead of the mere electrons with-
in the free electron gas. In addition, in many of these
materials an indirect exchange coupling between the
local magnetic moments is found (the so-called
RKKY interaction) which is also mediated — just
like the aforementioned Kondo interaction — via the
conduction electrons. Hence, these two interactions
are in direct competition. The relative strength of
these two competing interactions can be tuned by
experimental parameters such as chemical doping,
pressure and magnetic field. In case of this competi-
tion being adequately balanced a quantum phase
transition (QPT) at 7= 0 can be brought about by a
well-directed change of these experimental parame-
ters [1].

With the Kondo and RKKY ground states well
balanced additional, smaller energy scales may
play a decisive role. In fact, in many cases super-
conductivity is observed in close proximity to a
quantum critical point (QCP), i.e. the point in
phase space at which a continuous QPT occurs [2].
Possibly, superconductivity is one way of dispos-
ing the huge entropy accumulated in the vicinity of
a QCP. This concept has been generalized [3] such
that possibly even in the copper-oxide materials
superconductivity might be related to a hidden
QCEP. In this context it should be noted that super-
conductivity for which such a scenario is discussed
is commonly considered to be of unconventional
nature, in a sense that the standard BCS theory

employing phonon-mediated Cooper pair forma-
tion [4] cannot be applied.

Superconductivity existing near a (putative) QCP
naturally implies its close proximity to magnetic
order within the phase diagram. While in classical
superconductors these two many-body quantum
phenomena are caused by different (itinerant and
localized) species of electrons and are mutually
exclusive, in the heavy fermion metals the
hybridized f electrons, often called composite
fermions, are not only responsible for the magnetic
order, but are also carrying the superconductivity.
Consequently, magnetism and superconductivity
may not only compete but may even coexist in
these systems. Microscopic coexistence of super-
conductivity and magnetic order both involving the
same charge carriers is an especially striking exam-
ple for complex behavior of emerging materials
exhibiting intertwined ground states.

In this context the CeMIns; family of heavy-
fermion compounds offers an interesting play-
ground [5]. The intricate interplay of superconduc-
tivity and magnetism is, e.g., manifested by the
existence of superconductivity found in CeColns
below 7, =~ 2.3 K and antiferromagnetic order in
CeRhln;s below Ty = 3.7 K. Conversely, supercon-
ductivity is observed in the latter compound by the
application of pressure [6] whereas neutron scatter-
ing experiments indicate strong antiferromagnetic
quasielastic excitations in the paramagnetic regime
of CeColns [7]. Moreover, the existence of a field-
induced QCP has been anticipated [8,9].

Here, we summarize our progress towards deeper
insight into the interplay of unconventional super-
conductivity and quantum criticality in CeColns,
Celrlns and Cd-substituted CeCo(In,_,Cd,)s. High
precision structural investigations indicate the exis-
tence of a certain type of point defect in the tetrag-
onal HoCoGajs structure that might well influence
the material’s physical properties. These defects
are inferred from enhanced resolution X-ray dif-
fraction experiments and can directly be visualized
by Scanning Tunneling Microscopy (STM). Earlier
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Fig. 1: Two closely related structure types HoCoGas (bottom
left) and TlAsPds (bottom right) and the superposition of
their structural patterns in the crystal structure of Celrlns.
The presence of about 1% of Ir in Ir2 positions (TIAsPds pat-
tern) at z = 0.5 is indicated (top) by the difference electron
density calculated from enhanced-resolution X-ray diffrac-
tion experiments on our single crystals of Celrlns (see text).

findings of a precursor state to superconductivity in
CeColns [10] and Celrlng [11] (reminiscent of the
pseudogap observed in the cuprates) are confirmed
by our Scanning Tunneling Spectroscopy (STS).
Finally, we report on the duality of the electronic 4f
degrees of freedom which can be more or less local-
ized for different parts of the Fermi surface [12].

Structural investigations

Normal-resolution X-ray diffraction experiments
(MoKa radiation, 26,,,, = 52.62°, 131 reflections,
R(F) = 0.052 [13]) indicated that Celrlns crystal-
lizes in the structure type HoCoGas [14]. However,
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Fig. 2: (a) STM topography on a Celrlns surface obtained by
in situ cleaving. The image covers an area of 5.0 nm x
7.7 nm and a height scale of 0.63 nm. Markers A and B indi-
cate two kinds of atomic corrugations whereas the dashed
rectangle and triangle illustrate atoms of type A in different
arrangements. /' =600 mV, /= 0.3 nA, 7= 330 mK.

(b) Arrangement of the Ir and In atoms in the {332} plane of
the HoCoGas (left) and the TIAsPds structure (right).
(c) Visualization of the {332} plane and its inclination angle
with respect to the (001) plane.

the results of the STM topography studies dis-
cussed below insinuated a more complex structure,
at least at the sample surface. In an effort to possi-
bly relate surface and bulk structural properties, we
performed an enhanced diffraction experiment
(space group P4 /mmm, a = 4.6660(3)A,
¢ =7.5161(7)A, MoKa radiation, 26,,,,= 70.35°,
240 reflections, R(F) = 0.020). The distribution of
the difference electron density in the plane at
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z = 0.5 calculated from these diffraction experi-
ments and without iridium atoms (Fig. 1, top)
exhibits maxima at the edges of the unit cell (posi-
tion Irl) which are expected for the structural pat-
tern of the HoCoGas type (Fig. 1, bottom left). In
addition, however, maxima of the difference elec-
tron density were also found in the center of the
unit cell (position Ir2), which is characteristic for
the structure pattern of Tl1AsPds type (Fig. 1, bot-
tom right [15]). Final refinement resulted in
occupancies of occ(Ir1)=0.988 and occ(Ir2)=0.012.
Consequently, the crystal structure of the investi-
gated crystals of Celrlns reveals a non-negligible
disorder of the Ir atoms. The presence of Ir atoms
at two different positions is a key observation for
understanding the atomic distribution on the sur-
face as seen in the STM experiments.

In an attempt to directly visualize the crystal
structure as well as the disorder discussed above
we conducted STM. Because STM is a particularly
surface sensitive technique special attention has to
be paid with respect to the sample surface quality.
Therefore, the STM utilized here is operated in
UHV (p < 2 x 107 Pa) and equipped for in situ
sample cleaving [16]. Moreover, sample tempera-
tures as low as 0.32 K can be obtained which is of
importance for the investigation of superconductiv-
ity in CeColns by STS (see below) as well as for
providing an adequate energy resolution (< 100
peV, as verified by investigating the superconduct-
ing energy gap of Al).

Atomically resolved images of CeMIns were
obtained on areas of up to 60 nm x 60 nm, exhibit-
ing terraces of various lattice planes with up to a
few ten nm in extent. Figure 2(a) exemplifies such
a terrace of atomically resolved topography on
Celrlns. The sample had been mounted parallel to
the crystallographic ab-plane. A high tilting angle
of the imaged sample area of 37° with respect to
the scanning plane points towards a plane of low
symmetry. This slope has been taken into consider-
ation when calculating the interatomic distances.
We suggest that the terminating surface is a {332}
plane for which an inclination of 37.2° is expected,
¢f. Figure 2(c). Moreover, within this plane the
adjacent Ir atoms should be spaced by 6.6 A,
Figure 2(b). The distances of the A—type atoms
within the lines observed in STM topography, (6.7
+ 0.3) A, are in reasonable agreement with the
shortest distances between the Ir atoms within the
{332} plane of Celrlns. Here we should note that

for positive bias voltage as applied in Figure 2(a)
the Ir atoms should appear as the brightest entities
since they accumulate the strongest negative
charge. Therefore, the most prominent corrugations
marked by A in Figure 2(a) are very likely Ir atoms.
The corrugations marked as B could then originate
from the In atoms of the intermediate In layers as
shown in Figures 2(b) and (c). For position B the
assignment to a certain atomic species is somewhat
hindered because, in addition to the actual height,
also a changed density of states (DOS) may affect
the apparent height.

The analysis of the arrangements of Ir atoms in
the {332} plane of the HoCoGas and the TIAsPd;
structure type reveals two different possibilities,
see Figure 2(b). If only Irl atoms are present in the
structural pattern, the local configuration of Ir
atoms in the {332} plane exhibits a typical triangu-
lar network, Figure 2(b) left, an arrangement that is
indeed very often observed in the STM images,
Figure 2(a). If iridium atoms are located also in the
Ir2 positions, Figure 2(b) right, then the atomic
arrangement of Ir in the {332} plane exhibits a rec-
tangular pattern, which is rarely but nonetheless
found in the experiment. In addition, the observed
distances between the lines of corrugations of type
A are (13.7 £ 0.8) A, which is only slightly larger
than the expected spacing between the Ir lines
measured in [332] direction.

Consequently, our STM topography directly con-
firms the existence of defects as indicated by the
structural refinement. Unfortunately, our STM
topography does not allow for a statistical analysis
to estimate the amount of Ir occupying such defec-
tive positions. In addition, the cleaving might take
place along planes of increased defect density
which may render a quantitative comparison
between the X-ray and STM results difficult.

Spectroscopy of the superconducting state

Our magnetotransport investigations on the sys-
tem Celrlns indicated the existence of a precursor
state to superconductivity [11]. The analysis that
led to such an inference relied on the so called Hall
angle Oy = cot ' (py, / Pxy)s i-€. on the ratio of mag-
neto- and Hall resistance. In particular, it was
demonstrated that the modified Kohler’s scaling —
relating the magnetoresistance to the Hall angle —
breaks down prior to the onset of superconductivity
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Fig. 3: Differential conductance obtained by Scanning
Tunneling Spectroscopy on CeColns (open circles) at sev-
eral temperatures. The persistence of a gap-like behavior
above T, = 2.3 K is clearly visible. The lines represent fits
according to BCS theory (see text). For clarity, the curves
are offset vertically.

due to a change in the Hall scattering rate [17].
Moreover, it could be shown that the Hall coefficient
Ry and p,, are governed by two distinct scattering
times [18]. It should be emphasized that both obser-
vations — a pseudogap-like precursor state and the
existence of two distinct scattering times — are highly
reminiscent of the behavior found for the cupper
oxide superconductors. All these observations are
also consistent with a scenario in which incipient
antiferromagnetic fluctuations crucially influence the
magnetotransport in both classes of materials, the
fermion systems as well as the cuprates.

In case of the cuprate superconductors, STS has
proven to be a powerful tool for the investigation of
the superconducting gap and, specifically, of the
pseudogap [19]. Therefore, we attempted STS on sin-
gle crystalline CeMIns (M = Co, Ir) compounds. We
emphasize that STS provides direct information
about the electronic DOS of the sample. In order to
prepare clean surfaces a stainless steel post was glued
onto the ab-plane of the samples and torn off in situ.
In addition, we regularly checked on the quality of
the tunnel junctions by measuring the current depend-
ence on tip-sample distance, /(z), from the slope of
which the work function @ can be determined. Only
junctions with @ > 2 eV were investigated further.

, T (meV)

< 0.21

Fig. 4: Gap energy A(T) and lifetime broadening parameter
I'(T) as obtained from fitting the conductance spectra at
each measured temperature. The solid line is a fit to eq. (2).

In Figure 3, differential conductance (dZ dV™")
spectra are presented as obtained for CeColns with-
in atomically flat terraces and within a temperature
range 0.32 K < 7< 3 K. The curves were acquired
with a bias voltage of /=14 mV at a set-point cur-
rent of I, = 340 pA and are shifted vertically
(except the one obtained at 7= 0.32 K) for clarity.
Upon increasing temperature the zero bias conduc-
tance increases, indicating a closing of the gap. The
gap, however, does not disappear at 7, = 2.3 K, but
is still clearly visible at 7= 3 K.

For an analysis of our conductance spectra [20],we
assumed a superconducting order parameter of d,. .
symmetry as suggested in the literature [21,22]. In
this case, the BCS expression for the supercon-
ducting excitation spectrum takes the form [23]

 dg E-il
2™ \(E—-iT)>—A%cos?(2¢)

p(E) « Re . (1)

where A is the maximum value of the angular
dependent gap function. The additional lifetime
broadening parameter I" accounts for in-gap states
due to inelastic scattering [24]. Fits of eq. (1) to our
conductance spectra are included in Figure 3
(lines) and yielded A and I" for each 7 measured.
The latter are presented in Figure 4. Expectedly, the
superconducting order parameter A(7) decreases
with temperature, whereas I'(7T) slightly increases.
For nodal superconductors it is expected [25] that

A(T) = Ay 1= (T/T*)? 2)
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Fig. 5: Magnetic field — temperature phase diagram for
CeCo(Ing 99»5Cdg g975)s With B applied perpendicular (left)
and parallel (right) to the crystallographic ¢ axis. Data rep-
resent results of magnetotransport (0,0), neutron scattering
(A,V) and heat capacity (+,x) measurements indicating the
antiferromagnetic (AF, red) and superconducting (SC, blue)
transition.

where 7~ denotes the temperature at which A(7)
extrapolates to zero. Fitting our values A(T) to eq.
(2) yields T" ~ 3.3 K which is clearly beyond 7, =
2.3 K. Yet, given the extreme surface sensitivity of
STS this result should be compared to other, prefer-
ably bulk measurements. Indeed, early measure-
ments of the electrical resistivity under pressure
indicated the opening of a pseudogap below 3.3 K
at ambient pressure [10]. We also note that thermal
conductivity [21] and neutron scattering experi-
ments [7] suggested that remnants of the supercon-
ducting state prevail beyond 7. All these results
support our conjecture of the existence of a precur-
sor state to superconductivity in the CeMIns com-
pounds.

The interplay between magnetic and supercon-
ducting order in the 115 family of compounds
becomes immediately apparent if Cd substituted
CeCo(In;_,Cd,)s is studied. With increasing Cd
content x, T, is suppressed whereas the antiferro-
magnetic order is stabilized [26]. In the following
we focus our investigation on the specific compo-
sition x = 0.0075 since here, 7, ~ 1.7 K and the
antiferromagnetic ordering temperature 7 = 2.4 K
are closest within this series and hence, the
involved energy scales are expected to be compa-
rable. Measurements of magnetotransport, neutron
scattering and heat capacity were conducted on
samples of the same batch or, where possible, on
the very same sample in an effort to unambiguous-
ly identify the signatures of the two ordering phe-
nomena. Indeed, the excellent agreement of the
results (Fig. 5) verifies that bulk properties are
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Fig. 6: Temperature dependence of magnetic intensity in
CeCo(Ing 99>5Cdy g975)s obtained by elastic neutron scatter-
ing scans along [001] and at (2 2 '4) for zero magnetic
field. The lines represent mean-field expectations to the

data (see text). For the blue line only the temperature range
T, < T < T\ was considered. Blue arrow indicates 7.

probed for all three methods. The strikingly equiv-
alent behavior of the superconducting and antifer-
romagnetic phase boundary, in particular for mag-
netic field B L ¢, is indicative of a mutual influence
of the two phenomena. The steep initial slope of
T,(B) of approximately —13(—4) T/K for B L(]|) ¢
indicates a large effective quasiparticle mass, i.e.
heavy fermion superconductivity.

To gain further insight into a possible interplay
between superconductivity and antiferromagnetic
order, the magnetic intensity in elastic neutron scat-
tering at (Y2 %2 '2) was recorded as a function of
temperature for different magnetic fields [12]. In
zero magnetic field, Figure 6, the magnetic intensi-
ty increases below Ty and displays a kink at 7,
(marked by the blue arrow) with no further change
in intensity at lower temperatures. The assignment
of this kink to 7, is corroborated by the magneto-
transport and heat capacity measurements. An
attempt to fit the zero-field magnetic intensity by a
mean-field model for the sublattice magnetization
(using a Brillouin function for an effective spin-%2
system) fails to describe the whole temperature
dependence, as indicated by the dashed magenta
line in Figure 6. However, a fit restricted only to
the temperature range 7, < 7' < T reproduces these
data reasonably well (solid blue line in Fig. 6). This
fit results in an expected magnetic intensity for
T — 0 of about 40% larger than the experimental-
ly observed saturation value. Obviously, the onset
of superconductivity prevents a further rise of mag-
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netic intensity below 7, without suppressing the
antiferromagnetic order itself. Very similar behav-
ior of the magnetic intensity was observed for
applied magnetic field, with accordingly reduced
values of Ty, T, and overall magnetic intensity.

The almost constant neutron intensity below 7 is
intriguing. Our analysis [12] indicates a second
order phase transition at 7, without spatial phase
separation. Then, the deviation of the neutron
intensity from its expected value below 7, implies
coexistence and, more importantly, mutual influ-
ence of antiferromagnetic and superconducting
order which are correlated via identical 4f states.
We speculate that the low-energy magnetic fluctu-
ations are gapped by superconductivity and likely
shifted to higher energies (possibly to a resonance
similar to the one observed at 0.6 meV in undoped
CeColns [7]), a similar mechanism as discussed for
the cuprates [27]. The delicate, unprecedented bal-
ance of the two states may result from the proxim-
ity of T, and Ty in the chosen compound.

Summary

The combination of enhanced-resolution X-ray
investigations and STM topography on identical
single crystals of Celrlns provided unprecedented
structural insight: Beside the expected HoCoGas
structural pattern also the presence of about 1% of
Ir in Ir2 positions (belonging to the TIAsPds pat-
tern) at z = 0.5 was indicated by both types of
measurement. Further, Scanning Tunneling
Spectroscopy revealed the superconducting gap to
persist up to about 3.3 K, i.e. beyond 7, = 2.3 K, in
reminiscence of the pseudogap observed in the
cuprate superconductors. An extraordinary coexis-
tence and mutual influence of the superconducting
and antiferromagnetic order in slightly Cd-doped
CeColns was inferred.
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