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We investigated the electrical resistivity and heat capacity of 1% Cd-doped Celrlns under hy-
drostatic pressure up to 2.7 GPa, near where long-range antiferromagnetic order is suppressed and
bulk superconductivity suddenly reemerges. The pressure-induced T, is close to that of pristine
Celrlns at 2.7 GPa and no signatures of a quantum critical point under pressure support a local
origin of the antiferromagnetic moments in Cd-Celrlns at ambient pressure. Similarities between
superconductors Celrlns and CeColns in response to Cd substitutions suggest a common magnetic

mechanism.

PACS numbers: 71.27.+a, 74.25.Dw, 74.40.Kb, 74.62.-c

For over a decade, the CeMIn; (M=Co, Rh, Ir) heavy
Fermion materials have served as prototypes for explor-
ing the relationship between magnetism and unconven-
tional superconductivity [1, 2]. As an example, supercon-
ductivity that develops at atmospheric pressure below
T. ~ 2.3 K in CeColns [3] emerges from a non-Fermi-
liquid normal state with properties consistent with those
expected at an antiferromagnetic (AFM) quantum criti-
cal point (QCP) [4, 5]. A minor amount of Cd substitu-
tion into In sites of CeColns destroys superconductivity
(SC) and induces long-range AFM order, while applying
physical pressure tunes the system back to a bulk super-
conducting state [6]. Cd-doping and pressure are thus
naively interpreted as complementary tuning parame-
ters for CeColns. Nuclear magnetic resonance (NMR)
experiments on Cd-doped CeColns, however, challenge
this simple interpretation [7]: droplets of magnetic or-
der, with a magnetic correlation length of a few lattice
constants, nucleate around Cd impurities. Above a crit-
ical concentration of Cd at which the Cd-Cd separation
equals a magnetic correlation length, long-range mag-
netic order develops but is suppressed by pressure, due
to a systematic reduction of the magnetic correlation
length [8], and leaves a heterogeneous electronic state
[9] without the signatures of quantum criticality present
in pristine CeColns. This unusual response of CeColns
to Cd-doping and pressure is a consequence of antiferro-
magnetic quantum fluctuations freezing around Cd im-
purities and provides further evidence that superconduc-
tivity is mediated by magnetic fluctuations [10, 11]. Cd
is not unique in inducing long-range magnetic order in
CeColns. Hg-doping produces almost identical results
[12]. In contrast, Sn-doping does not induce magnetic
order; it monotonically suppresses superconductivity in
CeColns and Fermi liquid properties emerge. These con-

trasting effects of Cd/Hg and Sn substitutions are due to
differences in local hybridization. As shown by density
functional theory [13] and dynamical mean field [8] cal-
culations, the average hybridization between Ce f and
conduction electrons is locally weaker around Cd but
stronger around Sn dopants, the former favoring and the
latter adverse to the formation of magnetic droplets.
Though experiments clearly point to magnetically me-
diated superconductivity in CeColns and in CeRhIns un-
der pressure [14, 15], the mechansim of superconductivity
in Celrlns, the other member of the CeMIns family with
T, ~ 0.4 K[16], has remained controversial. NMR [17]
as well as thermodynamic and transport measurements
[18] are consistent with CelrIns being in close proxim-
ity to an AFM QCP, which suggests a magnetic pairing
mechanism. In contrast, nuclear quadrupole (NQR) ex-
periments have been interpreted as providing evidence for
pairing mediated by valence fluctuations [19]. Similar to
the case of CeColns, Cd doping Celrlns induces long-
range AFM order with Ty ~ 2.3 K for 0.75% actual Cd
concentration [6]. Interestingly, for a given Cd concen-
tration, Ty is notably higher in Celrlns than in CeColng
[6], suggesting that Celrlns prefers to be magnetic even
more so than CeColns. Whereas, this also favors the pos-
sibility of magnetic pairing, NQR studies of the pressure-
induced superconductivity in Cd-doped Celrlns find an
unexpectedly large residual spin-lattice relaxation rate
Tl_1 that is linear in temperature well below T., which
also could be consistent with valence fluctuations play-
ing a prominent role in producing superconductivity [19].
With this controversy, other experimental techniques are
required to explore the pairing mechanism in CelrIns.
In this Letter, we report electrical resistivity and heat
capacity measurements on Celr(In;_,Cd, )5 as a function
of pressure and construct its corresponding temperature-
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FIG. 1: (Color online) Pressure evolution of (a) electrical resistivity between 1.8 K and 300 K; (b) electrical resistivity between
0.4 K and 4 K; (c) heat capacity of 1% Cd doped Celrlns. The heat capacity curves measured by ac calorimetry method are in
arbitrary units and shifted vertically for clarity, while the low temperature data (T<1 K) for P<2.39 GPa have no additional
transitions and are not shown to avoid confusions. The dashed line in (c) is a guide to eyes to track the AFM Tx evolution
under pressures and the superconducting transitions are marked by x for 2.53 and 2.70 GPa.

pressure phase diagram, where bulk superconductivity
emerges abruptly around 2.5 GPa and signatures of quan-
tum criticality are absent in the vicinity of the pressure
where Ty extrapolates to T=0. These observations, to-
gether with existing NQR experiments and recent deter-
minations of the orbital anisotropy of the 4f-wavefunction
in Celrlns [20], provide a new, consistent interpretation
of the physics of Celrlns and the mechanism of uncon-
ventional superconductivity in it.

Single crystals of Celr(In;_,Cd;)s (x=1.0 % is the
actual Cd concentration) were grown by the self-flux
method as described elsewhere [6] and screened to en-
sure the absence of free In. We checked the specific heat
of different crystals from the same batch and the mea-
sured Ty scattered in a small range between 2.6 K and
2.9 K as shown in Fig. 1 of the Supplemental Infor-
mation (SI)[21], consistent with the reported long-range
AFM Néel temperature Ty ~ 2.8 K for this Cd con-
centration [6]. Because Ty is extremely sensitive to the
Cd doping level, these measurements confirm a reason-
ably uniform distribution of Cd dopants inside Celrlns
during crystal growth. For pressure measurements, the
screened crystals were mounted in a piston-cylinder-type
pressure cell with silicone fluid as the pressure transmit-
ting medium to achieve a nearly hydrostatic pressure up
to 2.7 GPa. The pressure at low temperature was de-
termined from the resistive superconducting transition
of Pb. The electrical resistivity was measured by a con-
ventional four-probe method and the heat capacity Cg.

of Celr(In; —,Cd, )5 under pressure was derived from an
ac calorimetric technique, where a heater glued on the
sample generates a small temperature oscillation AT by
flowing an ac current and a chromel-AuFe (0.07%) ther-
mocouple glued on the opposite side senses an ac voltage
signal proportional to AT [22].

Figure 1 shows the pressure evolution of temperature-
dependent electrical resistivity (high — panel (a) and low
—panel (b) temperatures) and in panel (c) the heat capac-
ity for 1.0 % Cd-doped Celrlns. The room-temperature
resistivity increases monotonically with pressure and the
coherence peak, typical in heavy Fermion materials, also
shifts to higher temperatures, signaling enhanced hy-
bridizations between Ce [ electrons and conduction elec-
trons. As shown in Fig. 1 (c), the Ty determined by
ac calorimetry reaches its maximum value 3.1 K near 1.3
GPa and then gradually decreases; however, it still sur-
vives with a noticeable hump at 2.7 GPa, the highest
pressure available. Interestingly, superconductivity sud-
denly emerges at 2.5 GPa with a bulk T, ~ 0.8 K and T,
reaches 1.0 K at 2.7 GPa, which is very similar to pure
Celrlns [24] even though the Cd-doped material has a
much larger residual resistivity pg. However, a SC resis-
tive transition appears already at 1.27 GPa in Fig. 1 (b),
much lower than the pressure for bulk SC to appear, even
though the resistive transition itself is broad and does not
reach zero above 0.4 K. At 2.56 GPa, the temperature at
which the resistive SC transition reach zero resistance is
very close to the bulk T, in heat capacity. The obvious
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FIG. 2: (Color online) Temperature-pressure (T-P) phase di-
agram of 1% Cd-Celrlns. The AFM Ty is determined by
ac calorimetry while superconducting transition temperatures
T, determined by resistivity and heat capacity show distinc-
tive pressure behaviors. SC regions above 2.7 GPa are as-
sumed as guide to eyes and a T. curve for pristine Celrlns
under pressure [23] is included for comparison.

T, distinctions at low pressures imply an initial emer-
gence of filamentary superconductivity and its final de-
velopment into bulk SC, which is commonly observed in
other heavy fermion systems due to the coexisting mag-
netism [25, 26]. A much higher resistive transition also is
found in pure CelrIns at atmospheric pressure [16], but
it coincides with the bulk SC transition at high pressures
[23, 24]. We return to this point later.

The temperature-pressure (T-P) phase diagram of 1.0
% Cd-doped Celrlns is summarized in Fig. 2, and is in
good agreement with the one proposed from NQR mea-
surments [19]. The emergent SC phase is in the vicinity
of the projected pressure P2, where AFM is extrapolated
to vanish. This T-P phase diagram is remarkably sim-
ilar to the case of CeRhIns [14, 27], leading to a spec-
ulation that SC in Cd-Celrlns is also induced by spin
fluctuations in proximity to an AFM QCP. If so, Cd-
doping and pressure are globally complementary tuning
parameters: pressure reverses the effect of Cd substitu-
tion. However, Cd-CelrIns under pressure does not re-
vert to pure Celrlns at ambient pressure (T, ~ 0.4 K),
but instead once magnetic order is suppressed at 2.7 GPa
the T. of Cd-Celrlng is almost identical to that of pris-
tine Celrlns under this pressure. Additionally, the mag-
nitude and temperature dependence of the spin-lattice-
relaxation rate 1/T; also coincide in the paramagnetic
states for both 0.75 % Cd-doped and pure Celrlns at
2.7 GPa [19], suggesting a minor influence of Cd dopants
on the spin fluctuation spectrum. These observations
can be understood straightforwardly in the framework of
the same magnetic-droplet model that successfully ac-

counts for the role of Cd dopants in CeColns [8], in
particular that antiferromagnetic quantum fluctuations
are removed around Cd impurities leaving an electron-
ically heterogeneous state but sufficient spectral weight
remains in the magnetic fluctuation spectrum to produce
a T, that is nearly the same as in undoped Celrlns.
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FIG. 3: (Color online) The temperature-pressure contour
color plot of resistivity for 1.0% Cd-doped CelrIns with both
AFM and resistive SC boundaries included. The dashed line
is a guide to eyes to track the pressure evolution of the Kondo
lattice coherence temperature.

In order to further confirm that the emergent SC in
Cd-Celrlns is not associated with a QCP either of a mag-
netic or of a valence instability type, a contour color map
of the resistivity magnitude as a function of temperature
and pressure is plotted in Fig. 3. The resistive coherence
temperature increases linearly with pressure, but the re-
sistivity above a phase transition decreases monotonically
upon approaching P2, resembling Cd-doped CeColns un-
der pressure [8]. This is in sharp contrast to the resistive
behaviors observed in both CeRhIng [15] and CePtyIny
[26], where the low-temperature resistivity peaks around
TMaz P2 In particular, the absence of a maximum low-
temperature resistivity near P is at odds with a valence-
instability scenario for which theory predicts a large in-
crease in residual resistivity due to scattering by criti-
cal valence fluctuations [28]. Though our highest pres-
sure does not quite reach P2, the absence of a pressure-
induced QCP in Cd-doped Celrlnj is strongly suggested
by the results illustrated in Fig. 3 and its similarity with
the resistive behavior of pristine Celrlns under pressure
(Refer to Fig. 2 & 3 in SI for more information).

Having ruled out either an AFM QCP or the presence
of critical valence fluctuations near P2 in Cd-Celrlns, we
return to the broader questions of the physics of Celrlns,
its mechanism of superconductivity and why its maxi-
mum T, is only half that of other family members. We
begin by comparing the behaviors of Cd-doped with Rh-
doped Celrlns, where isoelectric Rh doping also induces
an AFM ground state in Celr;_,Rh,Ins for x > 0.6 and



a dome of SC appears inside the AFM phase as shown in
Fig. 4 [29]. Interestingly, Celr;_,Rh,In; shows a cusp-
like minimum in its T, at x=0.1 with two separate SC
domes nearby [30], leading to speculation that the SC
pairing in Celrlns is not due to spin fluctuations but in-
stead due to valence fluctuations [19, 31]. As discussed al-
ready, NMR [17] as well as thermodynamic and transport
measurements [18] and now the similarity in the pres-
sure responses of Cd-doped CeColns and Celrlns pro-
vide a compelling body of evidence for magnetic pairing
in CelrIns. We take this point of view, but now must ask
how should the phase diagram in Fig. 4 be understood.
There are two pertinent observations that provide clues.
The first is the report that the evolution of magnetism
and superconductivity in Celr;_,Rh,In5 correlates with
orbital anisotropy in the 4f-wavefunctions [32] that is re-
flected in the square of the £5/2 contribution (a?) to the
J, component of the I'; Kramer’s doublet ground state.
This metric decreases non-linearly with decreasing x and
saturates to a constant for x < 0.3 instead of contin-
uing to decrease to the still smaller value for CeColns.
Though this trend in a? is consistent with stronger f — ¢
hybridization in CelrIns than in CeRhIng [32], it does not
explain why o? saturates in Ir-rich compounds. As also
shown in Fig. 4, the maximum T, in Celr;_,Rh,In5 at
atmospheric pressure is 1 K, but at 2.7 GPa T, exceeds
2 K for Rh-rich materials and does not exceed 1 K for Ir-
rich or Cd-doped CelrIns. This could be consistent with
different pairing mechanisms in these extremes; however,
as mentioned, a magnetic pairing mechanism appears to
be operative through the phase diagram. Though a small
a? correlates with the appearance of superconductivity, a
notable difference between CeColng and Celrlng is that
Ir has a much larger atomic number (Z=77) than Co
(Z=27) or for that matter Rh (Z=45). This provides a
second clue. Because spin-orbit coupling (SOC) increases
as Z*/n3, where n is the principal quantum number, the
atomically derived SOC due to Ir should be roughly 14
(4) times stronger than that in Co (Rh). The stronger
alignment of spin and orbit in Celrlns; weakens pairing
of a d-wave state preferred by antiferromagnetic fluctu-
ations [33], consistent with a lower maximum T, in Ir-
rich Celr;_,Rh,In; and Cd-doped Celrlns than in the
other CeMIns materials. The competition between su-
perconductivity with d-wave symmetry in CeRhIns un-
der pressure [34, 35] and a magnetically mediated su-
perconducting state with increasingly strong SOC as the
Ir concentration increases in Celr;_,Rh,Ins provides a
plausible explanation for the evolution of superconduc-
tivity shown in Fig. 4, in particular the origin of the
cusp in T, near x=0.1 at atmospheric pressure that be-
comes a line of compositions with no superconductivity
at 2.7 GPa. Besides influencing the phase diagram, SOC
also should produce additional fine structure in the elec-
tronic band structure which would allow formation of a
small superconducting gap that would be destroyed eas-

ily by scattering from defects, eg. Cd and Ir. Excitations
at the extended gap zeros give rise to an increase in the
T-linear contribution to T, ! without a need to invoke
a role of valence fluctuations. We further note that de-
fects are intrinsic to undoped Celrlns in which there is
an small (~ 1.0%) intergrowth of a T1AsPds structure
type [36].
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FIG. 4: (Color online) 3D plot of the temperature-doping-
pressure phase diagram of CelrIns, where AFM (empty cir-
cles) and SC (solid circles) phases compete or coexist. The
dotted lines are guides to eyes to track the pressure evolution
of AFM/SC in different samples, i.e.1.0 % Cd-doped, pure,
40% Rh-doped Celrlns and pure CeRhIns. The doping phase
diagram at 2.7 GPa is constructed based on smooth extrapo-
lations of our results and those in [15, 19, 24, 30].

In conclusion, we have constructed the T-P phase dia-
gram of 1 % Cd-doped Celrlns based on resistivity and
heat capacity measurements under pressure up to 2.7
GPa, which suppresses long-range AFM order and in-
duces superconductivity with bulk T, ~ 1.0 K, compa-
rable to that in pristine Celrln; at a comparable pres-
sure. These experiments show that there is no signa-
ture for a quantum-criticial response as T approaches
zero and are consistent with a local origin of AFM or-
der where magnetic-droplets nucleate around Cd dopants
from the freezing of quantum-critical fluctuations hosted
by the parent Celrlns. These and other experiments indi-
cate that magnetic fluctuations mediate Cooper pairing
in Celrlns, where spin-orbit coupling plays a non-trivial
role as well as in Celr(In;_,Cd,)s and Celr;_,Rh,Ins.
Knight shift measurements in the superconducting state
of these materials would be worthwhile.
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