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In most strongly correlated electron systems superconductivity appears nearby a magnetic quantum critical
point (QCP) which is believed to cause unconventional behaviors. In order to explore this physics, we present here
a study of the heavy-fermion superconductors CelrSi; and CeRhSi; carried out using a newly developed system for
high-resolution magnetic penetration-depth measurements under pressure. Superconductivity in CelrSi; shows
a change from an excitation spectrum with a line-nodal gap to one which is entirely gapful when pressure is
close but not yet at the QCP. In contrast, CeRhSi; does not possess a T = 0 quantum phase transition and the
superconducting phase remains for all accessible pressures with a nodal gap. Combining both results suggests
that in these compounds unconventional superconducting behaviors are rather connected with the coexisting
antiferromagnetic order. This study provides another viewpoint on the interplay of superconductivity, magnetism,
and quantum criticality in CelrSi; and CeRhSi; and maybe in other heavy fermions.
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I. INTRODUCTION

Magnetic order is a common phenomenon in a wide range
of strongly correlated electron systems (SCES) such as high-
T, cuprates [1], organics [2], iron pnictides/chalcogenides
[3], and heavy fermions [4,5]. Intriguingly the weakening of
magnetic order by a tuning parameter—as pressure, chemical
substitution, or magnetic field—promotes the emergence of a
superconducting phase which is thought to be unconventional
and be influenced by the magnetic QCP (where the transition
temperature of the magnetic order vanishes). In few cases
such as the hole-doped cuprates, the antiferromagnetic (AFM)
phase disappears before superconductivity rises [1]. The most
usual situation, however, is a “superconducting dome” around
the QCP where the critical temperature 7, takes a maximum
value. This implies that antiferromagnetism coexists with
superconductivity in part of the dome region. Although QCP
has been thought to be related to superconductivity, it has not
been experimentally linked to unconventional behaviors. We
note that unconventional superconductivity is defined as the
breaking of additional symmetries besides the gauge U(1).
A quite common but not mandatory result of unconventional
superconductivity is the presence of nodes in the energy
gap. Sometimes nodes or other unconventional-type behaviors
are accidental (not imposed by symmetry), in which case
superconductivity can still be conventional. The connection
between unconventionality and QCP remains a relevant and
long-standing issue.

Studies of the superconducting energy gap structure—as
a fingerprint for conventional or unconventional pairing—are
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usually carried out using, besides direct spectroscopic meth-
ods, thermodynamic/electromagnetic probes. It is not always
possible employing these techniques to determine whether a
nodal structure is symmetry protected or accidental. Analyses
of the gap have been performed across the dome in very few
SCES [6-10]. The present research aims to gain more insight
into the behavior of superconductivity near a magnetic QCP
by examining the excitation spectrum of noncentrosymmetric
heavy fermions CelrSi; and CeRhSis.

CelrSi; goes to an antiferromagnetic spin-density-wave
(SDW) state below the Néel temperature Ty = 5.0 K at
ambient pressure [11]. As pressure increases Ty decreases
monotonically toward zero and an AFM-SDW QCP is expected
around 2.5 GPa. Superconductivity sets in about 1.3 GPa and
persists up to 3.5 GPa with a maximum critical temperature
of 1.6 K at p* ~ 2.58 GPa [12]. So far, the AFM order has
not been detected inside the superconducting phase above
the critical pressure p, = 2.25 GPa at which Ty =T,. A
slightly different situation is encountered in CeRhSi3, which
becomes an SDW antiferromagnet below Ty = 1.6 K at
ambient pressure [13]. Upon increasing pressure Ty passes
through a maximum at 1.9 K and then decreases smoothly
and approaches asymptotically the superconducting dome at
its top at p} ~ 2.8 GPa. In CeRhSi; Ty does not head toward
zero, meaning that it may lack a magnetic QCP. Very few
experimental analysis of the pairing symmetry have been
performed in these compounds. In an NMR relaxation-rate
study at 2.6 GPa no coherence peak and a 1/ T ~ T response
below T, was observed, consistent with line nodes in the gap
structure [14]. A possible presence of nodes was also suggested
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FIG. 1. (a) Schematic of the pressure cell plus the sensing system for penetration-depth measurements at high pressures and low temperatures.
(b) Ruby fluorescence spectra for 0 and 1.67 GPa at 4 K indicating good hydrostaticity of glycerol. (c) Signals of Cd and Al at 0.42 GPa showing
correct values of 7, and a good response of the system. Inset compares the Al data (blue) with those taken in an ambient-pressure system (red)
[17]. (d)—(f) Signals of Zn, Al, and Sn at 1.67 GPa displaying expected critical temperatures.

in a brief analysis at 2.6 GPa on field-angle resolved specific
heat measurements [15]. Another hint at the type (conven-
tional/unconventional) of superconductivity comes from tests
of the parity and spin state of the pairing via measurements
of the upper critical field H,,. The extremely high values of
H, (~30-40 T) found in CelrSi; and CeRhSi3 at pressures
around 2.6 GPa may point at first to unconventional pairing
states [ 16]. However, in these noncentrosymmetric compounds
the spin-orbit coupling may complicate the interpretation of
all these results [16]. Up to now the pairing state remains
undisclosed in both materials.

Here we study CelrSi; and CeRhSi; under hydrostatic
pressure up to 2.81 GPa and temperatures down to 200 mK by
means of the magnetic penetration depth A(7'), which is widely
considered one of the most sensitive probes to determine the
energy gap structure or symmetry the order parameter. Our
results reveal a crossover from nodal to isotropic gap in CelrSis
and a nodal gap in CeRhSi; along the pressure range studied.

II. EXPERIMENTAL METHODS

A. Sample preparation

Single crystals were grown by the Czochralski method
in tetra-arc furnaces [11,13]. Grown ingots of CelrSi; were
wrapped in Ta foil, sealed in a quartz tube under a vacuum
of 10~ Torr, and annealed at 950 °C for 5 days. For CeRhSi3
the starting materials were 4N-Ce, 3N-Rh, and SN-Si and the

resulting ingots were annealed at 900 °C under a vacuum of
2 x 1078 Torr for a week. Typical residual resistivity ratios
were 120 for CelrSi; and 180 for CeRhSi5.

B. Experimental setup

Measurements were performed using a 13 MHz tunnel
diode oscillator [17] coupled to a self-clamped hybrid-piston-
cylinder cell made of nonmagnetic CuBe, WC, and NiCrAl
alloys (C&T Factory Co., Ltd.), as schematically shown in the
left panel of Fig. 1(a). A 2.0-mm-diameter Cu-wire coil with a
7.2-mm winding height was placed into the 4.0-mm-diameter
inner space of the cell filled with a pressure-transmitting
medium, as sketched in the right panel of Fig. 1(a). Samples
were attached, with a fast-bonding glue, to a tiny plastic rod
fitted inside the coil. The coil and the plastic rod were thermally
anchored to the pressure cell, which was mounted to the mixing
chamber of a dilution refrigerator. Samples were aligned with
the ab plane perpendicular to the probing magnetic field of
less than 5 mOe, so we sensed the in-plane penetration depth.
A thermometer was located close to the attaching point of the
plastic rod at the pressure cell.

A fiber-optic setup that allows one to measure the ruby R1
fluorescence line shifts was employed for estimating pressure
at 4 K. Ruby crystals were fixed—also with a fast-bonding
glue—to the end of an optical fiber and placed near the sample
inside the coil, as shown in the right panel of Fig. 1(a). We found
that glycerol was the most appropriate pressure-transmitting
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medium because of its better thermal conductivity at tempera-
tures below 1 K. It was previously demonstrated that glycerol
loses its hydrostaticity only above 5 GPa [18], a value which is
significantly above our working range. In any case, in Fig. 1(b)
we exhibit the ruby R1 fluorescence spectra at 4 K for 0 and
1.67 GPa. No difference is observed in the linewidths, one of
the parameters commonly used as a hydrostaticity probe [18].
We determined pressure with the expression [19] P(GPa) =
Apln (A/\_o)’ where Ay = 1762 GPa and the wavelength A =
693.33 nm. Our spectrograph has a resolution of 0.015 nm,
which leads to a pressure error of 0.04 GPa.

The experimental system was tested by measuring high-
purity tin, aluminum, zinc, and cadmium samples. All runs
at different pressures yielded the expected results. Figure 1(c)
displays A(T") for Cd and Al mounted together at 0.46 GPa. The
inset compares the Al data with those taken in an ambient-
pressure system. No significant difference is observed.
Figures 1(d)-1(f) exhibit A(T") for Zn, Al, and Sn at 1.67 GPa.
All critical temperatures coincide with the ones obtained earlier
[20,21], indicating a correct measurement of both temperature
and pressure. No appreciable background signal was detected
in the range scanned.

C. Magnetic penetration depth and skin depth

In the normal state above 7., which we define as the onset of
the diamagnetic response, our experimental setup probes the
skin depth; i.e., f(T) x §(T) = /20(T)/ (T )w. Here p(T)
is the resistivity, (7)) is the permeability, and w = 2n f is
related to the oscillator frequency f. In the case of the magnetic
superconductors CelrSi; and CeRhSis, below T, the effective
penetration depth is given by AM(T) = /u(T)A (T), where
AL(T) = o/no/ng(T)c/w,. Here w, is the plasma frequency,
c is the speed of light, n is the carrier density, and n; is the
superconducting electron density. In the low-temperature limit
u(T) of antiferromagnets approaches 1 exponentially [22,23],
such that we directly probe the Cooper-pair density as (1)
AMT) = A(T). The variation of the measured frequency from
its value at the lowest temperature, Af(T), is directly propor-
tional to the penetration-depth shift AA(T') below T..

III. RESULTS AND DISCUSSION

Figures 2(a)-2(h) show f(T) for CelrSis at different pres-
sures. Apart from the superconducting transitions indicated by
T,, the skin depth displays a marked change of slope at points
labeled with Ty in Figs. 2(a)-2(c). We attribute these anomalies
to AFM transitions, as the change occurs in each case near the
reported Ty [11]. We remark that these anomalies in the skin
depth can reflect the temperature response of resistivity and
permeability.

Our measurements in CelrSis also show signs of the AFM
phase when Ty < T,. We argue that the bump at the transition
at 2.31 GPa [Fig. 2(d)] and the upturns observed at very
low temperatures at 2.38 and 2.52 GPa [Figs. 2(e) and 2(f)]
are likely signatures of the low-temperature AFM order or
fluctuations near p}. The emergence of antiferromagnetism
inside superconductivity causes Cooper-pair breaking that
appears in penetration depth as a paramagnetic signal [24-27].
Since the upturns are only seen at some pressures, magnetic
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FIG. 2. Oscillator frequency, proportional to the penetration
depth at T < T, and the skin depth at T > T, for CelrSij; at different
pressures. T, marks the onset of the superconducting transitions and
Ty is associated with AFM transitions, in accordance with previous
measurements. Insets of (e) and (f) show upturns around 0.4 K related
to pair-breaking paramagnetic precursors of an AFM transition.

impurities and Andreev bound states are ruled out as the cause
of their occurrences. Moreover, the fact that the upturns appear
once the superconducting contribution is clearly exponential
(indicative of an isotropic energy gap) further discards Andreev
states. This detection of the AFM phase when Ty < T is in
line with earlier evidence in another heavy fermion [28].

Figures 3(a)-3(i) display f(T) for CeRhSi; at different
pressures. The skin depth exhibits slope changes at points
denoted by Ty in Figs. 3(a)-3(g), which agree with previously
reported AFM transitions in CeRhSi3 [13]. Contrary to the
observation in CelrSis, no trace of an AFM phase is detected
below T, in CeRhSi;.

A. Phase diagrams of CelrSi; and CeRhSij;

We used our own T.’s and Ty’s and other reported values
[11,12,29,30] to construct the T- P phase diagrams of CelrSij3
and CeRhSij; displayed in Figs. 4(a) and 4(b), respectively.
The general agreement of the CelrSi; data is remarkable,
whereas no concurrence in the 7, values is found in CeRhSis.
The large data scattering at p < 2.0 GPa in CelrSi; is due to
difficulties in defining the critical temperatures from the very
broad transitions occurring at those pressures. On the other
hand, we think that the inconsistency of 7, in CeRhSi3 may be
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FIG. 3. Oscillator frequency for CeRhSij at different pressures.
T, and Ty mark the onsets of superconducting and AFM transitions,
respectively.

caused by the possible existence of surface superconductivity
sensed by resistivity measurements at low pressures, as has
been suggested for CelrSiz [31]. Very recent heat-capacity
measurements in samples similar (grown with the same
procedure and by the same group) to ours showed no sign
of superconductivity below 1.8 GPa [32]. The low-pressure
uncertainties in 7, do not affect the conclusions of the present
study. For CelrSi3; we identify in Fig. 4(a) the critical pressures
pe &~ 2.30 GPa and p} ~ 2.60 GPa, close to values reported
earlier [11,12,33]. At the latter pressure AFM SDW vanishes
(QCP), T, is maximum, and several other properties indicate
that superconductivity is optimal.

The AFM phase behaves quite remarkably in CeRhSis
[Fig. 4(b)]. The phase-boundary lines of the AFM and su-
perconducting phases do not intercept but seem to merge at
a pressure close to p ~ 2.80 GPa. Our data show no evidence
of a T = 0 quantum phase transition in CeRhSis, at least in the
pressure range studied. We could not detect any distinct sign
of an AFM phase above 2.6 GPa, in agreement with previous
results [29]. In an earlier report the AFM phase appears again
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FIG. 4. T-P phase diagrams of (a) CelrSi; and (b) CeRhSi;
composed of our data and others previously reported. Triangles and
spheres represent Néel and superconducting critical temperatures,
respectively. In CelrSi; a QCP occurs at p}. No T = 0 quantum
phase transition is seen in CeRhSi;. Our 7, data in CeRhSi; agree
with recent values from heat capacity.

under the application of a magnetic field of 4 T at 2.61 GPa
[34], suggesting that the AFM order is hidden or suppressed
by superconductivity at zero field.

B. Order parameter under pressure

Now, we discuss in detail the superconducting phase of
both compounds starting with CelrSi3. The data in Figs. 2(a)—
2(h) were limited to the superconducting region, converted to
penetration depth, and then displayed in Fig. 5(a). Data were
normalized to Alnyax, defined as the total penetration-depth
shift from 7. down to the lowest temperature. Low-temperature
regions are expanded in Figs. 5(c) and 5(d). A conspicuous
change of the penetration depth can be observed near p.,
both at the transition and at low temperatures. Remarkably, no
qualitative change in A(T) is seen at the QCP. The most striking
result, however, concerns the low-temperature behavior. Below
pe MT) displays a linear temperature dependence [Fig. 5(c)],
which indicates the presence of gapless quasiparticle excita-
tions due to line nodes in the energy gap. The slope of the
linear responses fades out as p — p. and A(T) changes to an
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FIG. 5. Penetration depth of (a) CelrSi; and (b) CeRhSi; under pressure. The transition widths decrease with pressure in both compounds.
(c) Low-temperature data of CelrSi; shows a linear behavior at p < 2.30 GPa. (d) A(T") of CelrSi; changes smoothly to an exponential response
at p > p.. Left sided inset exhibits the low-temperature data for 2.52 and 2.64 GPa and the fits to BCS exponential function plus the Curie-Weiss
law. Right sided inset displays the low-temperature data for 2.31 GPa. (e) Low-temperature A(T") of CeRhSi; behaves linearly at all applied
pressures. No crossover to an exponential response is detected in CeRhSi3. In (c), main panel of (d), and (e) data were shifted vertically for

clarity.

exponential dependence [Fig. 5(d)], a characteristic behavior
signaling the existence of an isotropic (nodeless) gap. The ex-
ponential dependence is seen at all applied pressures above p,
(at 2.38 and 2.52 GPa the Curie-Weiss component of the low-
temperature signals was subtracted), even at the QCP where no
further variation occurs. These results contradict the interpre-
tation of >°Si NMR data at 2.8 GPa in terms of line nodes [14],
which could be due to the fact that NMR data were not taken at
the low temperatures required to determine the gap structure.

On the other hand, near the AFM-SDW QCP T, is maximal
[Fig. 4(a)] and the transition width is minimal [Fig. 5(a)], which
implies that superconductivity in CelrSi; is optimal at this
point. It is worth noting that transition widths have no relation
with low-temperature behaviors (see the case of CePt3Si as an
example [35]). When the gap is isotropic, the ratio Ay/kp T is
2.14 at 2.31 GPa and 3.3 above this pressure. These values are
higher than 1.76 expected from the BCS approach, suggesting
contributions from strong-coupling corrections. All findings
are in agreement with earlier results [12].

Following the same procedure as for CelrSis, we consider
CeRhSi;. The penetration depth is presented in Fig. 5(b)
and the low-temperature region is zoomed in Fig. 5(e). The
superconducting transition sharpens as pressure increases up to
p: where T, is maximal, very similar to that found in CelrSis.
However, A(T) always displays a linear dependence, which
implies that the gap has line nodes at all studied pressures.
Notably, the slope of the linear responses gets gradually smaller
as pressure increases even slightly above p.

We note here that the relative temperature ranges (AT /T,)
at which A(T) of CelrSiz and CeRhSi; behaves linearly are
within those found in widely accepted experiments in UPts;
[25], CePt3Si[17], YBayCusO7_, [36], and Bi; SryCaCu;yOg
[37].

Based on our findings we state that in CelrSi; and CeRhSi3
nodal superconductivity only appears in regions where Ty >
T,; i.e., where the magnetic energy scale dominates over the
superconducting one. The transition from nodal to nodeless
energy gap at p. in CelrSi3 and the existence of line nodes in
the absence of a T = 0 quantum phase transition in CeRhSij
provide experimental evidence that nodal superconductivity
in these compounds seems to be related to the coexistence
with a magnetic order. Another striking issue is that in both
compounds superconductivity becomes strongest at p (also
seen in heat-capacity and resistivity measurements [33]). The
values of upper critical fields, zero-temperature energy gaps,
and heat-capacity jumps, among others, suggest that at p (at
the QCP in CelrSiz) superconductivity in these compounds
is non-BCS and not driven by electron-phonon interactions.
From our results the magnetic QCP may certainly play a role
in the optimal superconductivity of CelrSis.

C. Interpretation of the superconducting gap structure

The relationship between the gap structure (line nodes)
and the dominant AFM order in CelrSi; and CeRhSi; is
intriguing. A possible scenario to understand this connection
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could be based on the fact that the underlying symmetries of the
electronic system are different with and without AFM order.
The lower symmetry of the AFM state may lead to a reduced
phase space for Cooper pairing favoring a nodal pairing state,
whereas in the absence of AFM order Cooper pairs can take
advantage of an enlarged set of possible pairing states enabling
the condensate to avoid nodes. This viewpoint does not require
a qualitative change of the pairing interaction which may
originate from the same magnetic fluctuations associated with
QCP. This recalls the discussion of the superconducting double
transition observed in UPt3 that may be connected to the slight
lifting of the degeneracy in a multicomponent order parameter
space due to AFM order, leading to a “high”-temperature phase
with more nodes than the “low”-temperature phase [38]. This
type of scenario results likely in a superconducting state which
breaks time reversal symmetry for the nodeless phase, a feature
which could be probed by zero-field uSR.

Another picture that may explain our findings can be based
on the lack of inversion symmetry. Although antisymmetric
spin-orbit coupling alone might not be responsible for uncon-
ventional superconductivity [39], it could combine with AFM
order to cause the observed nodal gaps in these noncentrosym-
metric superconductors, as suggested on theoretical grounds
[40,41]. However, these studies ignore the complex nature of
the heavy-fermion physics.

D. Possible implications for other heavy fermions

The results of the present study can be analyzed in the
context of other heavy fermions in which superconductivity
and magnetism coexist. Our results are consistent with those
in CePt3Si [42] and CeCu,Si, [43], which are two of the very
few heavy fermions with consonant experimental outcomes.
In noncentrosymmetric CePt3Si, whose superconductivity co-
incides with antiferromagnetism from ambient pressure up
to about 0.6 GPa, where the AFM phase vanishes at T =
0, the gap has line nodes at ambient pressure [17,44]. In
stoichiometric CeCu,Si, there is no coexistence of these
phenomena under any hydrostatic pressure condition and the

energy gap seems to be isotropic and robust against disorder
[43.,45]. Coexistence appears upon the substitution of small
quantities of Si with Ge, corresponding to a lattice expansion
and somehow to a negative chemical pressure [46,47]. Indeed,
in CeCu;(Sip9Geop.1)> an AFM phase coincides with part of
the low-pressure superconducting state from ambient pressure
up to around 1 GPa. At slightly higher pressure another
superconducting phase is present. No study has been performed
on the order parameters of these two superconducting phases
of CeCu;,(Sip9Gey 1),. CeColns, on the other hand, appears to
be at odd, since unconventional behaviors have been observed
in the absence of coexistence of superconductivity and mag-
netism at ambient pressure [48,49]. Considering other systems
different from heavy fermions such as iron pnictides and CrAs,
with similar phase diagrams as the one of CelrSis3, the energy
gap does not present any anomalous variation around an AFM
QCP [6,8-10,50]. The difference may be that in iron pnictides
magnetic order evolves from more itinerant d electrons.

IV. SUMMARY

We presented an experimental setup to study the supercon-
ducting gap structure under pressure. We studied the pressure
evolution of the energy gaps of CelrSiz; and CeRhSi;. In
CelrSi; we found a crossover from line node to isotropic gap at
a pressure distinctively lower than that of the QCP. In CeRhSi3
no T = 0 quantum phase transition was observed within our
measurements and line nodes exist at all applied pressures.
These results provide evidence that the nodal excitation gap
of superconductivity of both compounds is connected with the
AFM order rather than the QCP. In CelrSi; superconductivity
is optimal at the QCP.
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