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We report SR experiments on the ternary compounds Sm;_,La,NiC, (x = 0.85, 0.92, and 0.96), crossing
from a ferromagnetic to a superconducting phase. Zero-field SR measurements of the ferromagnetic sample
(x = 0.85) unveil a glassylike character of the ferromagnetically ordered state. At the putative quantum critical
compound (x = 0.92), fluctuations of the Sm moments slow down below 2 K and remain dynamic down to
30 mK, showing persisting spin dynamics. Moreover, we find a time-field scaling (¢/H") of the SR asymmetry
function, evidencing quantum critical fluctuations. As to the superconducting material (x = 0.96), the muon
spin-relaxation rate displays a A-like peak at T = 250 mK, indicating the coexistence of weak magnetism
and filamentary superconductivity. Our results demonstrate that Sm;_,La,NiC, constitutes a model system for
studying a ferromagnetic quantum critical point tuned by chemical pressure.
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I. INTRODUCTION

Intermetallic compounds offer a rich reservoir to explore
quantum critical points (QCPs) since their ground states can
be tuned readily by nonthermal control parameters such as
magnetic field, pressure, or chemical composition. At a QCP,
quantum fluctuations can give rise to unconventional super-
conductivity. Although antiferromagnetic QCPs have been
extensively studied, not much is known about ferromagnetic
QCPs due to the scarcity of relevant materials. Key materials
reported to date are uranium-based heavy fermions including
UGe, [1-3], UCoGe [3-6], URhGe [3,7], and Ulr [8], which
show the vanishing of superconductivity at the first-order
ferromagnetic QCP except for the UCoGe compound.

Recently, the ternary rare-earth nickel carbides
Sm;_,La,NiC, [9] have been reported as a promising
candidate for a ferromagnetic QCP. Unlike the uranium-based
heavy fermions, Sm;_,La,NiC, does not involve the
complications of high pressure as the end members of this
family (SmNiC, and LaNiC,) are continuously varied through
chemical substitution. These compounds crystallize in the
noncentrosymmetric orthorhombic CeNiC,-type structure
(Amm?2), as sketched in Fig. 1(a) [10]. In this family, Ni and
R (= rare earth) metal ions form chains along the a axis,
constituting a quasi-one-dimensional electronic structure and,
thereby stabilizing a charge-density wave (CDW) state due
to the Fermi surface nesting. Noteworthy is that SmNiC,
and LaNiC, exhibit a ferromagnetic and a superconducting
ground state, respectively, distinct from those of other RNiC,
compounds [10-14].
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In Fig. 1(b), we present the T — x phase diagram of
Sm;_,La,NiC, taken from Ref. [9]. SmNiC, undergoes a
CDW transition at Tepw = 148 K and, subsequently, a ferro-
magnetic transition at Tc = 17.7 K [13-22]. With increasing
La content, the CDW phase vanishes at around x = 0.3,
while the ferromagnetic phase persists up to x = 0.86. The
nonmagnetic end member LaNiC, becomes a superconductor
below Tsc = 2.7 K [23-25]. There are contradicting sig-
natures for a conventional Bardeen-Cooper-Schrieffer-type
versus unconventional superconductivity [24-28]. It turns out
that a few percentages of Sm substitution suppresses the
superconducting state. As a result, the ferromagnetic QCP
is anticipated at the putative critical concentration x, = 0.92,
rendering Sm; _,La,NiC, a model system amenable to address
the competition and/or coexistence of ferromagnetism and
superconductivity.

Quite often, the ferromagnetic QCP is masked either
by a change of its phase-transition character to first order
or by an occurrence of intervening symmetry-broken states
without being continuously suppressed all the way down to
the expected QCP. As to Sm;_,La,NiC,, the ferromagnetic
transition becomes a weakly first order for a high value of x [9].
The related question is the fate of ferromagnetic order, when
approaching the putative ferromagnetic QCP. 1SR is a choice
of experimental tools because it can distinguish between static
internal magnetic field arising from a ferromagnetic phase
and dynamically fluctuating field associated with a quantum
disordered phase, as well as spatial inhomogeneities.

In this paper, we report a systematic uSR investiga-
tion on the ferromagnetism-superconductivity crossover in
Sm;_,La,NiC, (x = 0.85, 0.92, and 0.96). We provide an
experimental signature of the quantum phase transition from a
spin-glasslike ferromagnetic state (x = 0.85) to a filamentary
superconductivity (x = 0.96) coexisting with weak magnetic
order. In the putative quantum critical compound (x = 0.92),
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FIG. 1. (a) Crystal structure of SmNiC,. The red (blue) balls
depict Sm (Ni) atoms and the green balls are carbon atoms.
(b) Temperature-composition phase diagram of Sm;_,La,NiC,. The
inset is a zoom of the phase diagram close to a putative quantum
critical point at x = 0.92. The open triangles correspond to the
ferromagnetic transition temperatures (determined by the peak of
the muon spin-relaxation rate) and the open diamonds are the
superconducting transition temperatures (taken from Ref. [9]). The
vertical arrows mark the compositions where @SR measurements
were performed.

we find evidence for a time-field scaling (¢ /H"') and persistent
spin dynamics, indicating slow spin dynamics due to quantum
critical fluctuations.

II. EXPERIMENTAL DETAILS

Sm;_,La,NiC, samples were synthesized by the arc-
melting technique as described in Ref. [9]. £SR measurements
were performed at the M15 and M20 beamlines in TRIUMF
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(T =30 mK — 4 K), the samples were packed in a Ag foil
packet and fixed by thermal grease on the silver holder of
a dilution refrigerator in the M15 facility. High-temperature
measurements (7 = 1.6 — 125 K) were undertaken in the
M20 facility equipped with a variable temperature insert. The
samples were held by a Ag foil packet and thin Al-mylar
tape. Zero- and longitudinal-field SR spectra were collected
to determine magnetic phases of the samples. All of the data
were analyzed by using the musrfit software package [29].

III. RESULTS AND DISCUSSION

Figure 2(a) shows the zero-field (ZF)-uSR asymmetry
of the x = 0.85 sample at selected temperatures. At high-
temperature regime, the muons relax very slowly with the
Gaussian-like relaxation function, which results from a com-
bination of nuclear moments and fast fluctuating electron
spins in the paramagnetic limit. As the temperature is lowered
below T = 5 K, the muon spins display a rapid relaxation. We
could not detect a coherent oscillation and a noticeable loss
of the initial polarization although the macroscopic magnetic
susceptibility shows a steep increase [see Fig. 3(b)]. This
clearly rules out a long-range static magnetic order with
well-defined internal fields. Rather, the fast decaying signal
is either due to a broadening of the dynamic field distribution
or the slowing down of fluctuations.

The ZF-uSR spectra were fitted using the stretched expo-
nential relaxation function
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FIG. 2. Representative temperature dependence of ZF-uSR asymmetry spectra for (a) x = 0.85, (b) x =0.92, and (c¢) x = 0.96.
Longitudinal-field dependence of @SR asymmetries for (d) x = 0.85 measured at 7 ~ 2 K and (e) x = 0.92 measured at 7 = 23 mK.
(f) Temperature dependence of 1SR asymmetries in an applied magnetic field B, ~ 50 G.
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FIG. 3. (a) Temperature dependence of the muon-spin relaxation rate A and the stretching exponent S for x = 0.85. (b) Temperature
dependence of the static magnetic susceptibility for x = 0.85. (c) Temperature dependence of A(T) and B(T) for x = 0.92. (d) Temperature
dependence of A(T") in zero field (open squares) and in longitudinal field of B,z &~ 40 G (open diamonds) for x = 0.96. For comparison, A(T")

of LaNiC, is plotted together, taken from Ref. [25].

Here ay is the initial asymmetry from the sample, A is the
muon relaxation rate, and g is the stretching exponent. Fits
of the asymmetry data with Eq. (1) enable us to extract A and
B. The resulting fit parameters are plotted as a function of
temperature in Fig. 3(a). Below 5 K, A(T) steeply increases.
This temperature coincides with the onset temperature of the
sharply increasing magnetic susceptibility. As the temperature
is further lowered below 7' < 2 K, 8 ~ 1.6 at high tempera-
tures approaches toward 8 = 0.33. The 8 = 1/3 exponent is
what is expected for a canonical spin glass [30,31]. Thus, our
1SR data give evidence for spatially inhomogeneous frozen
spins in the x = 0.85 compound.

We turn next to the asymmetry of ZF-uSR spectra for
x = 0.92 measured down to 23 mK. As shown in Fig 2(b),
both the x = 0.92 and 0.85 samples exhibit a qualitatively
similar behavior, demonstrating no sign of long-range mag-
netic order. The ZF-uSR spectra of x = 0.92 are described by
the stretched-exponential function

aoP.(t) = (1 — fog) expl—(h1)’1 + fig. @)

Here, the constant term f,, is added to quantify the
background present in the dilution refrigerator. The value of
Jog Was taken from the T = 23 mK spectrum and kept constant
for all temperatures. Fits of the ZF data to Eq. (2) yield the
relaxation rate A and the stretching exponent § as plotted in
Fig. 3(c). At temperatures above 3 K, electron spins are in
a fast fluctuating state. On cooling, A(T") steeply increases,
indicative of a slowing down of spin correlations, and then
shows a temperature-independent plateau below 0.8 K. Such

a relaxation plateau has often been observed in quantum spin
liquid candidates and weakly symmetry-broken states [32,33].
Noticeably, with decreasing temperature the exponent 8 ~ 1.7
decreases towards 8 ~ 1 below 3 K. It is striking that the x =
0.92 sample possesses a single spin-spin autocorrelation time
(inferred from B = 1) unlike the x = 0.85 sample in spite of
randomness and disorders. The simple exponential relaxation
together with the persistent spin dynamics suggests that the
x = 0.92 sample enters into a peculiar regime where spin
dynamics is purely dynamic and dictated by unconventional
low-energy excitations.

With a view to discriminate between the dynamic or
static character of internal magnetic fields experienced by
the muon, we have further performed LF-;# SR measurements.
Figures 2(d) and 2(e) show the evolution of the muon polariza-
tion of x = 0.85 and 0.92 with increasing longitudinal field.
At short times, the fast relaxing component associated with
nuclear moments and weak spin freezing is fully decoupled
with a fairly small magnetic field of 50 G, whereas, at
long times, the slow relaxing component linked to dynamic
magnetic fluctuations is not completely decoupled up to ~ 1000
G. Our LF-uSR results suggest that the fast fluctuating spins
are mixed up with the frozen spins.

For the fast fluctuating fields, the decoupling relaxation
rate Apr as a function of longitudinal field By is given by the
Redfield formula

2y2(B2 ).
)\.LF = i = —y'u< ]0C>T

— , 3
T 1+ yﬁBEF‘Eg )
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FIG. 4. Time-field scaling of LF-SR asymmetries in log-normal
scale (a) forx = 0.85atT =2 Kand (b) forx =0.92atT = 23 mK.
(b) The inset shows a longitudinal magnetic field dependence of
the muon spin-relaxation rate on a log-log scale. The exponents are
extracted by linear fits of the data plotted in log-log scale.

where 7 is the field-independent correlation time and (BZ.)
is the time average of the second moment of the time-varying
local field at muon sites. The H dependence of the electronic
relaxation is shown in the inset of Fig. 4. For x = 0.92, the H
dependence of Ay is fitted using a single characteristic fluctua-
tion time 7, ~ 3.4 us and y, (Bioc) = A ~ 0.43 — 0.55 MHz.
A rather long fluctuation time indicates slow spin dynamics
in the vicinity of a QCP. We find that the LF relaxation rate
follows the power law Arp ~ H 2, which is expected in the
limit of y2 BptZ > 1 (see the inset of Fig 4). For x = 0.85,
ALr displays the H~!2¢ dependence.

We recall that the relaxation at long times probes the spin-
fluctuation dynamics and, in absence of cross-correlations, the
relaxation rate is given by the Fourier transform of the dynamic
spin-spin autocorrelation function, g(¢) = (S(0) - S(¢)). The
Fourier transform of the autocorrelation function results then in
a time-field scaling relation of the SR asymmetry, G (¢, H) =
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G(t/H?") [34-39]. Significantly, the exponent y obtained from
the time-field scaling relation provides information about the
nature of the dynamic component of the relaxation: power-
law correlation g(¢t) ~ ct~* for y = 1 — a < 1 and stretched-
exponential correlation g(t) ~ exp[—(At)?] fory =1+ 8 >
1 [34].

In Fig. 4, we display the time-dependent asymmetry versus
t/HY plot of the H-dependent LF-uSR data at T =2 K
for x =0.85 and T = 23 mK for x = 0.92. The LF muon
asymmetries of x = 0.85 overlap over one order of magnitude
in t/HY with a value of y = 4/3. This is fully consistent with
the stretched spin-spin correlation with 8 = 1/3, determined
from the ZF-uSR data. Noticeably, the critical exponents
of « =0, =1/3,and y = 4/3, satisfying the relation o +
28 4+ y =2, is what is expected for the XY spin model.
The putative QCP compound x = 0.92 shows the time-field
scaling for y = 1 over two orders of magnitude, indicating
the critical slowing down of spin fluctuations expected in a
quantum critical regime. We note that the ferromagnetic QCP
system CePd, ;5sRhg g5 displays a scaling with a similar value
of y = 1.0(1) [37]. Taken the persistent spin dynamics and the
time-field scaling with y = 1 together, we conclude that the
x = 0.92 compound lies in the proximity to the ferromagnetic
QCP.

Finally, we discuss the ZF-u SR depolarization of x = 0.96,
shown in Fig. 2(c). The absence of any oscillatory component
confirms that there are no ordered magnetic moments. In
this case, muon-spin relaxation in zero field is given by the
Gaussian Kubo-Toyabe relaxation function Agr due to static,
randomly oriented local fields associated with the nuclear
moments at the muon site [40]. The ZF-uSR spectra are well
described by Akt multiplied by a simple exponential function
with electronic relaxation rate X,

P(t) = (1 — fog)Akre ™ + foge

1 2 1
Axr(t) = 3+ 3(1 — o2t} exp (-50%2). 4)

Here we remark that the width of Gaussian field distri-
bution o = 0.0755 MHz is temperature independent and is
comparable to o = 0.08 MHz of LaNiC, [25]. Furthermore,
Jog turns out to be independent of temperature and, thus,
its value was kept fixed for all temperatures. As shown in
Fig. 3(d), we find the substantial electronic relaxation rate A in
the superconducting state, which increases continuously down
to T2™* = 250 mK, forming a A-like anomaly. This is in sharp
contrast to LaNiC,, which shows a temperature-independent
behavior below Tsc ~ 2.5 K. This suggests that some fraction
of the x = 0.96 sample has weak static magnetism on the SR
time window. From this, we infer a microscopic coexistence
of magnetism and filamentary superconductivity as frequently
reported in the Fe-based superconductors [41-46].

To get rid of contributions from nuclear magnetic fields,
we carried out the LF-uSR measurements in an applied field
of Brr ~ 40 G. The representative spectra are displayed in
Fig. 2(f). The data were fitted by the Kubo-Toyabe function
with a simple exponential form

Pir(t) = (1 — fa)Axre ™ + fu, (5)
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where fq. is introduced to account for the frozen fraction of the
nuclear fields under a longitudinal field. As shown in Fig. 3(d),
with decreasing temperature below 2 K, App is temperature
independent with a value of 1.1 MHz, which is significantly
larger than A &~ 0.03 MHz in LaNiC, [25]. This lends further
support to the presence of intrinsic electronic magnetic
fluctuations in the superconducting state upon introducing
several percentage of the Sm atoms.

Lastly, we turn to the 7 — x phase diagram in the
vicinity of the ferromagnetic QCP by adding a few data
points obtained by the uSR data as shown in the inset of
Fig 1(b). The phase boundary seems to have a tail towards the
superconducting phase, indicating the existence of a quantum
Griffith phase [47]. Further studies are needed to elucidate
the quantum Griffith phase between the ferromagnetic and the
superconducting phase.

IV. SUMMARY

To summarize, we have investigated the spin dynamics
of Sm;_,La,NiC, (x =0.85, 0.92, and 0.96) using uSR

PHYSICAL REVIEW B 96, 224433 (2017)

technique towards clarifying a ferromagnetic QCP. In the
x = 0.85 compound, our ZF-uSR study unveils a spin-glass
ground state. In the putative QCP sample (x = 0.92), we
find signatures of a slowing of dynamic spin fluctuations
due to a quantum criticality, evident from persistent spin
dynamics and universal quantum critical scaling in t/H”.
The superconducting x = 0.96 sample displays appreciable
spin dynamics arising from electronic magnetic moments,
indicating a microscopic coexistence of magnetic and super-
conducting states. Thus, Sm;_,La,NiC, emerges as a much-
sought-after model compound for exploring a ferromagnetic
quantum critical point at zero field and ambient pressure.
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