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Quantum critical spin-liquid-like behavior in the § = % quasikagome-lattice compound
CeRh;_,Pd,Sn investigated using muon spin relaxation and neutron scattering
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We present the results of muon spin relaxation (#SR) and neutron scattering on the Ce-based quasikagome
lattice CeRh;_,Pd,Sn (x = 0.1 to 0.75). Our zero-field (ZF) uSR results reveal the absence of both static
long-range magnetic order and spin freezing down to 0.05 K in the single-crystal sample of x = 0.1. The
weak temperature-dependent plateaus of the dynamic spin fluctuations below 0.2 K in ZF-uSR together with
its longitudinal-field (LF) dependence between 0 and 3 kG indicate the presence of dynamic spin fluctuations
persisting even at 7 = 0.05 K without static magnetic order. On the other hand, the magnetic specific heat
divided by temperature C4/T increases as —log7 on cooling below 0.9 K, passes through a broad maximum at
0.13 K, and slightly decreases on further cooling. The ac susceptibility also exhibits a frequency-independent
broad peak at 0.16 K, which is prominent with an applied field H along the ¢ direction. We, therefore, argue
that such a behavior for x = 0.1 [namely, a plateau in spin relaxation rate (1) below 0.2 K and a linear T
dependence in Cy below 0.13 K] can be attributed to a metallic spin-liquid-like ground state near the quantum
critical point in the frustrated Kondo lattice. The LF-uSR study suggests that the out of kagome plane spin
fluctuations are responsible for the spin-liquid (SL) behavior. Low-energy inelastic neutron scattering (INS) of
x = 0.1 reveals gapless magnetic excitations, which are also supported by the behavior of Cy proportional to
T'! down to 0.06 K. Our high-energy INS study shows very weak and broad scattering in x = 0 and 0.1, which
transforms into well-localized crystal-field excitations with increasing x. The ZF-uSR results for the x = 0.2
polycrystalline sample exhibit similar behavior to that of x = 0.1. A saturation of A below 0.2 K suggests a
spin-fluctuating SL ground state down to 0.05 K. The ZF-uSR results for the x = 0.5 sample are interpreted
as a long-range antiferromagnetic (AFM) ground state below Ty = 0.8 K, in which the AFM interaction of the
enlarged moments probably overcomes the frustration effect. The long-range AFM ordering is also supported by
the evolution of magnetic Bragg peaks in x = 0.75 sample observed below 5 K in the neutron diffraction data.
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I. INTRODUCTION

In geometrically frustrated spin systems, the compet-
ing exchange interactions prevent a magnetically ordered
ground state even at 7 — 0, and thus frustrated spins can
form a quantum entangled ground state, so-called quantum
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spin liquid (QSL) [1,2]. QSLs have been amongst the most
intriguing topics in condensed matter physics since the
first notion of spin liquid (SL) was theoretically proposed
by Anderson in 1973 [1]. There has been a continual ef-
fort to explore the materials that might host QSLs, mainly
in geometrically frustrated magnets [3-7]. Among vari-
ous proposed host systems for a QSL, kagome lattices
are found to be the most likely candidate for the re-
alization of a QSL ground state and topological order
[2.8].

©2022 American Physical Society
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Much of what we currently know about QSLs are associ-
ated with the experimental and theoretical work on insulating
magnets. Little is known about their metallic counterparts,
though their phase behaviors are expected to be much more
diverse [9—14]. Ground states of f-electron-based Kondo met-
als are generally classified into a nonmagnetic Fermi-liquid
(FL) regime and a magnetically ordered regime as the re-
sult of the competition between the Kondo effect and the
Ruderman-Kittel-Kasuya-Yosida (RKKY) interactions [15].
At the critical value of the coupling between 4f and con-
duction electrons (c-f hybridization), magnetic ordering is
suppressed to zero temperature and a quantum critical point
(QCP) occurs, where Fermi-liquid theory breaks down and
non-Fermi-liquid (NFL) behavior appears [15-17]. In the case
of Kondo ions arranged on a geometrically frustrated lattice,
magnetic frustration suppresses both the transition tempera-
ture and the moments, and the underscreened moments may
remain disordered even in the magnetic regime, forming a
metallic SL state [18]. In metallic systems, therefore, the
frustration inherent to the Kondo lattice may lead to addi-
tional quantum fluctuations of local moments, adding to the
delicate competition between the Kondo effect and RKKY
interaction in the presence of magnetic frustration [19]. As a
consequence, a partial Kondo screening state [20], a valence-
bond solid [20-23], or even a QSL [18,20,21,24] may appear
in extended phase space, competing with the magnetically
ordered and FL phases. Experimentally, however, this topic
is largely unexplored, mainly due to the lack of appropriate
frustrated Kondo systems.

In recent years, strongly correlated quantum matter, such
as heavy-fermion (HF) metals, have been considered as
prototypical systems to study metallic SL. Prominent ex-
amples are the HF compounds Pr;Ir,O; [10], LiV,04 [25],
and Y(Sc)Mn, [26], which have a common feature that
the transition metal ions comprise the pyrochlore lattice
and are therefore subject to geometrical frustration, as in-
ferred from the emergence of a metallic SL. Suppressing
the transition temperature further results in a field-induced
QSL in a finite window of the magnetic field. For exam-
ple, the application of magnetic field tunes the geometrically
frustrated kagome systems YbAgGe (7Tx = 0.8 K) [27], and
CePdAl (Ty = 2.7K) [28], both of which crystallize in the
hexagonal ZrNiAl-type structure with the space group of
P62m, into the paramagnetic state via an intermediate QSL
metal.

CeRhSn is another isostructural Kondo-lattice compound
as the Ce ions are arranged in a geometrically frus-
trated quasikagome network in the hexagonal basal plane
[29,30] [see Fig. 1(a)]. In contrast to the antiferromagnets
CePdAl and YbAgGe, it has a large Kondo temperature Tx =
240 K and remains paramagnetic down to at least 0.05 K,
with the indication for the proximity to a magnetic QCP
[13]. The high-temperature susceptibility of CeRhSn shows a
Curie-Weiss behavior with a Weiss temperature 8p ~ —155 K
[30,31], but no clear evidence of long-range magnetic order-
ing down to 7 = 0.02 K was evident [32]. The single-crystal
susceptibility of CeRhSn exhibits a strong anisotropy with
an easy ¢ axis [33] and following a power-law behavior
xe o T~ and x, oc 7793 at low temperatures. Geomet-
rical frustration has been discussed as having a profound
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FIG. 1. (a) Crystal structure of CeRhSn. Ce, Rh [with two differ-
ent sites, Rh1 and Rh2, where Rh2 atoms are located inside the Ce
triangular prism (note: the z parameter for Rh2 is % being deviated
from the Ce-Rh1 plane)], and Sn atoms are shown as dark yellow,
violet, and wine color spheres, respectively. (b) Photograph of a
CeRhg oPdy ;Sn single crystal placed such that the ¢ axis lies perpen-
dicular to the plane of the paper, and (c) a* axis lies perpendicular to
the plane of the paper.

influence on ground-state physics. Thermal expansion ex-
periments showed that geometrical frustration is responsible
for the zero-field quantum criticality [13]. The application
of uniaxial pressure in the hexagonal plane along the a axis
leads to a long-range ordered state [34]. This is unusual
because the Kondo coupling increases with stress in Ce-
based compounds, implying that the paramagnetic ground
state would be stabilized. The formation of the magnetic
ground state upon application of uniaxial stress in the ab plane
has, therefore, been interpreted in terms of a stress-induced
alleviation of geometrical frustration in the hexagonal plane
[34].

CeRh;_,Pd,Sn has been studied extensively by Yang et al.
[31]. A transition from paramagnetic to long-range magnetic
ordering takes place when the Rh sites are substituted with Pd
(i.e., 4d-electron doping in CeRhSn). It was anticipated that
the Pd substitution for Rh suppresses both frustration and the
Kondo effect, leading to the development of an AFM order.
Both C/T and x..(T) exhibit a maximum, whose temperature
increases from 0.1 K for x = 0.1 to 2.5 K for x = 0.75. Here
it is important to note that x,. of undoped CeRhSn shows
a broad maximum at 0.1 K, whereas C/T keeps increasing
down to 0.05 K [13,31]. The hard x-ray photoelectric spec-
troscopy (HAXPES) shows that both the pure CeRhSn and the
sample with x = 0.1 belong to the valence fluctuating regime
where no magnetic order should occur. With a further increase
of Pd content, the ¢ — f hybridization is strongly suppressed,
which stabilizes the trivalent state of Ce [35]. Therefore, the
exact ground state of this system is still a matter of some
debate.

From the bulk measurements only, it is difficult to fully
understand the origin of the low-temperature behavior and to
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separate the contributions from frustration, valence fluctua-
tions, Kondo effect, and crystal field in CeRh;_,Pd,Sn. The
investigations using microscopic measurements are, therefore,
essential. For example, «SR is a powerful local probe that is
able to detect tiny magnetic moments with an average ordered
moment size of 0.005 wg (or higher) [36]. It can distinguish
the random static fields associated with, for example, the
dipolar coupling of the muon and quasistatic nuclear moments
and dynamically fluctuating fields associated with electronic
spin fluctuations [37]. Therefore, with the aim to understand
the static and/or dynamic behavior of CeRh;_,Pd,Sn in de-
tail, uSR measurements were performed on the single-crystal
sample with x = 0.1 and on the polycrystalline samples with
x =0.2 and 0.5. We also performed inelastic neutron scat-
tering (INS) measurements on all the polycrystalline samples
with x =0, 0.1, 0.2, 0.5, and 0.75. The neutron diffraction
(ND) measurements were performed on powder sample of
x = 0.75. In addition, we have performed ac magnetic sus-
ceptibility and specific-heat measurements on x = 0.1 single
crystals under the magnetic fields along and perpendicular to
the ¢ axis.

Our uSR investigation on CeRh;_,Pd,Sn with x = 0.1
and 0.2 reveals that the ground state is nonmagnetic within
the muon timescale. The temperature-dependent zero-field
(ZF)- SR relaxation rate A(7T') for both x = 0.1 single crystal
and x = 0.2 polycrystal exhibits a typical behavior observed
in QSL systems [38—40]. The elastic neutron data observed
in the INS and ND studies support the absence of mag-
netic ordering in the polycrystalline samples of x = 0.1 and
0.2 down to 0.07 and 0.12 K, respectively. The ©SR study
on x = 0.5 and the ND study on x = 0.75 polycrystalline
samples provide a clear evidence of long-range magnetically
ordered ground state. Low-energy INS study reveals a clear
presence of quasielastic scattering (gapless excitations) in
the polycrystalline samples of x = 0.1, 0.2, 0.5, and 0.75.
Furthermore, the temperature-dependent quasielastic scatter-
ing in x = 0.1 and 0.2 is very similar to that observed in
NFL systems near QCP [41]. We have observed the energy
by temperature (E/T) scaling of the dynamical suscepti-
bility both for x = 0.1 and 0.2. A high-energy INS study
reveals a broad inelastic excitation in x = 0, 0.1, and 0.2 and
broad crystal electric field (CEF) excitations in x = 0.5 and
0.75.

II. EXPERIMENTAL METHODS

Single crystals of CeRh;_,Pd,Sn with x = 0.1 and the
polycrystalline samples with x = 0.1, 0.2, 0.5, and 0.75
were prepared according to Ref. [31]. Polycrystalline sam-
ples of LaRh;_,Pd,Sn with x = 0.1 and 0.5 were prepared
for phonon reference measurements in the INS study.
The temperature-dependent specific-heat Cy(7) and ac-
susceptibility x,.(7) measurements on x = 0.1 single crystals
were made using the specific-heat option with mK temper-
ature range of a physical properties measurements system
(Dynacool PPMS, Quantum Design Inc).

ZF- and longitudinal-field (LF-) ©SR measurements on the
single-crystal sample of x = 0.1 (with the initial polarization
of the muon beam along and perpendicular to the ¢ axis) were
performed at the ISIS Neutron and Muon Source, UK, using

the MuSR spectrometer. For ISIS muon measurements, the
x = 0.1 single crystals in a thin plate form with thickness of
1 mm and radius of 10 mm [Figs. 1(b) and 1(c)] were mounted
on a 99.999% pure silver plate using diluted GE varnish to
ensure good thermal contact and then covered with a thin
silver foil. We used a dilution refrigerator to cool the samples
down to 0.05 K. The SR data collected at ISIS were analyzed
with the MANTID software [42]. SR measurements on the
polycrystalline samples with x = 0.2 and 0.5 were performed
using the D1 muon beam line at the J-PARC, Japan, and the
data were analyzed with WIMDA software [43].

The INS experiments on polycrystalline CeRh;_,Pd,Sn
(x=0.1,0.2,0.5, and 0.75) and LaRh; _,Pd,Sn (x = 0.1, 0.5)
were performed on the MERLIN time-of-flight (TOF) spec-
trometer at the UK ISIS Neutron and Muon Source [44]. The
powdered samples of these materials were wrapped in thin Al
foil and mounted inside thin-walled cylindrical Al cans with
a diameter of 30 mm and height of 40 mm. Low temperatures
down to 5 K were obtained by cooling the sample mounts
in a top-loading closed-cycle refrigerator with He-exchange
gas. The INS data were collected with repetition-rate multi-
plication using a neutron incident energy of E£; = 60 meV and
a Fermi chopper frequency of 350 Hz, which also provided
data for E; = 24 and 13 meV. The elastic resolution (FWHM)
was 2.58 meV for E; = 60 meV. The INS experiments on
polycrystalline CeRh;_,Pd,Sn (x =0) and LaRh;_,Pd,Sn
(x = 0) were performed on the MARI TOF spectrometer. The
data are presented in absolute units, mb/meV /sr/f.u. using
the absolute normalization obtained from the standard vana-
dium sample measured in identical conditions. The magnetic
scattering in CeRh;_,Pd,Sn was estimated by subtracting
the phonon contribution using LaRh;_,Pd,Sn. We have used
the La data only for x = 0.1 and 0.5 and we assumed that
phonon contribution for x = 0.2 should be same as that for
x = 0.1 because the atomic weights of Rh (102.91) and
Pd (106.42) are very close. Likewise, the phonon contribu-
tions in x = 0.5 and 0.75 samples were assumed to be very
similar.

Low-energy INS data were collected using the cold IN6
TOF spectrometer with neutron incident energy of 3.1 meV at
Institute Laue-Langevin (ILL), Grenoble, France. The elastic
resolution (FWHM) was 80 peV. The sample with x = 0.1
was mounted in an annular form in a Cu can (16 mm diameter)
and cooled down to 0.07 K using a dilution refrigerator. The
samples with x = 0, 0.2, and 0.75 were mounted in an Al-foil
envelope (25 x 38 mm) and cooled down to 1.5 K using an
orange He-4 cryostat. We also measured the x = 0.5 sample
down to 5 K using low-energy neutrons on the TOF inverted-
geometry crystal analyzer spectrometer OSIRIS with a PG002
analyzer and selecting the final neutron energy of 1.845 meV
at the ISIS Neutron and Muon Source. The elastic resolution
(FWHM) was 25 peV. The powder sample was mounted in
an annular form in an Al-can (20 mm diameter). The neutron
powder diffraction measurements were performed on the sam-
ple with x = 0.75 using the GEM TOF diffractometer down
to 0.5 K at ISIS Neutron and Muon Source and the constant
wavelength diffractometer D20 down to 1.5 K at ILL. We
also performed ND measurements on the sample with x = 0.2
using the OSIRIS TOF diffractometer down to 0.12 K at ISIS
Neutron and Muon Source.
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FIG. 2. The magnetic specific heat divided by temperature
(Cy4¢/T) vs logT for CeRhgyyPdy;Sn single crystal. Solid line rep-
resents the logarithmic behavior of the data. Inset shows C4 vs T on
log-log plot. The solid line is a fit to the data with Cy4 o< T'13. The
dashed line shows Cys o< T'! behavior.

1. EXPERIMENTAL RESULTS AND DISCUSSION
A. Specific heat and ac susceptibility

The temperature dependence of the magnetic heat capacity
(C4) and Cu/T of x = 0.1 single crystal at H =0 T are
plotted in the inset and main panel of Fig. 2, respectively.
Here, Cy4r was estimated by subtracting the specific heat of the
nonmagnetic analog LaRhSn. The Cy¢ data show no lambda-
type anomaly down to 0.05 K, suggesting the absence of
long-range magnetic phase transition. The Cy¢/T increases as
—logT with decreasing temperature followed by a broad peak
at 0.13 K. The —logT dependence of Cy/T agrees with that
expected for the system in the quantum critical regime [16].

To check whether the peak might arise from magnetic
ordering, we performed ©SR (down to 0.05 K) and neutron
scattering experiments (down to 0.08 K). The detailed dis-
cussion of these results is given below. The results show no
clear evidence of magnetic ordering. Hence, it is very unlikely
that the anomaly in Cy/T at 0.13 K arises from long-range
AFM order. Therefore, the obvious explanation is that mag-
netic fluctuations dominate the low-temperature heat capacity,
resulting in a peak around 0.13 K, representing the onset of
short-range correlations. The existence of short-range corre-
lations is a common feature of paramagnetic HF compounds
residing close to a QCP, where there is a zero-temperature
transition between paramagnetic and magnetically ordered
ground state [16]. We can therefore anticipate that the broad
peak in the specific heat arises from short-range magnetic
correlations, reflecting the fact that the system is close to
a magnetic QCP. On the other hand, in a gapless QSL, a
linear increase in magnetic specific heat is expected at low
temperatures [45]. As shown in the inset of Fig. 2, a fit of the
low-temperature C4 data by the power law &, 7" yields the
exponent o, = 1.13 (2), confirming the linear T dependence
of C4f.

When a magnetic field is applied to the system in the
vicinity of a QCP, the specific heat changes significantly [16].
Figures 3(a) and 3(b) represent the temperature dependence
of C/T in various magnetic fields applied parallel and perpen-
dicular to the c axis, respectively. With the application of the
magnetic field, the broad peak in C/T evolves into a Schottky-
type anomaly, which moves up to a higher temperature. This
behavior is consistent with the field-induced splitting of the
Ce ground-state doublet. The temperature at the C/T peak is
proportional to the Zeeman energy. The insets of Figs. 3(a)
and 3(b) show that the C/T peak temperature Tp,,x increases
linearly with increasing the field parallel and perpendicular to
the c axis. This suggests Zeeman splitting of the Ce ground-
state doublet, where at zero field, the splitting could arise from
the fluctuating internal field due to short-range order. It is to
be noted that for a ferromagnetic correlation or ordering, the
specific-heat peak also moves upward with increasing applied
magnetic field [46].

To further explore the short-range correlation observed in
heat capacity of x = 0.1 single crystal, we measured the low-
temperature ac susceptibility x,.(7) at various frequencies
from 400 to 10 000 Hz. The y,. with applied magnetic fields
along and perpendicular to the ¢ axis down to 0.05 K for a
range of frequencies are shown in Figs. 3(c)-3(f). The signal
below 400 Hz is too weak to obtain reliable data, and hence
the data are not presented. For the magnetic field along the ¢
direction, a broad maximum is observed at 0.16 K, close to
where a weak peak is observed in C/T. As can be seen from
Figs. 3(c)-3(f), xac peak does not depend on the frequency
between 400 and 10 000 Hz. Therefore, we conclude reliably
that the single-crystal sample with x = 0.1 does not have a
spin-glass transition.

B. Muon spin relaxation

To gain further insights into the static and/or dynamic
properties of the ground states in CeRh,_,Pd,Sn, we per-
formed ZF- and LF-uSR measurements. The time-dependent
ZF-uSR spectra of the single-crystalline sample for x = 0.1
with the initial polarization of muon along and perpendicular
to the ¢ axis are displayed in Figs. 4(a) and 4(b), respec-
tively. The uSR spectra depolarize faster as the temperature
is decreased; however, neither the oscillatory signal nor a
% recovery tail of the muon polarization due to a random
distribution of the static field are observed with the incident
muon polarization along or perpendicular to the ¢ axis down
to 0.07 and 0.05 K, respectively. This behavior suggests the
absence of a well-defined or disordered static magnetic field
at the muon stopping site and hence ruled out any possibilities
of long-range magnetic ordering or spin freezing due to Ce
moments in x = 0.1 single crystal.

The time evolution of the ZF-u«SR spectra at all the temper-
atures and for both the orientations of the crystal with respect
to the muon beam can be described by a single stretched
exponential model as follows:

A(t) = Ag exp[—(At)P] + Apg. (1

Here Ag is the initial asymmetry, Ay is the background
contribution from muons stopping on the Ag-sample holder,
B is the stretched exponent, and X is the muon spin relaxation
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FIG. 3. Specific heat and ac susceptibility of CeRhgoPdjSn single crystal: (a), (b) C/T vs logT for the fields applied parallel and
perpendicular to the ¢ axis. Insets show the variation of C/T peak (Tp,.x) With applied magnetic fields. (c)—(f) The temperature dependence of
the ac susceptibility with H = 40 G along a and c axes, for a range of frequencies.

rate originating from the electronic moments. The fits to the
ZF-uSR spectra by Eq. (1) are shown by the solid lines in
Figs. 4(a) and 4(b). We estimated Ay, (= 0.117) from the fit
to the data at the lowest temperature, and then it was kept fixed
for the analysis of other data. The temperature dependence of
A and B with both the initial polarization of muon along (A
and B)) and perpendicular (A and B, ) to the ¢ axis are shown
in the main panel and in the inset of Fig. 4(c), respectively.
The observed values of A and A are almost similar and are
very low as compared to the spin-glass systems (of the order
of 1020 us~') below freezing temperature [47—49].
Moreover, for a two-dimensional (2D) frustrated QSL, A
can be described by a power law, i.e., AM(T) o« T~", over a
given temperature range [50-52]. We critically examined the
behavior of A in the measured temperature range and found
that both A and X, follow a power-law behavior in the three
temperature regimes corresponding to the different values of
the power exponents wy and w , respectively. The power-law
function has been fitted to the A and A ; and are shown by the
blue and red solid (transparent) lines, respectively. as shown in
Fig. 4(c). The exponents w; and w, , obtained from the fit for
three temperature regions, are w;; = 0.17 (4), wy; = 0.10 (9)
[for T > 0.8K (labeled I)], w o = 2.0 (1), wy» = 2.1 (8) [for
02K < T < 0.8K D], and w3 = 0.25 (6), wyz = 0.20 (3)
[for T < 0.2 K (III)]. The electronic fluctuation (1 /relaxation
rate) is hardly dependent on temperature in the range I, indi-
cating that the system is close to its paramagnetic limit. Upon
further cooling below 0.8 K, a first crossover occurs and in this
intermediate region II, A increases steeply with the decrease
of temperature. This increase in the relaxation rate renders
evidence for a slowing down of the spin dynamics, likely re-
sulting from the building up of short-range correlations. A(7")
levels off with weak temperature dependence below 0.2 K and
exhibits only slow changes with temperature without a critical
slowing down of the electronic spin fluctuations. This constant
low-temperature behavior of X is a universal characteristic of
several SL candidates [38—40,50,53-61]. Qualitatively, this
can be taken to indicate the presence of a SL ground state
characterized by dynamic electronic magnetic moment fluctu-
ations with a temperature-independent fluctuation time, which

is unlike any system with a static magnetic ground state, for
example, a spin glass, which is associated with a maximum in
A near its spin-freezing temperature [62].

It is to be noted that the temperature (0.2 K) of the phase
transition into the phase III (i.e., QSL phase) in Fig. 4(c) is
nearly same as seen in the ac susceptibility (0.18 K) [see
Figs. 3(c)-3(f)]. Furthermore, the heat capacity shows this
transition slightly lower temperature 0.15 K (Fig. 2). One
possible origin for this discrepancy in detecting an onset of
the short-range correlations at higher temperature [0.8 K, see
Fig. 4(c)] in uSR measurement could be due to the time
window of MHz range being three orders of magnitude faster
than the kHz range for the ac-susceptibility measurement.

It is important to note that A presents a relatively stronger
temperature dependence than organic QSL systems over the
whole temperature range [38,63]. This reveals the presence
of a substantial slowing down of spin dynamics in the metal-
lic SL candidate systems rather than organic systems, where
weak temperature dependence has been observed. The ob-
served value of Azg is comparable to that observed for other
QSL candidates, some of which are presented in the Table S2
in the Supplemental Material (SM) [64].

Furthermore, the stretch exponent B increases abruptly
from 8 = 1 to 1.6 below 0.5 K. The high-T 8 ~ 1 (a simple
exponential function) corroborates that the relaxation rate is in
the fast fluctuation limit due to the dynamics of the unpaired
electrons. However, the change in the value of 8 around 0.5 K
indicates a distribution of the muon spin relaxation rates. This
increase is a very common phenomenon in lots of frustrated
quantum magnets and may be caused by the magnetic spins
strongly entangled in space and time, which are the basic
requirements of a gapless quantum SL. Noteworthy is that
such a change in the shape of the relaxation function from
exponential to Gaussian has been observed in the kagome sys-
tems SrCrgGasO9 [48] and Ca;(Cr;0,5 [65], which feature a
SL-like ground state.

To identify the dynamics of the electronic magnetic
moment fluctuations in our system, we have performed LF-
dependent measurements of the relaxation. When small LF of
50-80 G is applied, the weak contribution from the nuclear

064436-5



RAJESH TRIPATHI et al.

PHYSICAL REVIEW B 106, 064436 (2022)

(@) 7

Asygmetry
=

0.09

~
o
~

0.27 1§

Asyglmetry

0.09

r | c-axis
muon |
beam 1

—*l*l detectors

p L c-axis

Ti]0.07 K

_rbneua%‘ I detectors ‘ ‘ 1 \:;“y\ i I
1 | L | I |
0 6 9
1 (ps)
[ Wi =025(6) -
; 1 & o o o= 2.0 (1
3}\,” © — :Q
T wp=02003)  ee
3 006
-’ a®y w,,; =0.17 (4)
L %%,

: R <e.<° QR
| 00 SRud
3 p=21(8) "@{‘{;ﬁ%
3 wy = 0-109)
: O

T (K)

muon 1

—_—

| beam 1

[
{'I detectors

|[3000G

TT11000G
500G

100G
10G

4K |
1K 3000G
i = 2000G
THH05K 0.18 1000G
04K + 100G
03K 'Olli . L :
102K p L c-axis : : g 0BT Y T, il Uk 0G
muon o g LT TS
0.09 Tbear#‘ I deltectorsl | ! \ | ’
0 6 9
() 1 (us)
1 ¢
F ~a=1.03(2) r'=0.1K .‘
L g2 e
— L 1 e 3
‘v Ko fo a=20(@3)
201k | ’
S0P
= r = o 1
3 - 1/(p+qxH®) ]
~ I ‘{]0.01 3 .
bl v i vl ol 8
I 0.1 1 10 100 1000
0.0 Lol vl vl il
0.1 1 10 100 1000
H(G)

FIG. 4. uSR data of single-crystal sample of CeRhg¢Pd;Sn: (a) ZF-uSR spectra with the muon beam along the ¢ axis at representative
temperatures. The solid lines are the fitted curves (see the text for details). (b) ZF-uSR spectra with the muon beam _L ¢ axis at representative
temperatures. The solid lines are the fitted curves (see the text for details). (c) Temperature dependence of the muon spin relaxation rate (A)
for the muon beam along and perpendicular to the ¢ axis. The inset shows the temperature-dependent stretched exponents (8) for the muon
beam along and perpendicular to the ¢ axis. The blue and red solid (transparent) lines describe the power-law behavior of relaxation rate A, i.e.,
AMT) o« T™", over a given temperature range for the muon beam along and perpendicular to the ¢ axis, respectively. (d) The LF-uSR spectra
with the muon beam along the ¢ axis measured at 0.1 K under several longitudinal magnetic fields. (¢) The LF-uSR spectra with the muon
beam _L ¢ axis measured at 0.1 K under several longitudinal magnetic fields. (f) Magnetic-field dependence of the A for the muon beam along
(inset) and perpendicular to the ¢ axis. The solid lines are the fitted curves to a power law of the form 1/(p + gH*). The dotted line shows the

fit with ¢ = 2.

magnetic moments observed in the ZF signal [static mag-
netism, estimate as Azp/(y,/2m), where y, = 2w x 135.53
MHz/T is the muon gyromagnetic ratio] to the relaxation is
typically eliminated. On the other hand, a large LF is needed
to decouple the muon depolarization from the internal field
arising from the fluctuating electronic spins. The representa-
tive LF spectra with the initial polarization of muon along and

064436-6

perpendicular to the c axis at 0.1 K are displayed in Figs. 4(d)
and 4(e), respectively. It is seen that even 1000-G LF is not
sufficient to suppress the muon relaxation at 0.1 K completely.
This means the magnetic ground state is entirely dynamic
at the base temperature. Similar effects were also found at
0.25 K, i.e., in the crossover regime. However, field-dependent
spectra at 7 = 0.75 and 4 K behave as expected for the
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high-temperature paramagnetic state (Fig. S4 [64]). The LF
spectra measured at 0.1 K under several magnetic fields can
also be modeled by Eq. (1). The obtained Arp as a function
of the field for the muon beam along (Ap ) and perpendicular
(ALpL) to the ¢ axis are shown in the inset and main panel
of Fig. 4(f), respectively. The corresponding Bir and Biri
are shown in Fig. S5 [64]. The variation of A p; and Apg;
with a longitudinal magnetic field can be represented by the
power-law behavior as given below:

Ae(H) = Ao/ (p + qH®), (©))

where p and g depend on the fluctuation rate and fluctuating
field. The Apg can be described by the above equation with
a = 2.0 (3) [solid line; inset of Fig. 4(f)]. It is worth noting
that Eq. (2) with « = 2 is a standard Redfield equation given
below [47,66]:

2V/3<Hl%)c>r

Ap(H) = A B —
Le(H) = Ao + e

3

Here A is the H-independent depolarization rate, t is the spin
autocorrelation time of spin fluctuation, and Hj, is the time
average of the second moment of the time-varying local field
Hy,(¢) at muon sites due to the fluctuations of neighboring Ce
4 f moments.

From Eq. (3) it is clear that, in the absence of applied
field, the relaxation rate is inversely proportional to the spin-
fluctuation rate i.e., A ~ 1/v, where v = 1/7. This further
corroborates that an increase in A (with decreasing tempera-
ture) indicates a decrease in spin-fluctuation rate and hence
a slowing down of dynamic spins. In ordinary disordered
spin systems, Ay exhibits a field-inverse square dependence.
Such a spectral-weight function is commonly used to describe
classical fluctuations in the paramagnetic regime. We found
that Eq. (3) provides the best fit to the A g with Hjoc = 25
(7) G and t = 31 (4) ns. This value of 7 is comparable with
37 and 42 ns found in CeCoGe;gSij, and stoichiometric
CeRhBi, respectively [67,68], but is much larger compared to
0.10-0.01 ns observed in metallic spin glasses such as CuMn
[47]. Long correlation times (slow magnetic fluctuations) are
generally expected in the critical region just above a magnetic
transition.

Moreover, our value of T =30 ns at 0.1 K gives v =
33.3 MHz at 0.1 K. The v =470 MHz at 20 mK has been
observed for § = % V-based kagome SL [69] and 9.4 MHz at
0.07 K for YbMgGaO, [38], compared to high-temperature
paramagnetic value v =40 GHz. These low-temperature
values are much smaller than the paramagnetic limit v =
523 GHz and 13.3 THz [69]. These results clearly indicate
the slowing down of the spin fluctuations in the SL state.
However, the ratio y, Hioc/v ~ 0.1 indicates that the Ce spin
fluctuations still seem to be in fast fluctuating regime at the
base temperature. Similar range of dynamic fluctuations are
also seen for many systems near quantum critical regime and
typical values are presented in Table S2 of SM [64].

On the other hand, the A p, appears to be described by
Eq. (2) with o = 1.05 [solid line in Fig. 4(f)]. The dotted
line in Fig. 4(f) with ¢ =2 (kept fixed) shows a signifi-
cant deviation from the data. The observed values, o = 1.05,
are inconsistent with the existence of a single timescale and

instead suggest a more exotic spectral density, such as the one
at play in a QSL [70]. We can, therefore, conclude from our
LF-uSR study that the spin fluctuations perpendicular to the
kagome plane are responsible for the SL behavior.

We also studied the polycrystalline specimens of
CeRh;_,Pd,Sn with x = 0.2 and 0.5 to trace the development
of AFM order. The ZF-uSR spectra for x = 0.2 in Fig. 5(a)
exhibits similar behavior to that of single-crystalline sample
of x = 0.1. The fit by Eq. (1) gives A(T) and the stretched
exponent 8, which are shown in the main panel and inset
of Fig. 5(b). Similar to x = 0.1, A(T") can be described by
a power law, i.e., AM(T) o T~%, over a given temperature
range in the sample with x = 0.2. As shown in Fig. 5(b),
three different regimes with identical crossover temperatures
are seen in the A(T'). The observed feature for x = 0.2 can
be related to dynamic slowing down of spin fluctuations at
T <0.8K and a saturation of A at T < 0.2 K suggest a
spin-fluctuating SL ground state down to 0.085 K.

In order to further confirm the nonmagnetic ground state in
x = 0.2, we also carried out a ND study at 0.1 and 2 K using
the OSIRIS spectrometer at ISIS Neutron and Muon Source.
We did not see any clear sign of the presence of magnetic
Bragg peaks at 0.1 K (Fig. S7 [64]), indicating that the ground
state is either nonmagnetic (as shown by ZF-uSR) or ordered
state Ce moment is very small (below 0.1 ug) to be detected
by ND. Moreover, the A continuously increases down to the
lowest temperature for a 7 = 0 quantum phase transition,
such as in CeRhBi [68], which is not the case for x = 0.1
and 0.2 systems, indicating quantum critical SL ground state
dominated by the long-range spin entanglement.

The evolution of A(¢) for x = 0.5 is markedly different
from those for x = 0.1 and 0.2 as shown in Fig. 5(c). At
all the temperatures, A(¢) displays exponential plus Gaussian
shape, i.e., Aj exp[—(01)*] + Az exp(—At) + Apg. The A(T),
thus obtained, exhibits a clear peak at 0.8 K, as shown in
Fig. 5(d), providing evidence for a static AFM ordering below
Tn = 0.8 K. The Ty is close to the temperature of the peak in
the specific heat in this system [31].

IV. INELASTIC NEUTRON SCATTERING
A. Low-energy INS study

In order to examine the critical scaling of the low-energy
spin dynamics in CeRh;_,Pd,Sn, the low-energy INS mea-
surements have been performed on polycrystalline samples
with x =0, 0.1, 0.2, and 0.75, using the IN6 TOF chopper
spectrometer at ILL, Grenoble, with an incident energy E; =
3.1 meV. We also measured x = 0 and 0.5 samples on the
OSIRIS spectrometer. For x = 0, both IN6 and OSIRIS results
did not reveal a clear sign of low-energy magnetic scattering
(Fig. S9a [64]). This is also in agreement with CeRhSn single-
crystal study on the IRIS spectrometer by Sato et al. [71] that
reveals very weak excitation intensity at 0.13 meV at O ~ (1,
0, 0) below 0.05 K. They mentioned that the observed inelastic
intensity is too weak to conclude the existence of CEF, and
further measurements are needed.

We observed quasielastic scattering in x = 0.1, 0.2, 0.5,
and 0.75 (Fig. S9 [64]), whose intensity decreases with in-
creasing Q (see color coded E vs Q plot for x = 0.1 at 0.08 K
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FIG. 5. uSR data for the polycrystalline samples of CeRh;_,Pd,Sn with x = 0.2, 0.5: (a) ZF-uSR spectra at representative temperatures
for x = 0.2. The solid lines are the fitted curves (see text for details). (b) Temperature dependence of the muon spin relaxation rate (1). The
gray solid (transparent) line described the power-law behavior of A, i.e., A(T) o T~", over a given temperature range. The inset shows the
temperature-dependent stretched exponent (8). (c) ZF-uSR spectra at representative temperatures for x = 0.5. The solid lines are the fitted
curves (see text for details). (d) Temperature dependence of A. The inset shows the temperature-dependent initial asymmetries (A, and A,) and
Gaussian relaxation rate (o). It is to be noted that the uSR spectra in (a) and (c) have slight distortion at around 2 us, which is an artifact

associated with the operation of a muon kicker at J-PARC.

in the inset of Fig. S7 [64]). Hence, in our analysis, we used
Q-integrated intensity. Figure 6(a) shows the Q-integrated (0
<0 <2A scattering intensity S(Q, w, T) versus E for
x =0.1 for 0.08 K < T < 94 K summed over all scattering
angles between 10° and 115°. The clear sign of quasielastic
scattering can be seen at all temperatures. The scattering on
the neutron energy-loss side (i.e., +E side) between 0.08 and
50 K does not vary substantially with temperature, while that
on the neutron energy-gain side (i.e., —E side) increases with
increasing temperature, which is due to the thermal population
factor. On the other hand, the data at 77 and 94 K do not follow
the same behavior as those between 0.08 and 50 K. These
temperature and energy dependencies indicate a typical NFL
response near the QCP below 50 K and support the idea that
temperature is the only energy scale in the system, as observed
in the dynamic susceptibility of many NFL systems [41].
According to the fluctuation-dissipation theorem, the
measured scattering intensity S(Q, w, T) is related to the
imaginary part of the dynamic susceptibility x"(Q, w) [72]

as

h x"(Q,0,T)
wgud 1 —exp(—hw/ksT)

with x”(Q, w, T) = wF*(Q)x'(0, 0, T)P(Q, w, T ) according
to the Kramers-Kronig relation, where F (Q) is the magnetic
form factor, x’(0, 0, T') = xo(T') is the static bulk susceptibil-
ity and P(Q, w, T') is the normalized spectral function.

A double-logarithmic plot of the magnetic scattering
S(Q,w, T) as a function of E for x = 0.1 at all the mea-
sured temperatures is shown in the right inset of Fig. 6(a).
The S(Q, w, T') between 0.2 and 2 meV at all temperatures
are linear in £ on a log-log scale suggesting a power-law
behavior. The magnetic scattering between 0.08 and 50 K
thus follows a power-law behavior S(Q, w, T) x w™* with
o = 1.07 (w is related to E as E = hw). A very similar be-
havior with « in the range 0.33-0.77, has been observed in
other NFL systems such as UCus_, Pd, [41], CeRhogPd(,Sb
[73], Ceo_7Th0‘3Rth [74], and CePdo.lsRho‘gs [75]

S(Q 0, T) = “
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simulation according to the Aronson scaling function [41], in Eq. (5).

Further, we find a clear evidence of E/T scaling in the
imaginary part of the dynamic susceptibility. The x”(w, T')
for x = 0.1 obtained from Eq. (4) is shown in the left inset
of Fig. 6(a) as x"(w, T)T* versus E/T plot. The x"(w, T)
data between 0.2 and 2 meV at 0.08 < 7 < 50 K collapse
onto a single curve. This confirms the universal E/T scaling
behavior of x”(w, T). The x”(w, T) data are well described
by the scaling relation x"(w, T)T* ~ f(w/T) witha = 1.07.
The solid curve in the left inset of Fig. 6(a) represents the
scaling function proposed by Aronson et al. [41]:

x"(w, THT* = (T /w)* tanh(w/B,T) &)

with o, = 1.07 and B, = 0.1. The E /T scaling behavior has
been observed in several NFL systems, however, with differ-
ent values of «, and sometimes with different choice of scaling
function f(w/T) [41,76,77]. For example, the values of « are
% and 0.2 for the quantum spin glasses UCus_,Pd, [41] and
Sci—x U,Pds [78], respectively. In AFM quantum critical sys-
tems CeCu6_xAux [79], CeRho_gPd()_2Sb [73], Ce0_7Th0_3Rth
[74], and Ce,PdIng [80] the values of « are 0.75, 0.77, 0.33,
and 1.5, respectively. In the ferromagnetic quantum critical
system CeRhg gsPdy 15 [75], « is 0.6. The reason for the differ-
ent values of the exponent in different compounds is not well
understood. The wide variation in the o value might indicate
criticality at the distance from the QCP in the phase space and
the dimensionality including the amount of chemical disorder.

Furthermore, hard x-ray photoelectron spectra (HXPES)
reveal the presence of valence fluctuations in x = 0.1 [35].
Hence, the presence of valence fluctuations at the QCP indi-
cates the possible role of the valence fluctuations in addition
to the magnetic fluctuations, requiring the novel quantum
critical scheme beyond the Doniach picture [81,82]. It has
been shown theoretically that charge responses at the Kondo
destruction QCP are singular and obey w/T scaling, very
similar to spin responses [83]. In order to see the effect of
valence fluctuation on the w/T scaling, we also carried out
/T scaling of x = 0.2, in which the valence fluctuations are

reduced and magnetic fluctuations have increased. The w/T
scaling plot is shown in the left inset of Fig. 6(b), clearly
revealing the scaling with o« = 0.7, which is in agreement
with other systems mentioned above, and is consistent with
the theoretical value 0.72 calculated from a local QCP in an
anisotropic Kondo lattice [84,85].

B. High-energy INS study

The nature of 4 f electrons and the crossover from a valence
fluctuating regime with itinerant 4f electrons to localized
4f electrons with increasing Pd doping in CeRh;_,Pd,Sn
has been studied by high-energy INS measurements. In order
to estimate the phonon scattering, INS measurements were
performed on the nonmagnetic LaRh;_,Pd,Sn sample with
x =0, 0.1, and 0.5. The data of x =0 from [86] are pre-
sented for comparison. The Q-integrated energy vs intensity
1D cuts from low-Q = 0 to 3 A~" and high-Q = 7 to 11 A~!
regions from the raw data for an incident neutron energy of
E; = 60 meV are given in Fig. S10 [64]. The magnetic scat-
tering of the 60-meV data for x = 0.1 to 0.75 was estimated
using a direct subtraction of the scattering of the nonmagnetic
reference LaRh;_,Pd,Sn of x = 0.1 and 0.5 compounds from
the Ce data as S(Q, w)m = S(Q, w)ce — ax X S(Q, W)L, (see
Fig. S11 [64]). Here «; is the scaling factor obtained from
the ratio of the total scattering cross section of the Ce by La
compounds. In order to estimate the magnetic scattering for
x = 0.2 Ce sample, we used x = 0.1 La data and for x = 0.75
Ce sample, we used x = 0.5 La data. In this procedure, we
found that the phonon modes were still present in the mag-
netic scattering at high Q. Hence, we used o = 1 (i.e., direct
subtraction of the La data from the Ce data) to estimate the
magnetic scattering, which resulted in a better estimation of
the magnetic scattering. As the phonon signal at high Q in
LaRhSn is higher than in CeRhSn, we estimated o = 0.8
by scaling the high-Q phonon spectra of LaRhSn to agree
with that of CeRhSn. The estimated magnetic scattering is
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FIG. 7. Magnetic INS response at 5 K after subtracting the
phonon contribution for CeRh,_,Pd,Sn. The solid black lines show
the fit to the Lorentzian functions multiplied by the Bose factor.

presented in Fig. 7. We also estimated the magnetic scattering
using another method, i.e., S(Q, w)m = S(Q, w, low Q)ce —
S(Q, w, high Q)ce/[S(Q, , high Q)1./S(Q, w, low Q)L.]. We
found very similar magnetic scattering (data not shown) as in
Fig. 7.

For x =0, a very broad and weak scattering is present,
but no clear sign of CEF excitations. Furthermore, the high-
energy measurements with E; = 500 meV revealed the weak
magnetic scattering in CeRhSn extended up to 300 meV [86].
This is a typical response observed in valence fluctuating sys-
tems [87] and confirms the presence of mixed-valence nature
of Ceioninx = 0, which is in agreement with HAXPES study
[35]. The difference between this system and other mixed-
valence systems, e.g., CeRusSby, [87], is that the magnetic
scattering is very weak in x = 0. Another important difference
is that the x (7") of CeRhSn exhibits strong anisotropy, x (H ||
c) > x(H || a), with divergent behavior at low temperatures
[33]. Furthermore, the hard-axis magnetization M (H || a) ex-
hibits a metamagnetic behavior at around H || a =3 T. In
conventional mixed-valence systems y (7) exhibits a broad
maximum at a certain temperature (or at a characteristic tem-
perature, which is related to Tx) and decreases on cooling. On
the other hand, for x = 0.1 and 0.2 the magnetic response is
still broad centered near 20 meV, but its intensity increases
and linewidth decreases with x.

For x = 0.5, two well-defined magnetic excitations appear
near 18 and 25 meV, which are attributed to the excitations
from the ground-state multiplet J = % of Ce** splitting into
three CEF doublets. For x = 0.75, in addition to two strong
excitations near 17 and 27 meV, there are two weak CEF
excitations present near 21 and 30 meV. For the orthorhombic
point symmetry (m2m, Cyy) of Ce ions in CeRh;_,Pd,Sn with
the hexagonal crystal structure, we expect two CEF excita-
tions in the paramagnetic state. Therefore, the presence of
four CEF excitations in x = 0.75 suggests the coexisting of
two hexagonal phases with very similar lattice parameters due
to the inhomogeneous distribution of Rh/Pd concentration.
The support of two phases comes from the magnetic ND

analysis presented below. We have fitted the INS spectra of
CeRh;_,Pd,Sn using a Lorentzian line shape, and the fits are
shown by the solid black lines in Fig. 7. The fit parameters are
given in Table I of the SM [64].

Now we present the INS data analysis of x = 0.5 based on
the CEF model. The CEF Hamiltonian for the orthorhombic
point symmetry (Cy,) of the Ce>* ions is given by

Hcgr = BY0Y + B305 + B{OY + B303 + B;0;,  (6)

where B]' are CEF parameters and O] are the Stevens oper-
ators [88]. The parameters B’ need to be estimated by fitting
the experimental data, such as single-crystal susceptibility
and/or INS data. For the analysis of INS data, we use a
Lorentzian line shape for both quasielastic (QE) and inelastic
excitations.

In order to obtain a set of CEF parameters that consistently
fit the INS data and polycrystal susceptibility (as the single-
crystal susceptibility data are not available for x = 0.5), we
performed a simultaneous fit of INS (at 5 and 100 K) and
the polycrystal susceptibility data using the program in the
MANTID software [42]. Fits to the INS data at 5 and 100 K,
and x(T') from 5-300 K, are shown by the solid black curve
in Figs. 8(a) and 8(b), respectively. The obtained CEF param-
eters are (in meV) Bg = —1.01, B% = (.244, Bg = —0.017,
B3 = —0.222, and Bj = 0.159. The analysis gives the first
excited doublet (A;) at 17.5 meV and the second one (A;) at
25.9 meV. The ground-state wave functions are Wy = 0.90| F
%) -0.292| £ %) +0.324| ¥ %). The values of magnetic mo-
ments for the ordered state are ©, = 0.60 ug and u, = 1.67
1B, indicating the easy axis of the magnetization along the
c axis. We next used the MANTID software to simulate the
x**(T) using the B} parameters. We have then calculated
Xégp from x* and x*, and x&ge from x* using the equa-
tions given below [89]:

1 2

= V+A" and Cl =iz+)\z, 7
Xcre XU X XcrE  XT

where x*, x”, and x° are the single-ion crystal-field sus-
ceptibility along x, y, and z axes simulated using the CEF
parameters obtained from the INS data analysis. The simu-
lation was carried out without the molecular field parameters
A% = A% = 0 using MANTID plot [42]. The results of the simu-
lation are presented in Fig 8(c). The simulation shows that the
c axis is an easy axis of the magnetization in x = 0.5.

V. NEUTRON DIFFRACTION STUDY

We have performed the powder ND study on the polycrys-
talline sample of CeRh;_,Pd,Sn with x = 0.75 using the TOF
neutron diffractometer GEM at ISIS and constant wavelength
neutron diffractometer D20 at ILL. The room-temperature ND
results show that the sample crystallizes in the ZrNiAl-type
hexagonal structure with space group P62m as the parent
system CeRhSn (Fig. S8 [64]). To investigate the magnetic
structure, we collected ND data from 8 to 0.5 K on GEM
and down to 1.5 K on D20. At 1.5 and 2 K, many new
magnetic Bragg peaks have appeared compared to the 8 K
data, which contain only nuclear peaks. In Figs. 9(a) and
9(b), we have plotted temperature differences [1.5-8 K (D20)
and 2-8 K (GEM)] ND patterns, which show the presence of
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more than 10 magnetic Bragg peaks. From the positions of
seven strong magnetic peaks, the magnetic propagation vector
was determined using the program K-SEARCH, that is part of
the FULLPROF suite of programs [90]. All the magnetic peaks
appearing below about Ty; = 5 K (and above Ty, < 1.3 K)
can be indexed with an incommensurate propagation vector
ki = [0, 0, 0.4]. In order to refine the magnetic structure, we
performed magnetic symmetry analysis using the BASIREPS
program [91,92] for Ce on the Wyckoff site 3 f (x 0 0) of space
group P62m. There exist three allowed irreducible representa-
tions (IREPS) (T}, F%, F%) having, respectively, one, two, and
six basis vectors (BV).

Testing these three IREPS against the data, it was found
that only I'} which has two BVs can fit the magnetic Bragg
peaks very well [see Figs. 9(a) and 9(b)]. It should be noted
here that the refinement of the difference data sets, which
contain only the magnetic diffraction intensity, necessitates
the use of a fixed scale factor which is previously determined
from the refinement of the nuclear structure using the 8-K
paramagnetic data. Only the BV, which describes the coupling
between the magnetic components pointing along the c¢ direc-
tion, is needed for the refinement, while the second BV, which
creates and couples components of the Ce moments in the
ab plane, has zero intensity. The magnetic structure obtained
from the refinement corresponds to a longitudinal spin density
wave as k vector and spin direction are parallel [Fig. 9(d)]. The
Ce moments are ferromagnetically coupled in the ab plane.
The value of the magnetic moment of Ce at 1.5 K amounts
to about 1.22 (1) ug/Ce atom. The magnetic structure of x =
0.75 is different from the one found in the related compound
CePdAl [93,94] as will be discussed below. As the tempera-
ture is lowered below 1.5 K, additional magnetic Bragg peaks,
different from those indexed with k; = [0 0 0.4], appear in
x = 0.75. The intensity of the magnetic peaks with k; = [0 0
0.4] increases below 5 K and saturates at about 1.5 K, while
the new magnetic Bragg peaks appear at 1.1 K and increase on
cooling to 0.5 K. At 0.5 K, two sets of magnetic Bragg peaks
coexist, which cannot be indexed using a single propagation
vector. Using again the K-SEARCH program the new magnetic
peaks were indexed with the second magnetic propagation
vector k, = [0, 0, %]. The presence of two k vectors at 0.5 K
points strongly to a phase segregation scenario where one part
of the volume of the sample adopts one magnetic structure
while the other part follows a different one. Correspondingly,
the temperature difference 0.5-8 K data were refined using
two magnetic phases. Magnetic symmetry analysis for k, =
[0, 0, 1] returns five allowed IREPS (I}, T3, T3, T'}, T'?)
with, respectively, one, one, one, four, and two BVs. Only
'} creates the correct intensity on the new magnetic peaks.
The refinement was proceeded by partitioning the scale factor
between the two magnetic phases using the assumption that
the size of the Ce magnetic moment is the same in both.
There is no absolute physical reason for having the same
magnetic moment values in the two magnetic phase fractions,
but it represents the only way to do this kind of refinement
as scale factor (phase fraction) and magnetic moment values
are totally correlated. The refinement was proceeded very
carefully by varying manually the moment value and scale
factor partitioning to avoid divergence of the fit. Only when
close to the final solution, both the scale-factor partitioning
and the magnetic moment were given free to vary at the same
time. The final refinement of the 0.5-K data shown in Fig. 9(c)
has Ryag = 3.4 for the majority phase and Ry, = 3.2 for the
minority phase. The k; = [0, 0, 0.4] phase is the majority
phase as it occupies about 76% of the sample volume. The
magnetic structure of the 24% minority phase having k, =
[0, O, %] is shown in Fig. 9(e). It resembles strongly to the
majority phase with magnetic moments pointing as well solely
along the ¢ axis and again a ferromagnetic coupling within
the ab planes. Assuming the same magnetic moment in both
volume fractions, the refinement of the 0.5-K data returns a
value of puce = 1.37 (1) ug. This value is slightly smaller than
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FIG. 9. Temperature difference ND patterns along with the magnetic structural refinement profile of CeRh,_,Pd,Sn with x = 0.75 (a) from
D20 1.5-8 K, (b) from GEM 2-8 K, and (c) from GEM 0.5-8 K. The solid black lines show the fit. The difference between the experimental
and calculated intensities is shown by the blue curves at the bottom. The light green vertical ticks show the position of the magnetic Bragg
peaks. For 0.5-8 K data in (c), two sets of vertical ticks are due to two magnetic phases. The inset shows the temperature dependence of
the estimated ordered state magnetic moment of Ce ions for the incommensurate magnetic structure. (d) Incommensurate magnetic structure
(longitudinal spin density wave) of CeRh;_,Pd,Sn with x = 0.75 obtained from the refinement of ND pattern at 1.5-8 K (D20) and 2-8 K
(GEM). The red arrows show the Ce moments. (¢) The second magnetic phase having the commensurate magnetic structure below 1.4 K

obtained from the refinement of 0.5-8 K data of GEM.

the ordered state moment (i, = 1.67 up) estimated from the
ground-state CEF wave function for x = 0.5, which could be
due to the presence of the Kondo effect or a change in the
CEF ground-state wave function for x = 0.75. The inset of
Fig. 9(c) shows the temperature dependence of the Ce moment
of the majority phase obtained from the refinement of the
ND at various temperatures assuming that the volume fraction
of this phase stays constant through and above Tx; at 76%.
About equal values at 0.5 K [1.37 (1)ug] and 1.5 K [1.40
(1)ug] confirm that the k; phase is already saturated at 1.5 K.
Above 3.5 K [0.61 (2)up], it is no longer possible to do a
consistent refinement as the magnetic peaks decrease strongly
in intensity and increase in width. The two magnetic structures

observed in x = (0.75 at 0.5 K are both not frustrated. This
phase segregation could be due to small local differences in
the cation distribution Rh/Pd, which, however, is not leading
to any macroscopically visible phase separation as the room-
temperature ND data do not show the presence of two phases
(Fig. S8 [64]).

It is interesting to compare the magnetic structures of
isostructural ZrNiAl-type hexagonal compounds CePdAl,
PrPdAl, NdPdAl, and NdRhSn, which provide prominent
case subjects to the competition between magnetic frustra-
tion, Kondo effect, and the RKKY interactions. For example,
CePdAl orders antiferromagnetically below Ty = 2.7 K with
an incommensurate propagation vector k = [1, 0, 0.35] and a
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longitudinal sine-wave modulated spin arrangement oriented
along the hexagonal ¢ direction [94]. Due to the geometrical
frustration present in the ab plane, two-thirds of the magnetic
moments [Ce(1) and Ce(3)] order and the remaining one-third
[Ce(2)] is screened by the Kondo effect or magnetic frustra-
tion, which leads to heavy-fermion behaviors [94,95]. The
experimentally determined magnetic structure of CePdAl is
in agreement with group-theoretical symmetry analysis of the
propagation vector, which confirms that for the Ce(2) site an
ordered magnetic moment parallel to the magnetically easy ¢
axis is forbidden by symmetry. This is not the case for x =
0.75 system and hence all Ce moments are ordered. A powder
neutron diffraction study on PrPdAl revealed two magnetic
phase transitions at 7y; ~ 4.2 K and at Ty, ~ 1.5 K [96,97]
with an average incommensurate propagation vector k = [1, 0,
0.398] at 1.5 K. Two-thirds of the magnetic moments are close
to the full magnetic moment of free Pr3t ion, ie., 3 ug. The
remaining one-third of the moments are significantly reduced
to 1 up due to quantum fluctuations arising from frustration
and the Kondo effect, unlike CePdAl where Ce(2) are fully
Kondo screened. The heat capacity of NdPdAI reveals two
magnetic phase transitions at 7y; ~ 5.0 K and at 7y, ~ 4.0 K
and neutron diffraction study shows a pronounced tempera-
ture dependence of the magnetic propagation vector above Tn»
and locks into k = [%, 0, 0.444] below Ty, [96]. On the other
hand, NdRhSn system first orders AFM at Ty = 9.8 (1) K
and then orders FM at T = 7.6 K with an antiferromagnetic
phase with a propagation vector (0, O, ﬁ) between Ty and
Tc [98]. In both magnetic phases the magnetic moments are
aligned along the ¢ axis, which is the easy-magnetization axis
of the system.

VI. COMPARISON OF SL PROPERTIES
BETWEEN Ce-BASED METALLIC AND
OTHER INSULATING SYSTEMS

We have shown that the CeRh;_,Pd,Sn series offers a
possible route to a metallic SL phase in an effective S =
% quasikagome system. The various experimental results
[13,32] on the paramagnetic quasikagome Kondo lattice
CeRhSn, where the Kondo ions are arranged on distorted
kagome planes stacked along the ¢ axis, show that this sys-
tem represents an example of a quantum criticality induced
by geometrical frustration. The existence of local magnetic
moments is suggested by spin-flip metamagnetism at low tem-
peratures, despite the large Kondo temperature of 200 K [13].
This excludes an itinerant scenario and suggests that quan-
tum criticality is related to local moments in a SL-like state.
However, uSR results of CeRhSn are inconsistent with the
behavior observed for a typical SL phase [32]. The ZF-uSR
results do not show any sign of long-range ordering down to
50 mK. Howeyver, the relaxation rate remains almost constant
between 2 and 1 K and exhibits weak temperature dependence
below 1 K [32]. On the other hand, the TF-uSR relaxation
rates exhibit a power-law type behavior between 50 mK and
30 K for both Hey || and Heyy L c.

We find that substituting 10% of Pd for Rh into the crys-
tal structure of quasikagome CeRhSn leads to an evolution
towards a SL regime possibly arising from the competing
exchange interaction between the Ce spins on the kagome

lattice. As a result, the electronic magnetic moments remain
dynamically fluctuating and saturate below 0.12 K, which
occurs in the same T range as the change in the low-T spe-
cific heat. This behavior is similar to a gapless SL state. The
low-energy inelastic neutron measurements on the powder
sample of CeRhyoPdy ;Sn do reveal the presence of gapless
magnetic excitations, as found in U(1) SL. Powder averaging
avoided to observe a clear sign of the Q dependence. The
low-energy INS measurements on the large single crystals
are highly essential to further shed light on the nature of
the SL ground state for x = 0.1. In addition, the T -linear
contribution is often reported as evidence for the presence
of low-energy gapless spinon excitations in the SL candidate
materials. For example, Cy,e ~ T% with o ~ 1 was seen in
the spin-% kagome lattice antiferromagnet ZnCu3;(OH)¢Cl,
[99], Kitaev honeycomb iridate Cu,IrO; [100], triangle-based
iridate BasIrTi;Og [101], as well as & ~ 1.25 in the hexago-
nal TbInO3; with quasi-two-dimensional triangular spin lattice
[102]. However, little deviation from T -linear behavior (o =
1.13) in our case can be attributed to (i) CeRhy9Pdg ;Sn do
not realize a perfect kagome lattice, (ii) chemical disorder,
that may alter extremely low-energy excitations, or (iii) the
uncertainty in evaluating the lattice contribution, as LaRhSn
shows superconductor below 2 K.

Furthermore, few other compounds of CeTX (T = Rh,
Ir, Pd, Pt; and X = Sn, Al) family have also been found
to exhibit SL behavior when subjected to pressure, doping,
and/or magnetic field, where the Kondo coupling and mag-
netic frustration result in this exotic quantum behavior. For
example, the AFM correlation at very low temperature was
observed in the intermediate valence compound CelrSn with
a high Kondo temperature of 7Tx ~ 480 K and proposed to
be caused by the competition between Kondo singlet for-
mation and geometrical frustration [103]. CePdAl is another
isostructural frustrated Kondo lattice with partial long-range
order at Ty = 2.7 K. The AFM order in CePdAl has been
tuned by both chemical or hydrostatic pressure. Very recently,
uSR investigation under pressure proposed a SL-like state
at p. < p< 1.75p. (p. =0.92 GPa). i.e., close to quan-
tum critical regime, where AFM order disappears [104]. The
SL behavior was interpreted as a divergent relaxation rate
and quantum critical time over field scaling. On the other
hand, the AFM order can also be suppressed by chemical
substitution in the alloying series CePd;_,Ni,Al [105,106],
yielding a QCP at x. ~ 0.14. The frustration effect induces
substantial short-range magnetic correlations even above x.,
and a frustration-dominated SL state may intrinsically emerge
above x = 0.15 [105,106], which requires further investiga-
tion.

The spin-glass state can also mimic a QSL in many aspects.
For instance, it lacks the hallmark of a long-range magnetic
order in the magnetic susceptibility, specific heat, and neutron
diffraction and maintains short-range spin-spin correlations
[107-111]. A spin-glass phase can also produce continuous
INS spectra as seen in YbZnGaOy, [112], which is arguably the
strongest evidence for a QSL so far, but from ac-susceptibility
results (frequency-dependent peak position) the ground state
was conformed to the spin-glass ground state. Moreover,
spin-% triangular lattice magnet YbMgGaO, is a promising
candidate for a gapless QSL [113,114]. However, magnetic
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excitation is absent in the thermal conductivity measurement,
which contradicts the gapless QSL picture [115]. The spin-
glass phase is also suggested for YbMgGaO, [107-109],
which is supported from the ac susceptibility [112], while
inelastic neutron scattering reveals continuous spin excita-
tions [113,114]. Also, the disorder was suggested to play an
important role for the most heavily studied kagome com-
pound ZnCus(OH)¢Cl, [116,117]. For CeRhgoPdy Sn, in
fact, the spin-glass phase with frozen short-range correlations
is completely ruled out by the ac susceptibility and uSR
measurements.

VII. CONCLUSIONS

We have investigated quasikagome system CeRh;_,Pd,Sn
using heat-capacity, ac-susceptibility, #SR, and neutron scat-
tering measurements. For x = 0.1 single-crystal sample, the
—log T dependence of the Cs/T below 0.9 K is followed
by a broad anomaly at 0.13 K, representing the onset of
short-range correlations. Upon further cooling to 0.05 K, Cy¢
shows a nearly linear 7 dependence. The ac susceptibility
also exhibits a frequency-independent broad peak at 0.16 K
which is prominent with H along the c direction. The ZF-uSR
relaxation rate suggests the presence of dynamic spin fluctua-
tions persisting even at 7 = 0.05 K without static magnetic
order in the single-crystal sample with x = 0.1 as well as
in x = 0.2 polycrystalline sample. We, therefore, argue that
such behavior for the ground state of x = 0.1 and 0.2 can
be attributed to a metallic spin-liquid-like behavior near the
QCP in the frustrated Kondo lattice. The LF-uSR results of
the single-crystal samples of x = 0.1 with the muon beam
along and perpendicular to the c¢ axis suggest that the out
of kagome plane spin fluctuations are responsible for the
SL behavior. Our low-energy INS study in x = 0.1 and 0.2
indicates gapless excitations, a typical behavior observed for
the NFL systems near QCP where the neutron dynamical sus-
ceptibility exhibits E /T scaling. Our high-energy INS study
shows a very weak and broad scattering in x = 0 and 0.1,
which transforms into well-localized CEF excitations with
increasing x. The ZF-uSR results for the x = 0.5 sample

are interpreted as a long-range AFM ground state below
Tx = 0.8 K, in which the AFM interaction probably over-
comes the frustration effect. This has also been supported by
the ND observation of incommensurate longitudinal spin den-
sity wave ground state with Ce moment along the ¢ axis below
4 K in x = 0.75 sample. This work will generate considerable
interest in kagome-based HF materials and pave the way to
understand the QSL behavior near the QCP, where both the
spin and charge excitations play an important role.

Data for the ISIS neutron and muon measurements are
available in [86,118,119] and for the ILL are available in
[120].
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