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Spin-liquid signatures in the quantum critical regime of pressurized CePdAl
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CePdAl is a prototypical frustrated Kondo lattice with partial long-range order (LRO) at Ty = 2.7 K. Previous
bulk experiments under hydrostatic pressure found signatures for a quantum critical regime that extends from
Pe = 0.9 GPa, where LRO disappears, up to ~1.7 GPa. We employed extensive muon spin relaxation and
rotation experiments under pressure. The continuous and complete suppression of LRO at p. is confirmed.
Above Ty (p) and beyond p,, an additional crossover scale 7*(p) characterizes the change from pure to stretched
exponential relaxation in zero field. Remarkably, 7*(p) agrees with previously determined signatures of entropy
accumulation above LRO. This coincidence microscopically evidences fluctuating frustrated spins at T < T*
with spin-liquid behavior. Power-law divergences of the temperature and longitudinal field dependences of the
relaxation rate, with time-field scaling, at pressures between p, and 1.7 GPa characterize this regime as quantum

critical.
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Introduction. Due to the presence of competing interac-
tions, strongly correlated electron systems react inherently
susceptible to chemical composition or the application of
pressure. The tuning of such nonthermal parameters often in-
duces a quantum critical point (QCP), where magnetic order is
continuously suppressed to zero temperature. Experimentally,
non-Fermi-liquid behavior was detected in the last decades for
numerous quantum critical materials, most notably in the class
of heavy-fermion metals, where it arises from the competition
between the Kondo effect and the indirect exchange interac-
tion between the 4 f electrons [1]. Its theoretical description
is particularly challenging if a divergence of the quasipar-
ticle mass indicates a severe failure of Fermi-liquid theory,
beyond the framework of spin-density-wave criticality [2].
Advanced scenarios such as Fermi-liquid fractionalization [3],
breakdown of Kondo entanglement [4], or strong-coupling
critical Fermi liquid [5] were proposed. Within a “global
phase diagram” unconventional quantum criticality as well as
a metallic spin-liquid state with localized 4 f moments was
proposed to arise from strong quantum fluctuations, induced
by low-dimensional and frustrated magnetic couplings [6-8].
An experimental investigation of quantum criticality in frus-
trated Kondo lattices is therefore of particular interest.

The hexagonal ZrNiAl structure features equilateral trian-
gles of Zr atoms, forming a distorted kagome lattice, offering
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the possibility of frustration when 4f moments are placed
on the Zr lattice sites. For example, in YbAgGe, as a func-
tion of applied magnetic field, a series of almost degenerate
magnetically ordered states arises below 1 K with a quantum
bicritical metamagnetic endpoint and pronounced non-Fermi-
liquid behavior in its vicinity [9,10]. While in YbAgGe the
4f electrons are well localized due to a very weak Kondo
interaction, isostructural CeRhSn and CelrSn are Kondo lat-
tices within the intermediate valence regime [11,12]. For
CeRhSn zero-field quantum criticality was detected, which
is tunable by in-plane uniaxial pressure and related to ge-
ometrical frustration [13,14]. CelrSn features even stronger
valence fluctuations, as recently confirmed spectroscopically
[12]. Despite a huge Tx =~ 480 K, emergent antiferromagnetic
(AFM) correlations where detected below 1 K, suggesting that
strong frustration counteracts Kondo singlet formation even in
the intermediate valence regime [12].

We focus on isostructural CePdAl with Tx ~ 5 K [15]
which stands out of the class of geometrically frustrated
Kondo systems due to its unique coexistence of AFM order
below Ty = 2.7 K [16] with magnetic frustration, evidenced
by the fact that one of three Ce moments in the crystallo-
graphic unit cell remains fluctuating down to 30 mK [17,18].
Powder neutron diffraction was described by a simplified
model. Within the basal plane, ferromagnetic (FM) nearest-
neighbor interactions compete with next-nearest-neighbor
AFM coupling, leaving Ising spins (along the c axis) that form
FM chains of Ce(1) and Ce(3) atoms, separated by fluctuating
Ce(2) moments [17]. A detailed magnetic and thermodynamic
investigation on single-crystalline CePdAl under c-axis mag-
netic field found a scale T5(B), where magnetization M(T)
and entropy S(B) display maxima [19]. In the absence of frus-
tration, such entropy accumulation should occur at the AFM
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FIG. 1. Temperature-pressure magnetic phase diagram of
CePdAl combined with a contour plot of the pressure- and
temperature-dependent relaxation rate A(p, T) in CePdAl, plotted
as A(p, T)/T. Apart from the antiferromagnetically ordered (AFM)
and the paramagnetic (PM) phases there exists an extended region
around and above pressure-induced quantum criticality (at p.) with
spin-liquid (SL) properties. The Néel temperatures 7Ty extracted
from weak transverse-field uSR (purple symbols, error bars indicate
the width of the transition) agree well with reported values (gray
symbols) from susceptibility measurements [15]. Open circles and
open squares display 7*(p) and the entropy accumulation line 7s(p)
(see Ref. [24], therein labeled as Ty1), respectively. The solid line
corresponds to (p. — p)®° with p. = 0.92 GPa while the dashed line
is a guide to the eye.

phase boundary, while for CePdAl it arises significantly above
Tx(B), indicating a regime with spin-liquid behavior at Ty <
T < T [19]. The AFM order in CePdAl can be continuously
suppressed by chemical substitution in the alloying series
CePd;_,Ni,Al [20-22]. Thermodynamic evidence for quan-
tum criticality was found and an additional entropy signature
beyond the QCP arises, likely related to persistent correlations
of the frustrated Ce(2) moments [21]. The AFM order can also
be suppressed by hydrostatic pressure [15,23,24], yielding a
QCP at p. =~ 0.9 GPa. Maxima in the temperature dependence
of the ac susceptibility were used to determine Tg(p); inter-
estingly, it persists beyond the critical pressure up to about
1.7 GPa and was interpreted as a paramagnetic phase with 4 f
electrons that neither order nor form a Fermi liquid [24-26].

In this Letter, we report detailed low-temperature muon
spin relaxation/rotation («SR) measurements under hydro-
static pressure performed at the muon source of the Paul
Scherrer Institute in Switzerland which provide microscopic
evidence for a quantum critical regime with spin-liquid
properties in CePdAl. All relevant details on samples, spec-
trometers, and data analysis can be found in the Supplemental
Material [27].

Nature of ordered state under pressure. Weak transverse-
field (WTF) measurements were performed to follow the Néel
temperature 7Ty as a function of pressure p [27]. As displayed
in Fig. 1, Tx(p) agrees well with bulk measurements [15]
and is suppressed in a mean-field-like behavior, i.e., Tn(p)
(pe — p)°° with p. = 0.92 GPa. Figures 2(a) and 2(b) show
selected zero-field (ZF) uSR spectra for ambient and various
applied pressures. The ambient pressure spectrum at 1.58 K,
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FIG. 2. Zero-field (ZF) asymmetry spectra in CePdAl (a) for
different temperatures at ambient pressure and (b) at 255 mK for
different hydrostatic pressures. Insets in (a) and (b) zoom into the
initial relaxation at early times. (c) Normalized muon oscillation
frequency v/vy [vo = v(T = 0)] vs normalized temperature 7 /Ty
for different pressures. (d) Muon oscillation frequency vy vs ordering
temperature 7y indicating a linear dependence (dashed straight line).
Solid lines denote fits to the data (for details, see text).

i.e., below Ty, contains a highly damped oscillating compo-
nent [cf. inset of Fig. 2(a)], that is absent in the paramagnetic
state, in addition to the background relaxation. The best fit to
the zero-field 1SR spectra is obtained using

2 . Tp\ _@? 1 _
A@t) = Ap |:fsample{§]0(27”)t + ﬁ)e 2+ 56 )\Lt}

+(1 - fsamplae—“kg’]. (1

Here, Ay is the initial asymmetry and o the muon transverse
depolarization rate (arising from a distribution of internal
fields) forming a Gaussian envelope to the oscillating com-
ponent with a frequency v and phase ¢ (set to zero in our
case). Furthermore, A; is the longitudinal relaxation rate,
Ssample the fraction of moments taking part in the long-range
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order (LRO), and Apy, the relaxation rate of the background
contribution. At 1.5 K, fample & 85% which matches with
the sample contribution found in wTF measurements. Thus,
we kept this fraction fixed below Ty. The need of the Bessel
function (jy) indicates an incommensurate long-range mag-
netic ordering consistent with neutron scattering and NMR
experiments [17,18,28].

Data taken in the pressure cell were analyzed by the
same function, taking into account the cell background [27].
At the lowest temperature 7 = 255 mK the oscillation fre-
quency v of the ZF asymmetry clearly decreases with pressure
[cf. Fig. 2(b)] and beyond 0.89 GPa, signs of LRO are no
longer found. The normalized temperature dependence of
the oscillation frequency for different pressures below p,,
displayed in Fig. 2(c) and representing the order parameter,
can be described by v(T) = vo[l1 — (T/Tx)* 1?7, following
Refs. [29,30], with pressure-independent exponents o’ = 2.2
and B’ = 0.5 [solid line in Fig. 2(c)]. This suggests a per-
sistent nature of the LRO up to the QCP, together with a
continuous decrease of the ordered moment. The linear de-
pendence of the ordered moment, being proportional to the
muon oscillation frequency vy, on 7y shown in Fig. 2(d), is
in line with earlier reports on CePd;_,Ni,Al and pressurized
CePdAl [22].

Pressure dependence of spin dynamics in the paramagnetic
state. The ZF-uSR spectra in the paramagnetic state above
Tn(p) are fitted by a static Gaussian Kubo-Toyabe function
(for the nuclear moment contribution) multiplied by an expo-
nential function with a stretched exponent § for the dynamics
of the electronic moments:

Aa)=fm[<%-%%{1—(omdo%e—g%?L)e—01W}.(m

We obtain a temperature-independent oy ~ 0.1325 us™!,

while the evolution of the relaxation rate A and stretching
exponent S with temperature and pressure is depicted in
Fig. 3. We first discuss the evolution of 8. At ambient pres-
sure, a change from purely exponential (8 = 1) to stretched
exponential (8 < 1) behavior is found below about 3.5 K. A
transition to stretched exponential behavior is characteristic
for disordered (fluctuating) moments and is regularly found in
spin glasses [31] and frustrated magnets [32,33]. Note that we
do not see any indication of static fields from frozen moments
at any pressure and temperature in CePdAl. In addition, the
stretching exponent is far larger than 1/3, characteristic for
a spin glass at the freezing temperature [31]. We therefore
associate the stretched exponential behavior at T < T*(p) [cf.
the arrows in Fig. 3(b)] with the development of spin-liquid-
type correlations. In this temperature range, quite strong but
very short-range AFM correlations are visible in neutron scat-
tering [22]. Most importantly, 7*(p) agrees very well with
the previously determined entropy accumulation 7s(p) from
bulk magnetic susceptibility. This provides microscopic evi-
dence for frustrated magnetism over a wide parameter range,
enclosing the LRO phase. Further information is contained
in the temperature dependence of the relaxation rate 1/T =
1/T\T «x x"(q, w), where x"(g,w) is the imaginary part of
the dynamical spin susceptibility. The strong increase of /T
towards low 7', shown for various pressures in Fig. 3(a), thus
indicates the (critical) slowing down of the spin fluctuations.
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FIG. 3. (a) Temperature dependence of the relaxation rate A in
CePdAl plotted as A/T in zero field for various pressures. Solid
lines represent power-law divergences (7~*). (b) Stretching expo-
nent B(7) at different pressures. Arrows indicate 7*(p), where B
decreases below 1. For details, see text.

At and beyond p,. the divergence holds to lowest measured
T, indicative of quantum critical behavior, although we do
not observe a universal, i.e., pressure-independent, critical
exponent. As visualized in the contour plot (Fig. 1), it is
the regime beyond p. for which this divergence in A/T vs
T is most prominent, providing microscopic evidence of a
quantum critical regime with spin-liquid behavior that extends
up to at least 1.75p,.

Quantum criticality close to p. and beyond. To characterize
quantum critical fluctuations indicated by the divergent re-
laxation rate, we also performed longitudinal field (LF) uSR
measurements. Figure 4(a) shows the LF dependence of A at
several fixed temperatures for three different pressures rang-
ing from approximately p. to 1.75p,. In all cases, a power-law
divergence towards zero field is found, similar as recently
reported for the nearly ferromagnetic metal YFe,Al;(, where
it was shown to resemble the dynamic structure factor S(w, T')
at the uSR frequencies [34]. With increasing temperature
and pressure the exponent y in A o< H~7 is only weakly
reduced [cf. Fig. 4(a)]. Since uSR probes the Fourier trans-
form of the spin-spin autocorrelation function g(¢) = (S;(¢) -
S:(0)), the nature of g(t) (whether it follows a power-law
or stretched exponential dependence) can be unambiguously
identified by time-field scaling of the ©SR asymmetry. Fig-
ure 4(b) shows A(t /HLVF) scaling over three decades with
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FIG. 4. (a) Longitudinal field dependence of the SR relaxation
rate A in CePdAl at different pressures and temperatures (dashed
lines are fits according to A o« H~" for T = 0.5 K). (b) Time-over-
field r/H” scaling of the asymmetry spectra at 0.5 K for different
pressures. The data for different pressures are shifted vertically by a
factor ~/2 with respect to each other.

consistent exponents y for the three pressures. Generally,
y < 1 signifies a power-law behavior of ¢(¢), unlike y > 1 for
a stretched exponential behavior in inhomogeneous systems.
This strongly indicates that the spin dynamics is cooperative
in the “spin-liquid” regime at p, < p < 1.75p.. Furthermore,
the LF experiments also signify that the correlations are dy-

namic, since even at a field of about 2000 Oe no decoupling
of the relaxation channels occurs.

Discussion. Generically, quantum criticality shrinks to a
narrow control parameter regime at low temperatures. Quan-
tum phase transitions can be smeared by disorder, resulting in
a gradual evolution from LRO to a cluster glass with power-
law divergences, as observed in CePd;_,Rh, [35]. Extended
non-Fermi-liquid regimes have also been observed when the
transition changes its nature to first order (discontinuous) near
the critical point (cf. e.g., the cases in Sr;_,Ca,RuO3 or MnSi
under pressure [36,37]). Clear absence of spin freezing, con-
tinuous suppression of the order parameter with pressure, and
divergence of the relaxation rate upon cooling exclude these
scenarios for CePdAl. The onset of stretched exponential re-
laxation at T < T*(p) agrees with the entropy accumulation
line T5(p), previously associated with spin-liquid correlations
[24]. In this regime, the Ce sites start to become inequiva-
lent as evidenced by neutron diffraction [22]. It is therefore
obvious to ask whether the stretched exponential behavior
results from the superposition of ©SR spectra from different
muon stopping sites. However, below Ty(p), the muon stop-
ping site(s) are obviously all sensitive to the static internal
field from LRO, since the remaining paramagnetic signal can
be associated with the background. This strongly suggests
that the stretched exponential relaxation indeed results from
dynamical spin-liquid correlations and not from static spin
disorder.

Conclusions. Detailed muon spin relaxation and rotation
experiments under pressure and down to very low temper-
atures provide microscopic evidence for a quantum critical
point in the hexagonal Kondo lattice CePdAl that is strongly
affected by geometrical frustration. An extended regime with
spin-liquid behavior is found, with a divergent relaxation rate
and quantum critical time over field scaling.
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