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Ferromagnetic (FM) systems have attracted interest because a variety of novel phases can arise near a quantum
critical point (QCP) where the FM order is suppressed to zero temperature. The Kondo lattice compound
CePtAl,Si; is a candidate FM quantum critical material that becomes the FM state below 7. = 3.7 K, but the
possibility of the quantum criticality has yet to be studied. Here, we report a comprehensive temperature-pressure
phase diagram of CePtAl,Si, using a systematic transport investigation. The FM compound CePtAl;Si, goes
through three distinct ground states under pressure. In the low-pressure FM state, T is gradually suppressed by
pressure and a smooth extrapolation of 7;.(P) reaches zero temperature at a critical pressure of 7.0 GPa. However,
the suppression of 7; is interrupted by the appearance of another crossover temperature 7* in the intermediate
pressure range of 5.4-11.7 GPa, which shows a nonmonotonic pressure dependence. A fully coherent Kondo
screened state is observed in the high-pressure regime. These results suggest that a FM QCP is avoided under

pressure in the disordered Kondo system CePtAl,Si,.
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I. INTRODUCTION

The quantum critical point (QCP) emerges when a second-
order magnetic phase transition is continuously suppressed
to zero temperature by a nonthermal tuning parameter. It
has been extensively explored in several classes of materials
owing to the appearance of fascinating phenomena in the
proximity of the quantum critical regime, such as unconven-
tional superconductivity and non-Fermi-liquid behavior [1-3].
In many antiferromagnetic (AFM) systems, the continuous
suppression of AFM order terminates at a QCP [4—6]. How-
ever, a variety of phase diagrams have been revealed in the
ferromagnetic (FM) systems [7]. For example, the FM QCP
is avoided in most of the clean FM systems as the systems
approach the critical point. The nature of the FM transition
may change from second to first order at a tricritical point
where tricritical wings emerge upon the application of a mag-
netic field that terminate at quantum critical end points in the
temperature-pressure-magnetic field phase diagram [8—11].
The FM transition can also be replaced by the appearance
of a modulated magnetic phase [12—17]. Another interesting
scenario is the coexistence of tricritical wings and modulated
magnetic phases [18]. If the tricritical point is suppressed by
increasing disorder, the tricritical point could merge with the
quantum critical end points and a FM QCP may appear at
zero magnetic field [19,20]. Indeed, such a continuous FM
transition to zero temperature, corresponding to a FM QCP,
has been found in the disordered systems tuned by substitu-
tion [21-25]. Recently, a pressure-induced FM QCP has been
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reported even in the pure FM Kondo lattice CeRhgGe,4 with a
quasi-one-dimensional crystal structure [26], indicating that it
remains a challenging issue to understand the complex phase
diagrams in FM systems.

CePtAl4Si; belongs to the family of CeT,Aly,1+2Si, (T =
Rh, Ir, Pt) systems with n = 1, which crystallizes in the
tetragonal KCuyS3-type structure with the space group
P4 /mmm and consists of sequential stacking of Ce-containing
BaAly-type layers separated by T Al,-type slabs along the ¢
axis [27]. In contrast to the AFM ground state in CeRhAl4Si;
and CelrAlySi,, the anomalies in the transport, specific heat,
and susceptibility measurements indicate that CePtAl4Si, be-
comes the FM state below T, = 3.7 K with the moments
aligned in the basal plane at ambient pressure [27]. Herein, we
report the comprehensive temperature-pressure (7-P) phase
diagram of CePtAl;Si, using transport measurements under
high pressure. By applying pressure, the signature of 7. in the
resistivity, namely, a peak behavior, is gradually suppressed
and disappears at around 4.1 GPa. Above this pressure, a kink
anomaly emerges at 7* and the resistivity shows a negative
temperature dependence over the entire temperature range,
which persists up to 11.7 GPa. As the pressure is further
increased, a fully coherent Kondo state, which is absent at
ambient pressure, begins to develop above 14.0 GPa.

II. EXPERIMENT METHODS

Single crystals of CePtAl;Si, were synthesized using the
Al/Si eutectic flux method as described elsewhere [27,28].
Most of the excess Al/Si eutectic flux was removed using a
centrifuge at 700 °C before cooling down to room temperature
during the syntheses. A slight trace of the flux stuck to the
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FIG. 1. (a) Temperature dependence of the magnetic resistivity Oy, (7") for CePtAl,Si, at ambient pressure. The violet and red arrows mark
the resistivity hump temperature Th,mp and the onset temperature of FM order T, respectively. The inset shows the electrical resistivity pq,(7")
for CePtAl,Si; (black symbols) and its nonmagnetic analog LaPtAl,Si, (red symbols). (b) Temperature dependence of the in-plane resistivity
pan(T) for CePtAl4Si, measured at various fields applied along the in-plane direction. (c) Temperature dependence of the Hall coefficient
Ry(T) for CePtAl,Si, measured at a field of 1 T applied along the ¢ axis. The red symbols represent the Hall coefficient Ry obtained from the
initial slope of the isothermal field-dependent Hall resistivity p,,(B), as shown in the inset.

crystal surface was further removed by polishing the sample
surface with sandpaper before the transport measurements. A
representative powder x-ray diffraction pattern of CePtAlsSi;
is shown in the Supplemental Material, Fig. S1 [29], along
with the Rietveld refinement, confirming the tetragonal
crystal structure with the space group P4/mmm. Resistivity
and Hall measurements at ambient pressure were performed
using the standard six-probe method on a rectangular platelet
with spot-welded contacts. Pressure work was conducted in a
diamond-anvil cell made of Be-Cu alloy with NaCl powder as
the pressure-transmitting medium to obtain a quasihydrostatic
pressure environment. The van der Pauw method was used
for the high-pressure transport measurements [30]. The pres-
sure in the diamond-anvil cell was determined using the ruby
fluorescence method [31]. Field inversion was used to elimi-
nate the longitudinal magnetoresistance contribution owing to
misalignment during the isothermal field and the temperature
dependence of the Hall resistivity measurements. All mea-
surements were performed with a low-frequency resistance
bridge in a *He cryostat from 300 to 1.5 K and a HelioxVL
system from 10 to 0.3 K.

III. RESULTS AND DISCUSSION

Figure 1(a) displays the temperature dependence of the in-
plane magnetic resistivity pmag(7T") for CePtAlySi, at ambient
pressure, which was obtained by subtracting the phonon-
scattering contribution estimated by the resistivity pa,(7") of
the nonmagnetic analog LaPtAl4Si, [see inset of Fig. 1(a)].
Pmag(T) exhibits two anomalies at Thymp ~ 150 K and T, =
3.7 K. Above the two characteristic temperatures, pmae(T') fol-
lows a logarithmic 7 dependence owing to incoherent Kondo
scattering [32,33]. However, the rapid drop of pmae(T") below
T is not associated with the formation of coherent Kondo scat-
tering shown in typical metallic heavy fermion compounds
[32,33] but arises from the reduction of spin scattering in-

duced by the formation of FM order [27]. The maximum
temperature 7, moves to higher temperatures when subjected
to a magnetic field applied along the in-plane direction, as
shown in Fig. 1(b), which further supports that the peak at . is
of magnetic origin. The absolute value of the Hall coefficient
|Ry|, which was obtained under a field of 1 T applied along
the ¢ axis, is plotted as a function of temperature in Fig. 1(c).
At temperatures below 150 K, |Ry| shows a rapid increase
with decreasing temperature and reaches a local maximum at
3.0 K, below which it begins to decrease with further decreas-
ing temperature. Meanwhile, the field dependence of the Hall
resistivity pxy (B) was measured at several temperatures [inset
of Fig. 1(c)]. Despite the nonlinear field dependence of oy, (B),
the Ry values derived from the initial slope of p.,(B), denoted
by the red symbols in Fig. 1(c), are consistent with the Ry
determined at 1 T.

Figure 2 shows the temperature dependence of the in-plane
resistivity p,p(T) for CePtAl4Si, at various pressures up to
26.5 GPa. The onset of magnetic order, signified by the local
maximum of p,(7"), is observed at pressures below 4.1 GPa,
as shown in Fig. 2(a). Along with the suppression of T, the
peak related to 7; is weakened with increasing pressure and
disappears at 5.4 GPa where a kink appears at T* and is
identified by the intercrossing of two violet dashed lines in the
inset of Fig. 2(a). As the temperature decreases further below
T*, pa(T) increases, but with a smaller slope. Figure 2(b)
shows p.,(T) for selective pressures of 8.4, 10.7, and 11.7
GPa, where the resistivity increases with decreasing tempera-
ture in the entire temperature range. As pressure increases to
14.5 GPa, as shown in Figs. 2(c) and 2(d), pa,,(7T ) decreases
with temperature below T, and exhibits a temperature-
squared dependence as p.(T) = po + AT?, suggesting that
the system enters the Fermi-liquid ground state. At higher
pressures, Ton increases with increasing pressure. Obser-
vations of the peak temperature Tion in (7)) and the
low-temperature Fermi-liquid behavior suggest that T, is
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FIG. 2. (a)—(c) Temperature dependence of the in-plane resistivity p,,(T) for CePtAl,4Si, at various pressures. The insets of (a), (b) show
enlarged views of the normalized resistivity pu,/ 0w (5 K) in the low-temperature range. The dashed violet lines in the inset of (a) are visual
guides. The navy and violet arrows in (a), (b) indicate the onset temperature of FM order 7. and kink temperature 7*, respectively. The purple
arrows in (c) represent the coherent temperature T... (d) The enlarged views of the low-temperature resistivity p,,(7") at 14.5 GPa. The inset
of (d) shows the least-squares fit to the low-temperature data of the form p,,(T) = py + AT 2. The red and purple arrows in (d) denote the onset

temperature of Fermi-liquid behavior Ty and T, respectively.

associated with the onset of Kondo coherence in metallic
Kondo lattice systems [32,33]. We note that a low-temperature
upturn in resistivity appears above 20 GPa (see Fig. S2 in the
Supplemental Material [29] for more details). The positive
magnetoresistance rules out the conventional explanation of
weak localization for the increase in resistivity (see Fig. S3
in the Supplemental Material [29] for the magnetoresistance
results under pressure).

Figure 3 shows the low-temperature Hall coefficient |Ry]|
of CePtAl4Si, at 1 T, where the characteristic features re-
vealed in p,,(T) are reflected in Ry (T ). In the low-pressure
regime below 4.1 GPa, |Ry| reaches a maximum near 7; and
the maximum temperature decreases with increasing pres-
sure. This behavior is in accordance with the suppression of
T. observed in (7)) under pressure. In the intermediate

pressure range of 5.4-11.7 GPa, a kink appears in Ry(T)
and |Ry| monotonically increases with decreasing tempera-
ture as shown in p,,(7). In the high-pressure regime above
11.7 GPa, Ry(T) gradually flattens as the pressure increases.
The Hall resistivity measured as a function of the field py,(B)
at T = 0.3 K, as shown in Fig. 4, remains nonlinear in the
field up to 11.7 GPa and exhibits a linear field dependence
above it. The linear field-dependent p,,(B) is consistent with
the low-temperature Fermi-liquid behavior in p,,(7') [34,35].

The comprehensive 7-P phase diagram from the resistivity
measurements for CePtAl4Si, is summarized in Fig. 5(a).
Three main regions are identified, which correspond to the
ferromagnetic (FM), intermediate (IM), and coherent (CH)
states. In the low-pressure FM phase, as a function of the
pressure, T; is gradually suppressed from 3.7 K at P = 0 GPa

075003-3



WANG, PARK, SHIN, KIM, LEE, AND PARK

PHYSICAL REVIEW MATERIALS 7, 075003 (2023)

-9 -9 -9
(a) 15 x10 (b) 15 x10 () 3 x10
1.5 GPa 8.4 GPa 14.5 GPa
~ 2.6 GPa 10.7 GPa 17.6 GPa
4.1GPa ——11.7 GPa 20.9 GPa
kY 5.4 GPa 22.6 GPa
124 QX ——6.4 GPa 124 24.1 GPa
\ ——26.5GPa
LA
A\ y
g \ 2 g
E - N\ E - E
= = =
x x \\ x
a 1
6 - 6
Sy
a
““-¢"~“
3 T T T 3 T T T T T
0 3 6 9 0 3 6 9 0 4 8 12

FIG. 3. (a)-(c) Temperature dependence of the Hall coefficient Ry (7" ) for CePtAl,Si, at various pressures measured under a magnetic field

of 1.0 T along the ¢ axis.

to 2.4 K at P = 4.1 GPa. A smooth extrapolation of 7;(P) to
T = 0 K suggests that the FM transition is suppressed at the
critical pressure point P near 7.0 GPa. Additional evidence
for the suppression of the FM order near P is obtained from
the low-temperature properties. Figure 5(b) shows that the
residual resistivity oo, which is estimated by the resistivity at
0.3 K, reaches a maximum near P.;. The enhancement in o
is often observed in the vicinity of the quantum phase transi-
tion and ascribed to the magnetic fluctuations. In accordance
with the suppression of the FM order, the magnitude of the
magnetoresistance measured at 0.3 K and 8 T reaches a maxi-
mum near P,; [36]. However, at pressures above 4.1 GPa, the
smooth suppression of T; is interrupted by the appearance of
T*, which decreases when the pressure is further increased to
6.4 GPa and then increases from 0.76 K at P = 8.4 GPa to

1.32 K at P = 11.7 GPa. At pressures higher than P, (ap-
proximately 14.0 GPa), the system enters a coherent state,
manifested by the appearance of low-temperature Fermi-
liquid behavior in Fig. 2(d), linear field-dependent p,,(B) in
Fig. 4(c), and positive magnetoresistance in Fig. 5(b) and Fig.
S3 in the Supplemental Material [29].

The lack of coherent Kondo screening at ambient pres-
sure and the delayed Kondo coherence at higher pressures in
CePtAl4Si, are reminiscent of the low-carrier-density systems
[37]. For example, similar negative temperature dependence
of resistivity behavior and the comparable Hall values have
been observed in other low-carrier-density systems such as
CesIryGe s [38] and YbsIrysGe s [39]. However, more com-
prehensive and quantitative analyses are required to make a
conclusive statement that CePtAl;Si, belongs to the family of
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FIG. 4. (a)—(c) Field dependence of the isothermal Hall resistivity p.,(B) for CePtAl,Si, at various pressures measured at 0.3 K and under

magnetic field along the ¢ axis.
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FIG. 5. (a) Temperature-pressure (7-P) phase diagram for
CePtAl,Si,. The colors represent the in-plane resistivity p,,(7, P).
The navy circles, violet diamonds, and purple triangles denote the
onset of FM transition 7, kink temperature 7, and coherent tem-
perature T, respectively. (b) Pressure dependence of the residual
resistivity (pg, black squares) estimated by the resistivity at 0.3 K
and the magnetoresistance (MR, violet squares) measured at 0.3 K
and 8.0 T, plotted on the left and right ordinates, respectively. The
solid and dashed lines are guides to the eyes. FM, IM, and CH
denote the ferromagnetic phase, intermediate phase, and coherent
state, respectively.

low-carrier-density systems. Another alternative explanation
for the lack of Kondo coherence at ambient pressure is the
presence of disorder in CePtAl4Si;. As shown in the inset
of Fig. 1(a), the resistivity of LaPtAl,Si, decreases from
104.8 u2cm at room temperature to 93.3 uQ2cm at 2
K and the residual resistivity ratio (RRR) defined as
p300k/ P2k 1s only 1.1, indicating a significant level of dis-
order in LaPtAl4Si,. Since the disorder in LaPtAl4Si, is
associated with the nonmagnetic elements, e.g., site ex-
change/nonstoichiometry between Pt and Si positions [27], a
similar level of disorder could be expected in the magnetic
homologue CePtAl;Si,. The anomaly in the specific heat at
the proposed FM transition, which is much broader than those
observed for the homologues CeRhAl4Si; and CelrAlsSiy, is
consistent with the presence of disorder in CePtAl4Si, [27].
We note that large RRR values of 7.6 and 6.3 for CelrAl,Si;
and CeRhAl,Si,, respectively, indicate a low level of disorder
in the Rh and Ir systems compared to the Pt system [27]. With

the enhancement of the Kondo effect by pressure, the mag-
netic order is gradually suppressed and the coherent Kondo
state develops above P.,. At the highest measured pressure of
26.5 GPa, the coherent Kondo temperature is significantly en-
hanced. Except for a small increase below 10 K, the resistivity
shows a monotonous decrease with decreasing temperature
and RRR is approximately 1.1, indicating that the residual
resistivity remains large despite a very large onset temperature
of Kondo coherence.

The characteristic temperature 7*(P), which appears in the
intermediate pressure range of 5.4—11.7 GPa, may correspond
to the FM transition below 6.4 GPa, but it may be associated
with a modulated magnetic phase, such as a spin-density wave
or AFM order, between 8.4 and 11.7 GPa. At pressures below
6.4 GPa, the change in the resistive signature from peak to
kink, which corresponds to the evolution from 7; to T*, ap-
pears continuous in Fig. 2(a), implying that 7* is associated
with the FM transition. This scenario is corroborated by the
observation that 7*(P) is located on the extrapolated line of
T.(P). At pressures above 6.4 GPa, T*(P) deviates from the
extrapolation of 7.(P) and increases with an increase in the
pressure. These results suggest that a FM QCP is avoided in
CePtAl4Si; as reported in many FM systems and the deviation
of T*(P) from the extrapolation of T7.(P) may be associated
with the appearance of modulated magnetic phases, as ob-
served in CeAgSb; [12], CeRuPO [13,14], MnP [15,16], and
LaCrGes [17,18]. Further microscopic measurements are nec-
essary to clarify the nature and origin of the temperature scale
T*(P).

IV. CONCLUSION

In summary, a comprehensive 7-P phase diagram of the
FM Kondo lattice material CePtAl;Si, has been constructed
using transport measurements up to 26.5 GPa. The FM transi-
tion is gradually suppressed with the application of pressure,
and the vanishing of the FM transition appears to occur near
a critical pressure of 7.0 GPa, where the low-temperature
resistivity and the magnitude of the magnetoresistance reach
a maximum. However, the peak anomaly in the resistivity
at the FM transition is replaced by the kink behavior above
4.1 GPa, whose origin requires further investigation. In the
high-pressure regime above 14.0 GPa, with the enhancement
of the Kondo effect, all the local moments are screened and
a coherent Kondo state is formed, leading to a Fermi-liquid
behavior. These results demonstrate that a FM QCP is avoided
under pressure in the disordered Kondo system CePtAlSi,,
which is different from the disordered systems that display a
continuous FM transition tuned by chemical substitution.
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