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Magnetic field induced effects in the quasikagome Kondo lattice system CePtPb
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The Kondo lattice compound CePtPb crystallizes in the ZrNiAl-type structure with the space group P62m,
where the Ce*" ions form a quasikagome lattice in the ab plane. We have constructed a temperature versus
magnetic field (7-H) phase diagram for single-crystal CePtPb from electrical resistivity and specific heat
measurements. Our results indicate the occurrence of long-range antiferromagnetic order below 7y = 0.95K
and multiple magnetically ordered phases as Ty is suppressed by applied magnetic field. Although Ty can
be continuously suppressed to zero by the field, the resistivity and specific heat close to the critical field
H.~6 kOe do not follow simple models of quantum criticality. Above H,, the electrical resistivity shows an
unconventional 7" dependence with n>2. We also present muon spin relaxation measurements, which reveal
residual spin dynamics below 7y that are consistent with only two thirds of the Ce-4 f spins participating in the

antiferromagnetic order.
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I. INTRODUCTION

Heavy fermion (HF) metals have became prototypical
systems to study quantum criticality, because these systems
host various ordered phases and are easily tunable [1,2]. The
ground state of HF compounds is governed by the competition
between the Kondo coupling and Ruderman-Kittel-Kasuya-
Yoshida (RKKY) exchange interactions between the localized
4f moments, leading to paramagnetic, heavy Fermi liquid
and ordered magnetic states [3]. The balance between these
interactions can be tuned by chemical substitution, external
pressure or applied magnetic field to drive the ground state
from a long-range magnetically ordered phase to a paramag-
netic state through a quantum critical point (QCP) [4,5]. It
has been shown that non-Fermi liquid (NFL) behavior with
a divergent effective quasiparticle mass occurs near the QCP
[4-6]. In addition to the competition between the Kondo and
RKKY interactions, it has been suggested that magnetic order
may also be tuned by the introduction of magnetic frustration
(quantum fluctuations) [7—13]. Thus unconventional quantum
criticality can occur via the interplay between the Kondo and
RKKY interactions and magnetic frustration.

The effect of geometrical frustration on a Kondo lattice
system has been studied in hexagonal ZrNiAl-type structures,
such as YbAgGe [14-18], CePdAl [19-24], and CeRhSn
[25-27], where the trivalent rare-earth ions form a frustrated
quasikagome lattice in the ab plane. In YbAgGe, successive
magnetic transitions are observed as the Néel temperature Ty
is suppressed by applied magnetic field, eventually to zero at a
QCP [15-17]. A wide range of NFL behavior and quantum bi-
critical scaling has been related to geometric frustration [18].
In CePdAl, neutron scattering and nuclear magnetic resonance
(NMR) experiments indicate that only two thirds of the Ce-4 f
moments order antiferromagnetically below 2.7 K, while due
to geometrical frustration, the other third remain paramagnetic
down to 50 mK [20,21]. Although there is a rich field-induced
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progression of some of the physically observable quantities
for CePdAl at low temperature, standard signatures of NFL
behavior are not observed near the putative QCP [22,23].
The partial magnetic order in CePdAl can be suppressed by
substituting Pd with Ni, resulting in a logarithmic divergence
of the ratio of the specific heat to temperature C,/T at
a critical Ni concentration—which is a signature of NFL
behavior [24]. In the isostructural compound CeRhSn, the
temperature dependence of the magnetic susceptibility and
electrical resistivity exhibit NFL behavior [25], likely due to a
zero-field QCP induced by geometrical frustration [27].
While the interaction of the conduction electrons with
frustrated magnetism in a HF system provides an intriguing
possibility to observe unusual states of matters, there are
not many candidate systems to study. Hence, it is desirable
to study new HF compounds with optimal conditions for
magnetic frustration. CePtPb is another isostructural Kondo
lattice system that crystallizes in the hexagonal ZrNiAl-
type structure [28]. In an earlier report [28], magnetization,
zero-field electrical resistivity, and zero-field specific heat
measurements on CePtPb revealed the onset of antiferro-
magnetic order below Ty = 0.9 K, a Sommerfeld coefficient
¥y =300mJmol ' K2, and a large frustration ratio f =
0,/In ~ 44, where 0, is the Curie-Weiss temperature. Moti-
vated by previous studies of ZrNiAl-type compounds, we have
grown and characterized single crystals of CePtPb by magne-
tization, electrical resistivity, specific heat, and muon-spin re-
laxation (uSR) measurements in a wide range of temperature
and magnetic field. The 7-H phase diagram is constructed
from resistivity and specific heat measurements down to 0.4 K
and up to 90 kOe. A systematic analysis of the power-law
behavior of the resistivity indicates that the antiferromagnetic
order does not vanish at a conventional QCP. Our uSR
measurements down to 20 mK reveal residual spin dynamics
below Ty that are indicative of magnetic frustration. These
findings provide additional information for understanding the
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influence of magnetic frustration on quantum criticality in HF
systems.

II. EXPERIMENTAL

Single crystals of CePtPb and LaPtPb were grown in a
Pb-rich ternary melt [28,29]. Powder x-ray diffraction mea-
surements were performed in a Rigaku MiniFlex at room tem-
perature. The peak positions in the powdered pattern can be
indexed with a hexagonal ZrNiAl-type structure with lattice
parameters a = 7.730(4) A and ¢ = 4.126(8) A for CePtPb
and a = 7.774(4) A and ¢ = 4.168(3) A for LaPtPb. These
lattice constant values are consistent with an earlier study [28].
The crystallographic directions were determined by Laue
diffraction. The dc magnetization as a function of temperature
and magnetic field was measured with a Quantum Design
(QD) Magnetic Property Measurement System (MPMS) from
1.8 to 300 K and up to 70 kOe. The temperature and magnetic
field dependence of the resistivity were measured in a QD
Physical Property Measurement System (PPMS) by the ac
(f = 17Hz) method up to 90 kOe. The specific heat was
measured from 0.4 K to 300 K by the relaxation method in
a QD PPMS. uSR experiments performed at TRIUMF in
an Oxford Instruments Model 400 dilution refrigerator. Zero-
field (ZF) uSR measurements of CePtPb were performed
between 25 mK and 3 K on a mosaic of c-axis aligned single
crystals mounted on a silver (Ag) sample holder, with the
initial muon-spin polarization P(z = 0) perpendicular to the ¢
axis. In addition, longitudinal-field (LF) ©SR measurements
were carried out for magnetic fields up to 9 kOe applied
perpendicular to the ¢ axis.

II1. RESULTS
A. Magnetization

Figure 1 shows the magnetic field dependence of the
magnetization M(H) for LaPtPb at T =2K for a field
applied parallel to the ¢ axis (H ||c¢). The gradual decrease
in M(H) with increased magnetic field is indicative of a
weak diamagnetic response. The temperature dependence of
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FIG. 1. Magnetic field dependence of the magnetization of
LaPtPb at T = 2K for H || c. Inset shows the temperature depen-
dence of the magnetic susceptibility at H = 70 kOe.
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FIG. 2. Magnetic field dependence of the magnetization of
CePtPbat T = 2K for both H || aband H || c.

the magnetic susceptibility x(7') = M(T)/H for a field H =
70 kOe applied parallel to the ¢ axis is shown in the inset
of Fig. 1. Between 300 and 100 K, x(7T') linearly decreases
with decreasing temperature. Below 100 K, x (7") exhibits an
upturn, most likely due to paramagnetic impurities.

Figure 2 shows M(H) data for CePtPb at T = 2 K. The
ab-plane magnetization M,,(H) shows a tendency towards
saturation as the magnetic field increases from 30 to 70 kOe,
whereas the c-axis magnetization M. (H) continues to in-
crease quasilinearly with magnetic field up to 70 kOe. At
T =2K and H =70 kOe, M,,(H) and M.(H) reach val-
ues of ~1.1 ug/Ce and ~0.2 ug/Ce, respectively, which
are smaller than the saturation value (g/ = 2.14 ug) for a
free Ce*t jon. The large anisotropy between M,,(H) and
M.(H) and the reduction in magnetization are due to the
effect of the crystalline electric field (CEF) and Kondo
screening.

The temperature dependence of the inverse magnetic sus-
ceptibility 1/x(T") for CePtPb is shown in Fig. 3. Our
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FIG. 3. Temperature dependence of the inverse magnetic sus-
ceptibility of CePtPb at T = 2K for a field H =1 kOe applied
parallel to the ab plane and to the ¢ axis. The green diamond symbols
represent the calculated polycrystalline average.
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data for 1/x(T) and M(H) are consistent with an earlier
study of CePtPb [28]. The polycrystalline average, defined as
Xave(T) = 2/3xap+1/3 xc (Where xq, and . are the magnetic
susceptibilties for fields applied parallel to the ab plane and
the c axis, respectively) is displayed in Fig. 3. Above 150 K,
the magnetic susceptibility follows the Curie-Weiss behav-
ior x(T) = C/(T —0,)+ x0, where C is the Curie constant,
0, is the Curie-Weiss temperature, and xo is a background
contribution. The effective moment obtained from the fitted
value of C for all three data sets in Fig. 3 is close to the
Ce free ion value of 2.54 up, suggesting the ground state
of the Ce ions in CePtPb is J = 5/2. The fitted values of
Xo are on the order of 107> emu/mol, in agreement with
the magnetic susceptibility of isostructural LaPtPb. The fitted
values of 6, for H ||ab, H || c, and the polycrystalline average
are —33, —51, and —38K, respectively. The negative sign
suggests an antiferromagnetic (AFM) ground state, and the
values of 8, are in good agreement with the earlier study [28].
The large absolute value of the frustration ratio |f|~40 in-
ferred from the polycrystalline average value 6,~ —38 K and
Ty = 0.95K (see below) suggests that magnetic interactions
in CePtPb are geometrically frustrated. However, this ratio
can be easily influenced by the Kondo and CEF effects.
Below 150 K, a strong anisotropy develops between yx,,(T)
and y.(T). The ratio x,»/x. increases continuously as the
temperature decreases to a value near 17 at T = 2K..

B. Electrical resistivity

The temperature dependence of the electrical resistivity
p(T) for CePtPb is displayed in Fig. 4(a). As the temperature
is lowered from 300 K, p(7) decreases with decreasing
temperature, indicating metallic-like behavior. At low tem-
peratures, p(T) shows a broad hump [Fig. 4(b)], which is
typically observed in a Kondo-lattice system. A kink in o(7T')
is observed near 0.95 K [Fig. 4(c)], which coincides with
the AFM transition. We note that an upward kink in p(T)
was previously observed near Ty [28]. Below Ty, the resis-
tivity exhibits a cubic dependence on temperature: p(7) =
po+AT" with py = 5.56 uQcm, A = 0.28 uQ/K3 andn = 3
[Fig. 4(d)]. The fitted value of py is over four times smaller
than that determined in Ref. [28]. Furthermore, the residual
resistivity ratio RRR = p(300K)/p(0.4K) is approximately
6.2, compared to nearly 2.5 in the earlier study. Hence the
CePtPb single crystals investigated in the current study are
apparently of higher quality. The fitted value n~3 is also
different from the earlier reported value n = 2 [28].

Figure 4(e) shows p(T) for various magnetic fields ap-
plied in the ab plane. The AFM order determined by the
slope change in p(T) is continuously suppressed to lower
temperature as the magnetic field is increased. For H = 3.25
and 3.5 kOe, two slope changes and thermal hysteresis are
observed, which are indicative of phase transitions. As the
magnetic field is increased from 10 to 90 kOe, the resistivity
approaches saturation at low temperatures [Fig. 4(f)], indicat-
ing an anomalous power-law dependence on temperature.

Figures 5(a) and 5(b) show the magnetic field dependence
of the electrical resistivity p(H) for H || ab. Above Ty, the
resistivity gradually decreases as the magnetic field is in-
creased, whereas below Ty, p(H) exhibits multiple anomalies
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FIG. 4. (a) The temperature dependence of the electrical resis-
tivity p(T) for CePtPb in zero field. (b) p(T") below 20 K. (¢) p(T')
(left axis) and d p(T)/dT (right axis) below 1.4 K. The vertical arrow
indicates Ty = 0.95 K. (d) p(T") below Ty plotted as a function of
T3. The solid red line is a linear fit to the data. (e) p(T) for H ||ab
measured as a function of increasing (open circles) and decreasing
(solid circles) temperature. The vertical arrows indicate the magnetic
ordering temperature. The individual data sets are offset for clarity.
(f) p(T') between 10 and 90 kOe for H || ab.

with hysteresis. At T = 0.4K, p(H) changes little between
0 and 2 kOe with a slight increase above H ~0.8 kOe. As
the magnetic field is further increased, p(H ) exhibits a rapid
decrease above H =2 kOe and a broad hump around 3.6 kOe.
In addition, hysteresis is observed between 0.8 and 3.6 kOe
and a slope change in p(H) is observed near 6 kOe. As
the temperature is increased, the slight increase near 0.8 kOe
persists and the broad hump around 3.6 kOe and the slope
change near 6 kOe gradually shift to lower magnetic field.
Figure 5(b) shows p(H) up to 90 kOe at selected tempera-
tures. At T = 5K a negative magnetoresistance is observed
up to 90 kOe, whereas below 2 K the magnetoresistance
changes sign from negative to positive in the high-field
regime. At T = 0.4K, p(H) exhibits a linear dependence on
magnetic field for H > 20 kOe.
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FIG. 5. Magnetic field dependence of the electrical resistivity
p(H) for CePtPb (a) up to 10 kOe measured as a function of
increasing (open circles) and decreasing (closed circles) magnetic
field, and (b) up to 90 kOe at selected temperatures.

C. Specific heat

The temperature dependence of the specific heat C,(T')
for CePtPb and LaPtPb are shown in Fig. 6(a). The overall
temperature dependence of the specific heat for LaPtPb is
similar to that of ordinary metals. At low temperatures, C,(T")
of LaPtPb is well described by C,(T) = yT +BT3, which
yields a Sommerfeld coefficient y = 3.9 mJmol~' K=2 and
Debye temperature ®p & 180 K. The specific heat for CePtPb
shows a sharp pronounced peak at Ty ~0.95K . Below Ty, a
linear extrapolation of the C,,/T versus T2 plot shown in the
inset of Fig. 6(a) below 0.4 K? yields y ~0 mJ mol ™' K~2.
This is considerably smaller than the earlier reported value
of y~300 mJ mol~! K2 [28]. Likewise, the value of the
Sommerfeld coefficient y estimated from a linear fit of C,/T
versus T2 in the paramagnetic state between T2 = 65 and
500 K? [inset of Fig. 6(b)] yields an equally small value
y = 6mJmol ' K2,

The magnetic contribution C,,(T') to the specific heat of
CePtPb can be approximated by taking the difference between
the specific heat of CePtPb and LaPtPb. The obtained Cy,(T)
[Fig. 6(b)] exhibits a sharp peak at Ty with a tail that extends
up to T~20K and a broad local maximum around 100 K.
The broad maximum is due to the CEF effect, whereas the
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FIG. 6. (a) Temperature dependence of the specific heat C,(T')
for CePtPb and LaPtPb at H = 0 kOe. The inset shows a plot of
C,/T vs T*. The solid red line is a linear fit between 0.16 K* and
0.4 K2. (b) Magnetic contribution Cy, to the specific heat of CePtPb.
The inset shows a plot of C,/T vs T2. The solid red line is a linear
fit between 65 and 500 K2.

large specific heat below 7'~ 10K is likely due to a Kondo
contribution or short-range magnetic correlations.

Figures 7(a) and 7(b) show C,(T) for various magnetic
fields applied in the ab plane. The sharp peak at 7y for
zero field broadens and shifts to lower temperature as the
magnetic field is increased [Fig. 7(a)]. At H = 6 kOe, no
peak indicative of magnetic order is observed down to 0.4 K.
For H = 10 kOe, a broad maximum in C,,(T") is observed
around 7' = 1.2 K, which further broadens and shifts to higher
temperature as the magnetic field is increased to H = 90 kOe
[Fig. 7(b)].

The magnetic field dependence of C,/T for T =0.5K
is shown in Figs. 7(c) and 7(d). Despite the scatter in the
data points, it is clear that C,(H)/T increases gradually
from 1.94Jmol™'K~? at H =0 kOe to 2.3Jmol ' K2 at
H = 2.5 kOe. Moreover, C,(H)/T decreases rapidly as the
magnetic field is increased up to 90 kOe.

Figure 8 shows the magnetic entropy Sy, (T ), estimated by
integrating C, /T with respect to 7" above 0.4 K. To interpret
the total magnetic entropy, the missing entropy below 0.4 K
must be considered. In zero field, 0.4RIn?2 of the magnetic
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FIG. 7. (a) Temperature dependence of the magnetic contribution
to the specific heat C,,(T") of CePtPb for magnetic fields H < 6 kOe.
(b) Co,/T vs T for H > 10 kOe. (c) Magnetic field dependence of
the specific heat C,(H) of CePtPb at T = 0.5K, plotted as C,/T vs
H (open circles). Data taken from C,(7T') at T = 0.5K for constant
magnetic field (solid squares) are also shown. (d) The data from
(c) for H <10 kOe.

entropy is recovered at Ty. Above 5 K, the magnetic en-
tropy first approaches saturation near RIn?2 (Fig. 8 inset),
suggesting CePtPb has a doublet ground state. As shown in
the inset of Fig. 6(a), the missing entropy below 0.4 K can
be estimated from an extrapolation of the data for C,(T')/T

12
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FIG. 8. Magnetic entropy Sy, (7') for CePtPb at H = 0 kOe. The
inset shows Sy, (T') for different applied magnetic fields.

to T =0K assuming C,(T)/T xT? below T* = 0.4 K.
In this approximation, RIn(2) is recovered at T~10K .
Above 25 K, Si,(T) increases with temperature up to 300 K,
passing through the value RIn4 at T ~225K . The tempera-
ture dependence of Sy, (T') for different applied magnetic fields
is shown in the inset of Fig. 8. For H > 10 kOe, the recovery to
R1In(2) is pushed to higher temperatures, which is consistent
with Zeeman splitting of the ground state doublet.

D. Muon spin relaxation

Representative zero-field (ZF) uSR asymmetry spectra
A(t) for CePtPb at various temperatures are shown in Fig. 9.
The first 0.03 us of the spectra are contaminated by positive
muons (1) that missed the sample and directly triggered the
positron detectors, and consequently has been removed.

Above Ty, the asymmetry spectra are well described by the
product of an exponential relaxation function and a temper-
ature independent Gaussian Kubo-Toyabe function [30], the
latter intended to account for a nuclear-dipolar contribution
[31]. Specifically,

A(t) = Ase M Gerr(A, 1) + Ag, (1)
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FIG. 9. ZF-SR asymmetry spectra for CePtPb at various tem-
peratures recorded with the initial muon spin polarization P(0)
parallel to the ab plane, plotted over the first (a) 8 and (b) 0.3 us.
The solid curves are fits to Eqs. (1) and (2) as described in the
main text.
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where Gokr(1) = 1+ 2(1 — A22)e~28" ig a static Gaus-
sian Kubo-Toyabe function. AZ/ y/f is the second moment
of the internal static magnetic field distribution, assumed
to be Gaussian. The muon gyromagnetic ratio is denoted
by y,. As and Ag are the sample and background contri-
butions to the initial asymmetry, respectively. This is an
example of double relaxation, where the muon is sensitive
to the combined nuclear and electronic contributions, only
because the system is in the rapidly fluctuating paramagnetic
regime and A is small. The background component arises
primarily from muons that missed the CePtPb sample and
stopped in the Ag sample holder. The relaxation function
Ggokr(A, t) is intended to account for the nuclear dipole
moments in CePtPb, which are randomly oriented and static
on the SR time scale. Fits assuming Ggkr(A, t) is indepen-
dent of temperature yield A = 0.07 us~!. The exponential
function exp(—Ar) in Eq. (1) accounts for the relaxation of
the ZF-u SR signal by the Ce-4 f electronic moments.

Below Ty, arapid decrease of A(¢) occurs in the first 0.1 us.
To account for this, the asymmetry spectra below Ty were fit
assuming the sample contribution is described by the sum of
slow-relaxing and fast-relaxing exponential functions

A() = Are™" + Are ™ + Ag, @
where A| +A, = As.

0.25 5

3! If'n'l:IL R & |
LSO  F ISR SERE 19 SRS
B 414¢% * K
¢ YT ¥ 1 L 4
0.2 7 el =
3
s _sligzi § 8 -771 oI
= LN S5 S 84 i
O T Y T I
e 1kOe
01 = 1.5k0e CePtPb .
¢ 25kOe H|l ab
4 35kOe T=01K (@
<« 7kOe
005 1 1 | | 1 | I
0 1 2 3 4 5 6 7 8
t (us)
0.3 | ‘

0.25

01 ! I ! ! !
0 0.05 0.1 0.15 0.2 0.25 0.3

t(us)

FIG. 10. LF-uSR asymmetry spectra for CePtPb at 7 = 0.1K
recorded with the initial muon spin polarization P(0) parallel to the
ab plane, plotted up to (a) 8 and (b) 0.3 us. The solid curves are fits
to Egs. (1) and (2) as described in the main text.

Figure 10 shows longitudinal-field (LF) uSR asymmetry
spectra for CePtPb at T = 0.1 K for a field applied in the ab
plane. The fast relaxing contribution to A(¢) is continuously
suppressed by the increasingly large applied magnetic field.
For H >3.5 kOe, the sample contribution to A(¢) is well
described by a single exponential relaxation function—that is,
Eq. (1) with Ggkr(A, t) = 1. The temperature dependence of
the fit parameters for the ZF-u SR and LF-uSR measurements
are shown in Figs. 11 and 12, respectively.

Above Ty, the ZF exponential relaxation rate A increases
as the temperature is lowered towards Ty [Fig. 11(b)] due to
a slowing down of Ce-4f spin fluctuations. Below Ty where
the sample contribution to the ZF-uSR asymmetry spectrum
A(t) develops two exponential components [Fig. 11(a)], the
amplitude of the slower relaxing component A and the corre-
sponding relaxation rate A; decrease with decreasing temper-
ature. At T = 0.025K, A1 =0.25 Ms’l and A; becomes 37%
of the total sample asymmetry Ag [Fig. 11(b)]. Together the
sharp rise in A near Ty and subsequent decrease of A1 below Ty
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FIG. 11. Temperature dependence of the ZF-uSR fit parameters
for CePtPb. (a) The total signal amplitude Ag and the amplitudes A,
and A, of the slow-relaxing and fast-relaxing exponential compo-
nents below 7y. (b) The exponential relaxation rates A (right axis)
and A; (left axis), and (c) A,. The dashed vertical line indicates Ty
for zero field.
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parameters for CePtPb. (a) The normalized asymmetry A, /As asso-
ciated with the fast-relaxing exponential sample component. (b) The
exponential relaxation rates A (closed symbols) and A; (open sym-
bols). The inset shows a blow up of the plot below 0.4 K. (c) Ex-
ponential relaxation rate A, associated with the fast-relaxing sample
component.

form a peak that is indicative of a magnetic phase transition.
The nonzero value of X; for 0.025 K, however, suggests that
slow Ce-4 f spin fluctuations persist in part of the sample. In
contrast to Ay, the amplitude of the fast-relaxing exponential
component A, increases below Ty, reaching 63% of Ag at
T = 0.025K [Fig. 12(a)]. The corresponding relaxation rate
A, increases in value to 17 us~!' [Fig. 11 (c)], which is
indicative of a broad internal magnetic field distribution.

The ratio of A,/As at T = 0.025K increases slightly to
69 % upon application of a longitudinal field H = 1 kOe, but
is drastically reduced to 15 % for H = 3 kOe [Fig. 12(a)].
The peak formed by A and A; is suppressed by the field
[Fig. 12(b)]. The absence of a peak for H > 7 kOe is consistent
with the absence of any signature of magnetic order in the
resistivity and specific heat measurements. The relaxation rate
Xy is also suppressed by the longitudinal field [Fig. 12(c)].
A fast-relaxing component is not discernible for H >3 kOe,
indicating that in this field range the external field dominates

the vector sum of the applied longitudinal field and the local
field transverse to the muon spin polarization.

IV. DISCUSSION

A temperature versus magnetic field (7-H) phase diagram
for CePtPb subject to a field H || ab can be constructed from
the anomalous features observed in the resistivity and spe-
cific heat measurements. The onset of AFM order is evident
from the observed peak in the C,,(T") data shown in Figs. 6
and 7. The onset of AFM order is also indicated by peaks
and kinks in the temperature and field derivatives of the
resisitivity o(T, H), as shown in Fig. 13(a)-13(c). For H >
6 kOe, however, the observed broad maximum in dp(T)/dT
shifts to higher temperature as the magnetic field is increased
[Fig. 13(d)].

Figure 14 shows the T-H phase diagram constructed from
the features in the C,,(T, H) and p(T, H) data. The AFM
transition temperature 7y in zero field is continuously sup-
pressed by magnetic field to T = 0.4K at H.~6 kOe, with
multiple phase transitions or crossovers within the magneti-
cally ordered phase. Such is also the case for the isostructural
compounds CePdAl and YbAgGe. Below Ty hysteresis is
observed in CePtPb in the two intermediate phases between
0.8 and 3.5 kOe, which is indicated by the shaded region in
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FIG. 13. (a) p(H) (left axis) and dp/dH (right axis) at T =
0.4K . Vertical lines indicate a phase transition fields. (b) dp/dT at
selected magnetic fields. Solid lines are guides to the eye. (c) dp/dH
at selected temperatures. Solid lines are guides to the eye. (d) dp/dT
at various magnetic fields. Vertical arrows indicate a local maximum
indp/dT.
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FIG. 14. T-H phase diagram of CePtPb for H | ab, obtained
from the p(T, H) and C,(T, H) measurements. A shaded area rep-
resents a region where hysteresis is observed. The peak of a broad
local maximum observed in C,,(T') and dp/dT for H > H, is plotted
in the inset.

Fig. 14. In contrast to YbAgGe [14,15], however, hysteresis is
not observed for zero field. This is also the case for CePdAl,
where hysteresis is observed in two intermediate phases well
above zero field [22]. Based on an Ising-like, large magnetic
anisotropy of the Ce-4f spins for low field, these phases in
CePdAl are proposed to be canted AFM phases with spin-
flop transitions occurring at the phase boundaries. Given that
the magnetic susceptibility of CePtPb also exhibits a large
anisotropy, it is likely that the hysteretic intermediate phases
shown in Fig. 14 are also canted AFM phases.

The ZF-uSR measurements on CePtPb indicate there are
residual spin dynamics at 0.025 K (Fig. 11). The temperature
dependence of the sample component amplitudes A; and A,
below Ty are compatible with two different scenarios. The
first is that there is a gradual reorientation of the Ce-4f spins
with decreasing temperature, which results in a variation of
the orientation of the average local field with respect to the
initial muon spin polarization P(0). In this case, A; and X,
originate from components of the local field parallel and
perpendicular to P(0), respectively. The second, and more
likely scenario, is that inhomogeneous freezing occurs below
TN, where some fraction of the sample contains Ce-4f spins
that do not freeze. In this picture, the two sample components
in Eq. (2) are associated with spatially distinct magnetic
contributions, with the slow (fast) relaxation rate A; (A,) due
to the fluctuating spins (spins that freeze). The temperature
variation of the amplitudes A; and A, reflect the volume
fraction of the sample containing fluctuating and frozen spins,
respectively. The increase in A, and corresponding decrease
in A; with decreasing temperature indicates a growth in the
volume fraction of frozen Ce-4f spins. At 0.025 K, the
amplitude ratios A;/As = 63% and A;/As = 37% suggest
that two thirds of the Ce-4f spins order antiferromagnetically,
while the other third remain fluctuating due to geometrical
frustration. This interpretation assumes the magnetic structure
is similar to that proposed for the related CePdAl compound
[20,21,32]. The increase in A;/As and significant drop in
A1 between zero field and H = 1 kOe for T <1y (Fig. 12)

FIG. 15. Temperature dependence of the resistivity plotted vs
T3 at selected magnetic fields. Vertical arrows indicate the phase
transition temperatures. Solid lines are linear fits to the data below
Tn. For H =3 kOe, p(T) exhibits two magnetic transitions with
decreasing temperature (Fig. 14). The fit was performed on the data
only below the second transition.

suggests a partial alleviation of the magnetic frustration
by the applied field as observed in CePdAl by neutron
scattering [33].

The lower A, /As ratio at H = 3 kOe [Fig. 12(a)] may be
due to a Ce-4f spin reorientation, because a phase boundary
is apparently crossed when the magnetic field is increased
from 1 to 3 kOe (Fig. 14). In addition, the drop in A,
likely has a contribution due to the fact that the external and
internal static magnetic fields are now comparable, leading
to decoupling [31]. The component of the internal magnetic
field which is static may be estimated from A, ~ y, A, or
roughly 1475 Oe. We note that uSR experiments performed
with a weak magnetic field applied transverse to P(0) have the
potential to confirm whether there is phase separation below
T\ associated with frozen and unfrozen spins.

In zero field, a power-law analysis of the electrical resis-
tivity p(T') = po+AT" for CePtPb yields an exponent n=~3
below Ty, as shown in Fig. 4(d). Figure 15 shows that a similar
value of n is observed for all of the magnetically ordered
phases of CePtPb. This is also the case for the magnetically
ordered phases of CePdAl [22].

For H > H,, the power-law analysis of the resistivity shows
an anomalous evolution of the exponent n as a function
of magnetic field. The fitting curves at selected magnetic
fields are shown in Figs. 16(a)-16(c), and the field de-
pendence of the fit parameters pp, n, and A are shown in
Figs. 16(d)-16(f). The data were fit over the temperature
interval (0.4 K, Tp.x), where Tp,, increases with magnetic
field as shown in the inset of Fig. 16(e). The field dependence
of py follows the p(H) curve at T = 0.4K for H >20 kOe
[Fig. 16(d)], and the resistivity exponent n grows from n=~
2.5 at H, to n~4 at H =90 kOe [Fig. 16(e)]. A similar
field-induced enhancement of n is observed in the Kondo
lattice systems CePdAl [22], CeAuSb, [34], CeNiGe; [35],
and YbNiyCd [36]. In CeAuSb;,, a resistivity exponent n= 1
was observed below 3 K near a critical field H. = 55 kOe [34].
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Above H., n was observed to rapidly increase and saturate
to n = 3 near H = 70 kOe. For H > 70 kOe, the temperature
range where n = 3 behavior is observed appears to increase
linearly with magnetic field, up to at least H = 250 kOe. It is
suggested in Ref. [34] that the saturation to n = 3 is related
to the alignment of the Ce-4f spins by the applied field, as
both n and the magnetization appear to saturate at about the
same field. By comparison, the value of n for CeNiGes; grows
from n =2 at H. to n~3.8 at H = 90 kOe with no sign of
saturation [35], n> 2 is observed for CePdAl over the entire
field range [22], and n for YbNisCd grows from n = 2 at H,
to the saturated value n~4 at H > 30 kOe [36]. For CePdAl,
an exponent n> 2 for H > H, has been proposed to be due to
spin dependent scattering of the quasiparticles in the saturated
paramagnetic state [22].

Figure 16(f) shows that the field dependence of the
resistivity coefficient A = (p(T') — pg)/T" for CePtPb di-
verges near the critical field H.. Such behavior is also
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FIG. 16. Temperature dependence of the resistivity for applied
magnetic fields of (a) 7 and 9 kOe, (b) 12, 16, and 25 kOe, and
(c) 35, 70, and 90 kOe. The solid curves in (a)—(c) are fits to p(T') =
po+AT" over the temperature interval (0.4 K, Ti.x), where the
temperature Ty, is indicated by the vertical arrows and the values of
n are shown in each panel. The dependence of the fitting parameters
po, 1, and A on the applied magnetic field are shown in (d)—(f),
respectively. In addition, the field dependence of the resistivity at
T = 0.4 K is also shown in (d), and the inset of (e) shows the
magnetic field dependence of Tjx.-

observed in CeAuSb, [34], CeNiGes [35], CePdAl [22], and
YbNiyCd [36]. In several magnetic field tuned QCP systems,
a diverging field-dependent coefficient A = (o(T) — po)/T?
is observed approaching H,. [37-39]. For CePtPb and CePdAl
[22], neither Fermi liquid (n = 2) nor NFL (n <2) behavior
is observed close to H,. This is also different than YbAgGe,
where NFL behavior is observed near H, = 45 kOe that
extends over a wide range of field up to H = 105 kOe before
Fermi liquid behavior is recovered [15].

To estimate the CEF energy level splitting, we have fit
the broad maximum in the temperature dependence of Cy,
assuming the Schottky anomaly is described by a three dou-
blet energy-level scheme. The fit curve Cse,(7) shown as a
dashed curve in Fig. 17(a), corresponds to energy level split-
tings A;~ 170K and A, ~330K . This result is qualitatively
consistent with the development of anisotropy in the bulk
magnetic susceptibility below 150 K (Fig. 3). Although such

1 O T T T
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FIG. 17. (a) Magnetic contribution to the zero-field specific heat
of CePtPb. The red curve represents the J = 1/2 Cogblin-Schrieffer
model [41] with the scaling temperature 7y = 1.2K . The dashed
curve is a fit to a three-level Schottky contribution with A; = 170K
and A, = 330K . (b) C,/T data for H > 10 kQOe. The solid curves
represent an electronic Schottky contribution associated with Zee-
man splitting of the ground-state CEF doublet by Ag,,. Inset shows
the magnetic field dependences of Ag., and the temperature of the
broad maximum 7pe,. The solid lines in the inset are guides to
the eye.
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analysis achieves only qualitative agreement, it is sufficient to
establish that the ground-state CEF doublet is well separated
from the first-excited state.

For a Kondo lattice system, the Kondo temperature can
be estimated from the magnetic entropy, where Sy, (Tx)=
0.7RIn(2) [40]. This yields Tx ~2 K, which is consistent with
the previous study of CePtPb [28]. However, the approximate
value of the electronic specific heat coefficient y determined
from our measurements of C,/T versus T? is much smaller
than the value estimated from 7k, indicating that the 4 f elec-
trons in CePtPb are weakly hybridized with the conduction
electrons. To investigate whether the heavy fermion behavior
coexists with antiferromagnetism in CePtPb, the magnetic
part of the specific heat for CePtPb was compared to the
Cogblin-Schrieffer model [41] for a J = 1/2 doublet ground
state. As shown in Fig. 17(a), the magnitude and width of
the specific heat below 10 K is not described by this model.
Alternatively, strong magnetic fluctuation can also produce
such a large Cy, in frustrated system such as CePdAl [23]. The
frustration parameter 6,/Ty~40 for CePtPb is sufficiently
large to infer that magnetic frustration is dominant at low
temperatures. In this case the gradual recovery of the full
R1n(2) magnetic entropy by 10 K may be ascribed to geo-
metric frustration of the Ce-4f moments in the quasikagome
lattice, which is supported by the SR analysis.

Figure 17(b) shows the temperature dependence of Cy,/T
in the paramagnetic state for H > 10 kOe. The broad peak
observed at low temperatures shifts to higher temperature
with increased magnetic field. Consequently, we attribute
the peak to an electronic Schottky contribution associated
with Zeeman splitting of the ground state CEF doublet.
Consistent with this interpretation, both the temperature of
the local maximum (denoted by 7pe.,x) and the energy level
splitting of the ground-state doublet (Agcy) increase linearly
with magnetic field [Fig. 17(b) inset]. The C,/T data above
the maximum are well described by the electronic Schottky
contribution, whereas below the maximum there is clearly an
additional contribution of some kind. The difference between
the magnetic and Schottky contributions to the specific heat
(Cin—Csch)/T may be regarded as an electronic contribu-
tion. Figure 18 shows the dependence of (Cy, —Csch)/T on
temperature and magnetic field. Although a clear signature
of NFL behavior (i.e., o« —logT) is not observed near the
critical field H, (Fig. 18 inset), measurements at lower temper-
ature may reveal something different. At H = H.(T = 0.4K),
(Cn—Cse)/T has a large value of 0.56Jmol~' K=2 that
rapidly decreases with increasing magnetic field. This behav-
ior suggests a field-induced suppression of the Kondo effect,
as observed in other heavy-fermion systems [37,39]. On the
other hand, such behavior could be due to a suppression
of the magnetic fluctuations by the applied field. Further
experimental studies below 0.4 K are needed to clarify the
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FIG. 18. Magnetic field dependence of (C,, —Cse)/T for T =
0.4 K . Inset shows the temperature dependence of (C, —Csc)/T for
selected applied magnetic fields.

interplay between the effect of Kondo screening and geomet-
rical frustration on the magnetic properties of CePtPb.

V. SUMMARY

We have grown single crystals of CePtPb, which crystallize
in the hexagonal ZrNiAl-type structure with the Ce ions
presumably forming a quasikagome lattice in the ab plane.
A T-H phase diagram has been constructed from measure-
ments of the electrical resistivity and specific heat, which
at low temperatures are strongly dependent on the external
magnetic field. The zero-field AFM transition 7y = 0.95K
is suppressed by the applied field and vanishes at a critical
field H. ~6 kOe. Within the AFM phase, there are successive
field-induced modifications of the magnetic order. Near H,,
neither the resistivity nor the magnetic contribution to the
specific heat exhibit standard NFL behavior [i.e., p(T)x
T or Cyn(T)oxx—log(T)]. The resistivity exhibits a power-
law dependence on temperature with an exponent n>2 in
both the magnetically ordered and paramagnetic states. Our
ZF- SR measurements indicate residual spin dynamics for
T = 0.025 K, and by analogy with CePdAl are consistent with
only two thirds of the Ce-4f spins participating in the AFM
order while the other third fluctuate. Lastly, our results suggest
that the low-temperature physical properties of CePtPb are
influenced by geometrical frustration.
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