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CePdsSn, with Ce-chains along the orthorhombic b axis has been reported to order
antiferromagnetically at 7x ~ 0.6 K. Above T, the specific heat C(7) exhibits a long tail whose
origin remains elusive. Here we report on the physical properties of single-crystalline samples
inferred from electrical resistivity po(7), magnetization M(B), and C(7). The measurements
reveal rather weak anisotropic properties characterized by the lowest p(7) and the highest
saturation M(B) along the b axis. The p(7) data along the three principal directions exhibit no
clear signature of Kondo scattering and decrease with negative curvatures on cooling from 2 K
to 7n = 0.67 K. The magnetic susceptibility and inelastic neutron scattering data are reproduced
by the crystal electric field (CEF) model for the Ce*" ion with two excited CEF doublets at
rather low energies 27 K and 191 K, respectively, above the ground state doublet. The
isothermal M(B) curves at 0.3 K show metamagnetic transitions at Bl b=1.8 Tand Blc=1.5
T and upward increases before saturation for the three directions. The antiferromagnetic order
is destroyed by the application of magnetic field in an anisotropic way at around BI1b=3 T, B
lc=4T, and B | a =5 T. The obtained results are discussed by comparing with those reported

for quasi-one-dimensional Ce compounds.



1. Introduction

Cerium-based intermetallic compounds have been studied extensively due to a variety of
physical properties originating from the unstable 4f state of the Ce ion.!” The Kondo coupling
of the localized 4f electron with conduction electrons gives rise to heavy-fermion phenomena
as manifested in a largely enhanced Sommerfeld coefficient y of the electronic specific heat.?
Theoretically, a system of conduction electrons interacting on-site with the 4f electron spin was
modeled by the one-dimensional Kondo lattice.”) The ground-state phase diagram of this model
consists of three different states depending on the strength of Kondo coupling and the carrier
density: a ferromagnetic metallic state, an insulating spin liquid state, and a paramagnetic
metallic state.” The addition of the nearest and next-to-nearest Heisenberg interactions between
the 4f electron spins to the Kondo chain model enriches ground states including an
antiferromagnetic (AFM) order, a valence-bond-solid and bond-order-wave state, a pair density
wave state, and a non-Fermi liquid quantum critical state.®’ Recent experimental studies of Ce-
based intermetallic compounds with quasi-one-dimensional chains have revealed exotic
properties such as strong spin fluctuations, non-Fermi liquid behavior in the electrical resistivity
A(T), and enhancement of y value of the specific heat C(7) in the absence of clear Kondo effect
in p(T).”'9 However, it has not been experimentally clarified yet how these properties are
related to strong quantum fluctuations in one-dimensional systems.

In Ce-based intermetallic compounds with non-cubic crystal structures, the crystal electric
field (CEF) on the Ce** ion splits the J = 5/2 multiplet into three Kramers doublets. The
magnetic interaction between the 4f electrons is governed by the long-range Ruderman-Kittel-
Kasuya-Yosida (RKKY) interaction via the spin polarization of conduction electrons. If the
compound has one dimensionality in the electronic and magnetic states, quantum fluctuations
should play a role in the ground state properties in addition to the competition between the local
Kondo interaction and the intersite RKKY interaction, as well-known as the Doniach phase
diagram.')

Here, we focus our attention on three examples CeCoxGag, CeAuzlng, and CePd3Sn; with Ce
atoms arranged in a quasi-one-dimensional chain. First, CeCo,Gag with the YbCo>Gas-type
orthorhombic structure (space group Pbam) has Ce chains at the Ce-Ce distance of 4.05 A along
the ¢ axis.” The CEF ground state doublet consists mainly of Jz = + 5/2, which has the easy
magnetization axis along the chain direction.®’) The easy-axis magnetic anisotropy is manifested

in a large ratio of magnetic susceptibility yic / yi. = 3.6 at 2 K. Only along the chain direction,



Kondo coherence in p(T) develops below 20 K.” On further cooling below 2 K, p(T) decreases
in proportion to temperature down to 0.1 K. The absence of long-range magnetic order was
confirmed down to 0.07 K.” Meanwhile, C/T increases in proportion to —In7 and reaches 800
mJ/K?mol at 1 K.” These properties are the signatures of a non-Fermi liquid ground state, the
mechanism of which remains unclear.

Second, CeAuzlIngs has Ce chains at the distance of 4.66 A along the b axis of the orthorhombic
NdRhoSns-type  structure  with  space group Pnma.'® This compound order
antiferromagnetically below Tx = 0.9 K.'? The chain direction is the easy magnetization axis,
as manifested in a large ratio of yi» / y1» = 6.4 at 2 K. The magnetization M(B) at 1.8 K saturates
at 2.1us/Ce for B | b > 5 T, which value is close to the easy-axis magnetization of the CEF
doublet ground state of Jz =+ 5/2 for the Ce** ion. This fact and the absence of —InT dependence
in the p(T) curve along the b axis point to a very weak Kondo effect.!? A long tail in C(T) above
Tn = 0.9 K leads to the reduction of magnetic entropy at 7x to 61% of RIn2, which value is
expected for a magnetic order of the CEF doublet ground state. This entropy reduction at 7n
was attributed to spin fluctuations in the one-dimensional chain system, and the strong spin
fluctuations in the AFM ordered state were thought to be consistent with the large y value of
369 mJ/K*mol.'?

Third, a family of CePdsIna,'® CePd;Sny,'” and CePt;Sn2!'® crystallize in the CePdsIn,-type
orthorhombic structure with space group Pnma. As shown in Fig 1 (a) for CePd;Sny, there are
Ce chains of the shortest contacts at 4.77 A along the b axis. The Ce atom is coordinated by 19
atoms, an irregular pentagonal prism of 6Pd + 4Sn with 5 atoms located on the opposite side
faces and 4 atoms situated on opposite side edges.!® The local symmetry of the Ce site in this
environment is the monoclinic point symmetry (Cs). Physical properties of this family of
compounds have been so far reported only on polycrystalline samples. For CePd3Sny, both y(7)
and C(7) exhibit a peak at around 0.6 K, indicating an AFM order of the CEF doublet ground
state.!¥ M(B) at 0.5 K reaches 1.2u5/Ce at 10 T. A tail of C(7) extends up to 3 K, resulting in
the reduction of magnetic entropy at 7x = 0.6 K to 42% of RIn2. Since p(T) does not show a
clear sign of Kondo scattering, the obvious tail in C(7) above 7n and the moderately large
yvalue of 240 mJ/K?mol were not ascribed to the Kondo effect.!® Instead, the authors attributed
these observations to AFM correlations in the Ce chain by considering that a spin-1/2
Heisenberg AFM chain displays a broad maximum in C(7) and a large residual value of C/T at

zero temperature.'®!® The tail of C(T) for CePds;Sn, was roughly reproduced by assuming an



exchange interaction strength of 1.8 K. A similar long tail in C(7) above Tn was observed for
the isostructural antiferromagnets CePdsIn, (7x = 2.1 K)!* and CePt;Sn, (7Tn = 0.77 K).!> For
CePdsIna, the Kondo effect was considered as the primary cause of the tail from the observation
of a weak —In7T dependence of p(T) above Tn.'” For CePt;Sn, on the other hand, short-range
magnetic correlations in the quasi-one-dimensional Ce chain were proposed as the main reason
by following the argument for CePd3Sn,.'”

It is a challenge to clarify the role of magnetic correlations of quasi one-dimensional Ce chain
in physical properties. For this purpose, a comprehensive study of the CEF level scheme and
anisotropic behavior of magnetic and electrical properties in both the paramagnetic and AFM
ordered states is necessary by using single-crystalline samples. We report herein such
measurements on single-crystalline samples of CePd3Snz and compare the results with those

for CeCo,Gag and CeAuslna.

2. Experimental

We have grown a single-crystalline sample of CePd3Sn> by the Czochralski method in an RF
induction furnace (SELEC Ltd.) which was filled with purified argon gas. A single-crystalline
rod shown in Fig. 1(b) was obtained from a stoichiometric melt in a tungsten crucible by pulling
a seed rod at a speed of 8 mm/h after a necking process. The atomic compositions of several
parts were examined by wave-length dispersive electron-probe microanalysis (EPMA). The
EPMA showed that the whole crystal has the stoichiometric composition of CePd3Snz within
1.5% resolution. A Rietveld analysis of the X-ray diffraction pattern of a powdered sample
yielded orthorhombic lattice parameters as a = 9.7463(3), b =4.7749(2), and ¢ = 10.1863(4) A,
in agreement with the reported values.'*")

For transport, thermal, and magnetic measurements, the as-grown crystal was oriented by the
back-reflection Laue X-ray pattern. The oriented crystal was cut into appropriate dimensions
for each measurement by spark erosion. The temperature dependent p(7) was measured with a
standard AC four-terminal method. We used a Gifford-McMahon-type refrigerator in the range
from 300 to 3 K in zero magnetic field and a Cambridge Magnetic Refrigerator mFridge from
4 t0 0.06 K in longitudinal magnetic fields up to 6 T. For the latter, the AC voltage smaller than
1 uV was amplified using low-temperature transformers.

A Quantum Design MPMS SQUID magnetometer was used for the measurements of M(T)
and M(B) in magnetic fields up to 5 T for 1.8-300 K. We adopted a capacitive Faraday method



for the measurement of M(B) under magnetic fields up to 9 T for 7> 0.3 K in a *He single-shot
refrigerator (Heliox, Oxford Instruments). Temperature dependence of C(7) and magnetic field
dependence of C(B) were measured down to 0.4 K in magnetic fields up to 8 T by the relaxation
method on a Quantum Design PPMS.

The CEF excitations were measured by inelastic neutron scattering (INS) experiments on
polycrystalline samples of CePd3Sn, and the nonmagnetic counterpart LaPd3;Sn, which were
prepared by arc melting and subsequent annealing at 900°C for a week.!* We used the time-of-
flight spectrometer MERLIN?" at the ISIS pulsed neutron and muon facility, Rutherford
Appleton Laboratory. The powdered samples of approximately 11 g each were wrapped in thin
Al foil envelopes 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 multiplication using a neutron incident energy of Ei = 100 meV
and a Gd-Fermi chopper frequency of 350 Hz, which also provided data for £; = 38.0 and 12.3
meV. The data are presented in absolute units, mb/(meV sr f.u.) using the absolute normalization
obtained from the standard vanadium sample measured in identical conditions. The magnetic
scattering in CePd3Sn» was estimated by subtracting the phonon contribution using the data for

LaPdsSn;.

3. Results and Discussion

Figure 2(a) shows the temperature dependence of p(7) for the electrical current / along the
three principal axes of CePdsSn, and the polycrystalline sample of LaPd3;Snz!¥ from 300 K to
3 K. The three curves for CePd;Sn, monotonically decrease with downward curvatures on
cooling to 20 K, where a shoulder appears. This shoulder is attributable to the scattering of
conduction electrons from the first CEF excited doublet, as will be discussed. Note that the
magnitude of p(7) at 3 K for /| ¢ is several times larger than those for /| @ and /| 5. Furthermore,
the value of p(7 = 300 K) for 7 | ¢ was found to strongly depend on the samples. The large
resistivity and the strong sample dependence for / | ¢ are probably caused by cracks
perpendicular to the ¢ axis which were formed during the cutting and wiring of the samples. To
avoid the effect of cracks, it seems reasonable to assume the value of p(7'= 300 K) for / | ¢ to
be equal to that for / | a in view of the weak anisotropy in the a-c plane structure shown in Fig.
1(a). We estimated the magnetic part pm(7) by subtracting the p(7) data for a polycrystalline
sample of LaPd3Sny. The obtained pm(7) is plotted against In7 in Fig. 2(b). Note that the pm(7)



data for 77< 100 K along the three directions do not exhibit —In7"dependence that is the hallmark
of Kondo scattering. We see a —In7 dependence for /| b above 150 K. However, the very small
difference between the p(7) data for / | b and LaPds;Sn, makes it difficult to judge whether the
seeming —In7 dependence is due to the Kondo effect or an artifact of the subtraction.

As shown in the inset of Fig. 2(b), the p(7) curves start to decrease at ~2 K with downward
curvatures. The sharp decrease below 0.67 K is a result of a long-range AFM transition as will
be proved by the results of C(T) and y( 7). We analyzed p(7) data below T using the expression
p(T) = po+ AT + psw(T). The last term describes the scattering of conduction electrons on AFM

magnons,>?)

oD = b T4 (2) 2 (31 0
where b is a material constant and 4 is the spin-wave gap.?? The fits are drawn by the solid
lines in the inset. The values of 4 and A are obtained as 2.1, 1.0 and 2.9 pQcm/K? and 1.6, 1.6,
and 1.7 K, respectively, for /'l a, I | b, and I | c. The magnitude of A roughly coincides with the
AFM magnon gap of 1.1 K estimated from the analysis of C(7).'Y Because the magnon gap is
larger than 7n = 0.67 K, the scattering of conduction electrons by the AFM fluctuations may
give rise to the unusual behavior in p(7) above Tn. We note that a similar downward curvature
in p(T) above Tx was reported in a caged compound CesPt12Snas with Tn = 0.19 K.2**¥ This
behavior in p(7) was ascribed to spin gap opening at temperatures higher than 7n. The
possibility of Kondo scattering was discarded because this compound resides in the weak
Kondo coupling limit in the Doniach model.?” The 4 values obtained for CePd;Sn. lead to the
ratio A/ of 3.6 x 107>, 1.7 x 107>, and 5.1 x 10~> pQcm (Kmol/mJ)? using the y value of 240
mJ/K?mol.'¥ The A/y values are several times larger than 1.0 x 10~ pQcm (Kmol/mlJ)?
expected for a conventional heavy-fermion state composed of a CEF doublet ground state.?> If
the first excited CEF doublet is involved in the heavy-fermion state, the 4/% value would
decrease to 1.7 x 107° pQem/(Kmol/mJ)?,29 as opposite to the observed enlargement.

The temperature dependence of inverse susceptibility y ~'(T) = B/M(T) at B=0.1 T applied
along the three principal directions is shown in Fig. 3. The Curie-Weiss fits to the data for 7>
150 K give effective moments 2.49, 2.63, and 2.57us/Ce for B | a, B | b, and B | ¢, respectively.
These values are close to 2.545/Ce expected for a free Ce** ion. The lines are the fits by using

the CEF model for the Ce*" ion as described below.



Figures 4(a) and 4(b) show the INS spectra of one-dimensional energy cuts at 5 K for incident
neutron energies of 12.3 and 38.0 meV, respectively. These spectra were obtained by integrating
the two-dimensional scattering maps, energy transfer vs momentum transfer, in the momentum
range 0 < O <3 A™! for both CePdsSn, and LaPd3;Sn: (see the Appendix). For CePd;Sny, two
apparent peaks exist at 2.3 meV (27 K) and 16.5 meV (191 K), which are absent in the
nonmagnetic counterpart LaPd3;Sny. Therefore, the two peaks are the excitations from the CEF
ground state doublet to the two excited CEF doublets of the J = 5/2 multiplet for Ce**. As shown
in Fig. 4(c), this energy level scheme reproduces the temperature dependence of the magnetic
part of specific heat Cm(T) for a polycrystalline sample.'? It is noteworthy that the energies of
27 and 191 K for the first and second excited CEF levels, respectively, are smaller than half of
those for CeCo,Gag and CeAuzlns mentioned as for quasi-one-dimensional Ce compounds in
the Introduction.®!%!? The smaller energy splitting in CePds;Sn, reflects the weaker CEF effect
than in CeCo2Gag and CeAuzlns.

As shown in Fig 1 (a), the Ce*" ion in CePdsSn, occupies the 4c¢ site with the monoclinic
point symmetry (Cs). The full monoclinic CEF Hamiltonian contains 8 terms including
imaginary 3 terms in addition to 5 terms to describe an orthorhombic CEF.?” To reduce the
number of CEF parameters for practical fitting, we used the orthorhombic CEF model as was
reported for CeRhGe in which the Ce site has the Cs point symmetry.”® By choosing the b axis
in CePd3Sn; as the quantization z axis, the x, y, and z axes correspond to the orthorhombic ¢, a,
and b axes, respectively. The y(7) and INS data were simultaneously fitted with the CEF fitting
program in MANTID software?” that allowed us to determine the unique values of the CEF
parameters. The obtained CEF parameters are B = -2.64, B2 =-1491, BY =0.05, B

= —0.27, By = 2.10 K. The ground state wave function is described as |®o> = +0.114|i% >

—0.577|$§ > +O.808|i§ >. The fits to the y(7) and INS data are, respectively, shown by solid
lines in Fig. 3 and Fig. A-1 (d, h) (see the appendix).

We recall here that CeCoGag and CeAuzIn4 exhibit uniaxial magnetic anisotropy along the
chain direction as manifested in the large ratio y 1/y. = 3.6 and 6.4, respectively, at 2 K.”'9 For
CePdsSny, however, the data of y(7) in the inset of Fig. 3 give rather small ratios yv/y. = 1.6
and p/y. = 1.1 at 2 K, suggesting CePd3Sn; to be classified as a Heisenberg-like system. If the
Ce chain was an ideal one-dimensional S = 1/2 Heisenberg chain, then a broad maximum in
2(T) would appear at around the temperature corresponding to the nearest-neighbor AFM

exchange energy.!” Unlike the expected behavior, y(T) of CePdsSn, for B | a and B | b passes



through a shoulder at around 1- 2 K before reaching a cusp at 7x = 0.67 K. The shoulder may
be caused by the development of AFM magnons as observed by the anomaly in o(7) below 2
K. On cooling below T, the y(T) data for B | b and B | a decrease while that for B | ¢ slightly
increases.

Figures 5(a) and 5(b) show, respectively, the isothermal magnetization curve M(B) and its
derivative curve dM/dB up to 8.5 T at 0.3 K. For B | b, M(B) is largest and reaches 1.25/Ce at
8.5 T. The ratios M./M; = 0.88 and M,/M, = 0.84 at 8.5 T reflect the rather weak magnetization
anisotropy of the CEF ground state doublet. At low fields, the M(B) data for B I b and B | ¢
exhibit a metamagnetic transition, as manifested by the peak in dM/dB curve at 1.8 and 1.5 T,
respectively, in Fig. 5(b). For B | a, a weak anomaly is noticed in dM/dB at 3 T. The presence
of metamagnetic transition in more than two directions suggests a non-collinear AFM structure
as found in an orthorhombic compound CePtSn with Ce zig-zag chains.’®*" Before the M(B)
curve saturates for B along each direction, M(B) increases non-linearly as is seen as a broad
peak in dM/dB. Such a behavior is not expected to appear in heavy-fermion antiferromagnets
but resembles that observed near the field-induced quantum critical point in the spin-1/2
Heisenberg chain system.*?

The response of the AFM ordered state to the magnetic field B was studied by the
measurements of C(7) in B | a, B | b, and B | c. The results of C/T vs T are plotted in Fig. 6(a),
6(b), and 6(c), respectively. The 7-dependence of C/T in zero field has a sharp jump at 7n and
a long tail above Tw, reproducing the data reported for the polycrystalline sample.!¥ With
increasing B | a to 3 T, the peak in C/T shifts to lower temperatures but the tail remains
unchanged. Note that the shift of the peak for B | b is stronger than for B | ¢ and B | a, which is
consistent with the relation M(B | b) > M(B | ¢) > M(B | a) shown in Fig. 5(a). At BI1 b =3 T,
C/T continues to linearly increase on cooling to 0.4 K. At B | b =4 T, a broad maximum appears
at 0.55 K, which shifts to 0.9 K with increasing B | b to 5 T. Appearance of a maximum in C/T
and its shift are seen also for B | ¢ and B | a in higher fields. Similar behavior of C/T above the
critical magnetic field has been observed in other AFM Ce compounds such as CesPt12Snys.>*
The shift of the maximum to higher temperature was explained as the behavior of a Schottky
anomaly by an increase in Zeeman splitting of the CEF ground state doublet.*® To find
corresponding anomalies in the specific heat as a function of external field B | b, we measured
the field dependence of C at different constant temperatures from 0.45 K to 1.2 K. The data are
represented in Fig. 6(d), where C/T at 0.45 K has a sharp peak at 1.6 T and a broad peak at 3.6



T. As shown in the inset of Fig. 6(d), the former and latter field values, respectively, agree with
those of the metamagnetic anomaly and the saturation in the isothermal M(B | b). The latter
correspondence indicates that the C(B)/T has a broad maximum at the field where M(B)
saturates. In the field range higher than the saturation field, the Ce moments are almost aligned
to the external field direction. Therefore, the aligned state may be called as a field-induced
ferromagnetic (FFM) state. These field values for B | b are used for constructing the B-T phase
diagram shown in Fig. 8(b).

Effects of magnetic fields on the AFM ordered state were further studied by the
measurements of p(7) down to 0.1 K in various magnetic fields applied parallel to the current
direction, B | 1. In this case, the observed magnetoresistance is free from the positive
contribution due to cyclotron motions of conduction electrons.> The data of p(T) below 2 K
forBla,Blb,and Bl cup to 6 T are represented in Figs. 7(a), 7(b), and 7(c), respectively. The
field dependence is relatively significant for B | b, in consistent with the largest M(B) for B | b.
At Bl b=3.0T, p(T) continues to decrease with a downward curvature on cooling to 0.1 K,
suggesting the collapse of AFM order. Upon increasing B | b to 4 T, the downward curvature
changes to an upward one. Note that both the downward curvature in o(7T) and the tail of C/T
above T persist until the application of external fields fully destroys the AFM order. This fact
suggests that the unusual behaviors in p(7) and C/T are the results of the development of
magnetic correlations toward the long-range AFM order.

The temperature and field values at anomalies in C(7)/T, C(B)/T, M(B), dM/dB, and p(T) are
plotted in Figs. 8(a), (b), and (c) for B | a, B | b, and B | ¢, respectively. The data derived from
different measurements coincide each other except for those of Blaat3 Tand Bl c at 1.7-1.8
T taken from the dM/dB data. Note that the AFM order is destroyed by the application of B in
an anisotropic way. By extrapolating the phase boundary in Fig. 8, the critical field Bo(7 = 0)
is estimated to be 3,4, and 5 T for B b, B | ¢, and B | a, respectively. For example, the dotted
line in the upper part of Fig. 8(b) connects the data where C(B)/T has a broad maximum (open
circle) in Fig. 6(d), C(T)/T has a broad maximum (closed circle) in Fig. 6(b), and M(B) reaches
a saturated value (open diamond) in Fig. 5(a). Because these broad anomalies in C/7T do not
reflect any phase transition but are concomitant with the saturation of M(B), the dotted line
indicates a crossover from a paramagnetic state to a FFM state. The extrapolation of the
crossover line for B//b to T = 0 looks to coincide with B.(7T = 0) = 3 T, where a field-induced

quantum critical point seems to exist. Measurements of C(7) and M(B) at temperatures below



0.3 K are necessary to observe additional phases near the field-induced quantum critical point

as was found in a Yb-based antiferromagnet with spin-1/2 Heisenberg chains.*>

4. Summary

We reported magnetic, transport, and specific-heat measurements for single-crystalline
samples of CePd3;Sn, with quasi-one-dimensional chains of Ce*" ions. The results reveal rather
weak anisotropic properties characterized by the lowest p(7) and the highest saturation value
of M(B) along the chain direction. The two characteristics are shared with quasi-one-
dimensional chain compounds CeCo,Gag and CeAuxIns. However, the magnetic anisotropy in
CePds3Sny is much weaker than in the other two showing uniaxial anisotropy. The weak

anisotropy of the CEF ground state doublet in CePd3Sn; is reflected in the 4f wave function
described by a mixture of |i% >, |$§ >, and |i§ >. The CEF excitation energies of 27 K and

191 K are smaller than half of those for CeCo,Gag and CeAuzIn4. The absence of clear Kondo
anomaly in p(7) is unfavorable for the conventional scenario that the Kondo effect causes the
heavy-fermion-like behavior in the specific heat. On the other hand, the current results have not
given definite evidence of one-dimensionality in the electronic and magnetic properties of
CePd3Sna. Therefore, it is immature to conclude that quantum fluctuations of local moments
arranged in one-dimensional chains play a crucial role in the enhancement of the y value.

We found that the downward curvature in p(7) and gradual increase in C/7 below 2 K remain
until the AFM order is fully destroyed by external magnetic fields. This fact suggests that these
behaviors are the results of the development of magnetic correlations toward the long-range
AFM order. It remains an open question whether the magnetic correlations are related with the
quasi-one dimensionality. In the AFM ordered state, the response to magnetic field was studied
to construct the B-T phase diagrams. The M(B) curves show metamagnetic transitions for B | b
and B | ¢ and upward increases before saturation for the three directions. A field-induced
quantum critical point seems to exist at around B | » =3 T. To determine the AFM structure and
the characteristic magnetic excitations, we plan to perform neutron diffraction and scattering
experiments below 7n. Furthermore, SR measurements at a critical value of applied field will
give information on the quantum critical point through the divergence of the temperature
dependence of muon relaxation rate. The results of this paper should motivate further studies
on single crystals of CeT3X> (T = Pd, Pt; X = In, Sn) to shed more light into the role of quasi-

one-dimensional Ce chains in this family.
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Appendix: Inelastic Neutron Scattering

Figure A1 shows color-coded plots of the INS intensity for (a, €) CePd3Sny and (b, f)
LaPd;Sn> as a function of energy (£) and momentum (Q) transfers measured at 5 K with the
incident energy Ei = 12.3 and 38.0 meV, respectively, using the time-of-flight spectrometer
MERLIN at ISIS. The magnetic scattering estimated by taking difference (CePd3Snz —
LaPd3Sny) is shown in (¢, g). The intensities of magnetic scattering from E; =12.3 and 38.0 meV
are plotted against energy transfer, respectively, in (d) and (h) where the solid lines show the

fits based on the CEF model.
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Fig. 1. (Color online) (a) Orthorhombic crystal structure of CePd3;Sn, with quasi-one-dimensional Ce
chains along the b axis at the Ce-Ce distance of 4.77 A.' One unit cell drawn by the solid lines contains

four Ce atoms. (b) Single-crystalline sample of CePd3Sn, grown by the Czochralski method.
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Fig. 2. (Color online) (a) Temperature-dependent electrical resistivity p(7) of single-crystalline
CePdsSn, measured with electrical current / along the a, b, and ¢ axes and polycrystal LaPd;Sn,. The
data of the latter are taken from ref. 14. (b) The magnetic part of electrical resistivity pm vs In7. The inset
shows the p(T) vs T plots for < 3 K. The solid lines are the fits to the data with Eq. (1).
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Fig. 3. (Color online) Temperature dependence of the inverse magnetic susceptibility for single-

crystalline CePdsSn; in a magnetic field of 0.1 T applied along the a, b, and ¢ axes. The lines are the fits

based on the CEF model for Ce** ions (see text). The inset shows the low-temperature magnetic

susceptibility along the three directions.
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Fig. 4. (Color online) Inelastic neutron scattering intensity vs transfer energy of CePds;Sn, and LaPd;Sn;

powdered samples measured at 5 K with the incident neutron energy (a) £i = 12.3 meV and (b) £; = 38.0

meV. These spectra are obtained by integrating the two-dimensional scattering maps, energy transfer vs

momentum transfer, in the range 0 < Q < 3 A"! (see the Appendix). (c) Temperature dependence of the

magnetic part of the specific heat Cu(7). The experimental data' and calculated ones by the CEF model

are shown by the circles and the line, respectively.
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Fig. 5. (Color online) (a) Isothermal magnetization M(B) curves and (b) differential susceptibility dM/dB
curves of single-crystalline CePd;Sn; at 0.3 K for B||a, B || b,and B||cupto 8.5 T.
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Fig. 6. (Color online) (a), (b), and (c) Specific heat divided by temperature C/T vs T of single-crystalline
CePd;Sn; in different magnetic fields applied along the a, b, and ¢ axes, respectively. (d) C/T'vs B || b at
different temperatures. The inset shows the data of C/T (left side axis) and magnetization M (right side
axis) at 0.45 K plotted vs B || b.
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Fig. 7. (Color online) Temperature dependence of electrical resistivity p(7) of single-crystalline
CePd3Sn; in different applied magnetic fields B for longitudinal configurations (a) / || B || a, (b) I || B ||
b,and (¢c) /|| B c.
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Fig. 8. (Color online) Magnetic field vs temperature phase diagrams of CePds;Sn; for B || a, B || b, and B
|| ¢ constructed from the data of C(T)/T, C(B)/T, M(B), dM/dB, and p(T). PM, AFM, and FFM stand for

the paramagnetic, antiferromagnetic ordered, and field-induced ferromagnetic states, respectively.
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Appendix

E=123meV, T=5K Ei=380meV, T=5K

CePd3Sn, CePd;Sn,

Energy Transfer (meV)

Y
o
(('n) AswW Js)uqu) Aysuau]

2 4 ]
CePd;Sn,-LaPd;Sn;

S(Q, w) (mbr/(sr meV f.u.))

! [
1 2 3 4 5 6 5 10 15 20 25
Energy Transfer (meV)

Fig. A-1. (Color online) Color-coded plots of the INS intensity for (a, ¢) CePds;Sn; and (b, f) LaPd;Sn,
as a function of energy and momentum transfers with the incident energy £; = 12.3 and 38.0 meV,
respectively, measured at 5 K using the time-of-flight spectrometer MERIN at the ISIS. The magnetic
scattering estimated by taking difference (CePd;Sn, — LaPd;Sn,) is shown in (c, g). The intensities of
magnetic scattering from Ei = 12.3 and 38.0 meV, respectively, are plotted against energy transfer in (d)
and (h), where the solid lines are the fits based on the CEF model (see text).
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