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Single crystals of LnpPdGa;; (Ln=La, Pr, Nd, Sm) were synthesized with a molten Ga flux. The
intermetallic phases are isostructural to Sm;NiGa;, with cell dimensions of a~6.1A and c~15.5A.
Pr,PdGa;,, Nd,PdGa;,, and Sm,PdGa;; order antiferromagnetically at 18, 7.5, and 7.5K, respectively,
and magnetic properties of single crystals oriented parallel and perpendicular to the magnetic field are

presented. Fitting the low temperature heat capacity of Pr,PdGa;, gives a Sommerfeld coefficient (y) of
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250 mJ mol~! K2 and indicates the possibility of heavy fermion behavior.
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1. Introduction

The competition of interactions in highly correlated systems
can lead to new and interesting phenomena. These interactions
can be tuned by changing temperature, field, pressure, or chemical
doping. Compounds adopting the HoCoGas structure type [1] pro-
vide a number of remarkable examples. These include the heavy
fermion superconductors CeColns [2] and Celrlns, and the anti-
ferromagnetic superconductor CeRhins [3]. The discovery of these
phases led our group to investigate whether similar phases could
be found in the Ce-Pd-Ga phase space. Three new phases were
discovered: CePdGag [4], Ce;PdGay, [5], and CeyPdGaig [6]. All
three structure types are tetragonal and can be described as lay-
ers of cerium and gallium resembling those found in the HoCoGas
structure type compounds [1]. CePdGag and Ce,PdGa;, are heavy
fermion antiferromagnets with y ~300mJmol~'K~2 (Ty=10K)
and y ~72m]mol~1K~2 (Ty=11K), respectively. Heavy fermions
are compounds where conduction electrons interact strongly with
local magnetic moments and thus behave as if they have increased
electron mass. A large (y > 100 m] mol~! K—2) Sommerfeld parame-
ter is a characteristic of these materials and is determined by fitting
low-temperature heat capacity to C=yT+ SBT3, where BT is the
phonon contribution to the specific heat. Ce;PdGa;g does not show
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any magnetic ordering down to 2 K; however, it shows a positive
200% change in magnetoresistance in a 9-T field.

Further studies were conducted on Ce;NiGa;; and Ce;CuGaqy
to determine the role the transition metal plays in the phys-
ical properties. The nickel analogue is a moderate heavy
fermion (y ~191mJmol-'K=2) and also displays antiferromag-
netic ordering, while the copper analogue does not show magnetic
ordering down to 2K, and the electron mass is less enhanced
(y ~69m]mol-1K-2) [7]. Investigation of the phases Ln,MGaj;
(Ln=Pr, Nd, Sm and M=Cu, Ni) show antiferromagnetic order
between 3 and 18 K, with Nd;NiGa;; showing the highest order-
ing of the nickel series, and Nd,;CuGa;; having the lowest ordering
ofthe copper series. However, we note thatin the copper analogues,
occupancies on the transition metal sites decrease going from Ce
to Sm [8].

Many cerium-, ytterbium-, and uranium-containing heavy
fermion compounds have been discovered. However, relatively
few heavy fermion compounds have been discovered for the
lanthanides Pr, Nd, and Sm [9]. Notable Pr heavy fermions
include Pr(Cu,Ga)iz_x (y~100mJmol-1K=2) [10], PrOs4Sbq,
(y ~500m]mol~! K~2)[11], PrRh3Ges (y ~ 80 m]mol~1 K—2)[12],
and PrInAg, (¥ ~6500mJmol~! K-2) [13]. Unlike Ce and U com-
pounds, where valence instability correlates with heavy fermion
behavior, the trivalent Pr materials are stable, and the enhanced
electron mass has been attributed to quadrupolar-Kondo interac-
tions or the interaction of a low-lying excited state [12-14]. Herein
we report the synthesis, structure, and the physical properties of
Pl‘deGau, NddeGau, and szPdGau.
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2. Experimental
2.1. Synthesis

Single crystals of La,PdGa;,, ProPdGay,, Nd, PdGay2, and Sm, PdGa;, were grown
in the presence of excess Ga flux [15]. Ln (3N, chunks, Alfa Aesar), Pd (4.5N, powder,
Alfa Aesar) and Ga (7N, pellets, Alfa Aesar) were used as received and were placed in
alumina crucibles with a reaction ratio of 1.5:1:15 for Ln:Pd:Ga. Each crucible was
loaded into a fused silica tube and the contents evacuated (0.05-0.07 mmHg) and
sealed. The samples were placed into a furnace and heated to a dwell temperature
of 1150°C for 7h at 170°C/h. The samples were then rapidly cooled (150°C/h) to
500°C followed by slow cooling to 400°C at a rate of 8 °C/h. The samples were then
inverted and centrifuged to separate the single crystals from excess Ga flux. Residual
flux on the surface of the crystals was removed by sonicating in hot water or etching
with a solution of iodine in dimethylformamide (3 M). Etched crystals were thin
silver plates of ~1-2 mm?. Single crystals were mechanically separated based on
morphology and were ground and characterized by powder X-ray diffraction and
the data show that the sample is indeed homogeneous and single phase. Attempts
to extend the series to Gd with the same reaction conditions were unsuccessful
and resulted in the formation of the Gd4PdGa;, which crystallizes in the Y4PdGa;,
structure type [16].

2.2. X-ray diffraction and elemental analysis

For each compound, a suitable crystal of approximately
0.05mm x 0.05mm x 0.05mm were cut and mounted to the tip of a glass
fiber using epoxy. They were then positioned onto the goniometer of a Nonius
Kappa diffractometer. Diffraction data were collected at 298 K with Mo K, radiation
(A=0.71073 A). Further crystallographic parameters for Ln,PdGa;, (Ln=La, Pr,
Nd, and Sm) are provided in Table 1. The crystal structure was solved with direct
methods using SIR97 to give a starting model and refined with SHELXL97 [17,18].
Structural refinement included extinction and anisotropic atomic displacement
parameters. The extinction coefficient for the La analogue was subsequently
removed as it was not statistically significant. Attempts to refine the occupancy
of each atomic position individually resulted in nearly 100% occupancy of each
site, and all sites were treated as fully occupied in the final model. In addition,
an attempt to split the Ga4 site into two partially occupied sites, as observed in
La;CuGayy [7], resulted in minimal occupancy (~5%) of the minority site and was
not considered in the final model. Atomic positions and displacement parameters
are presented in Table 2, and selected interatomic distances are provided in Table 3.
The 001 reflection was found to be obstructed by the X-ray beam stop in the Pr,
Nd, and Sm analogues and was omitted from the final model.

The composition was confirmed using energy dispersive spectroscopy (EDS)on a
Hitachi S-3600N variable-pressure scanning electron microscope equipped with an
energy-dispersive spectrometer. The accelerating voltage was 15 kV with a beam-to-
sample distance of 15 mm. An average of 15-20 scans was performed on each single
crystal. The compositions determined by EDS and normalized to the lanthanide
were LazooPd.137)Gai1.7111), Pra.00Pdi.044)Gai159(5), Nd2.00Pdo9a7)Gai1.44¢12), and
Sm; 00(4)Pdo.96(7)Ga11.42(8), and are in excellent agreement with the models from the
single crystal X-ray diffraction refinement.

2.3. Physical properties

Single crystals were selected for physical property measurements were first
characterized by X-ray diffraction and energy dispersive spectroscopy. Magnetic
datawere collected using a Quantum Design Physical Property Measurement System
(PPMS). The temperature-dependent susceptibility data were measured under zero-
field cooled (ZFC) conditions between 3 K and 300K for Ln,PdGa;, (Ln=Pr-Sm). Pr
and Nd were each measured under an applied field of 0.1T, and Sm,PdGa;,was
measured under an applied field of 4T. Field-dependent magnetization data were
measured at 3 Kwith applied fields up to 9 T. The electrical resistivity measurements
were measured on single crystals by the standard four-probe AC technique. The heat
capacity was measured by the standard adiabatic heat-pulse relaxation technique
down to 0.4K.

3. Results and discussion
3.1. Structure

LnyPdGa;; (Ln=Pr, Nd, or Sm) are isostructural to Sm;NiGa,
[19] and adopt the space group P4/nbmwitha~6.1 Aandc~15.5 A.
The lanthanide contraction can be observed in the decrease in unit
cell volume as well as the aand clattice parameters with c/a ratios of
2.534(1),2.554(1),2.559(1), 2.564(1) for La, Pr, Nd, and Sm, respec-
tively. The crystal structure has been previously described as a
Ga-Pd network with lanthanide atoms occupying cavities in the
network [19] (Fig. 1). The Ln atoms reside in a cavity formed by 14

Fig. 1. The crystal structure of Pr,PdGa;; is shown. Pr, Pd, and Ga atoms are repre-
sented as large gray, black, and small gray spheres, respectively.

Ga atoms with Pr-Ga distances of ~3.2-3.3 A. The Pd-Ga segment is
comprised of edge-sharing rectangular prisms formed from 4 Ga3
atoms at 2.5495(9) A and another 4 Ga3 atoms at 2.5534(9) A in
Pry PdGa12.

3.2. Physical properties

Fig. 2a and b shows the temperature dependent molar magnetic
susceptibility (xm) of single crystals Ln,PdGai; (Ln=Pr, Nd, and
Sm) with magnetic field parallel and perpendicular to the direc-
tion of the plate. Anisotropic field-dependent magnetization data
at T=3K for all analogues are shown in Fig. 3a and b. All ana-
logues were fit with a modified Curie-Weiss equation in the form of
X(T)= xo+C/(T—0), where C is the Curie constant, 6yy is the Weiss
temperature, and g is a constantrepresenting the background con-
tribution to the magnetic susceptibility. In all cases, the modified
Curie-Weiss equation was fit over the linear region of 1/[ x(T) — xo]
and Table 4 provides the fit range, 6, [4caic, and e

3.2.1. Magnetic susceptibility and magnetization of LnoPdGay,
(Ln=Pr, Nd, and Sm)

Fig. 2a shows the molar magnetic susceptibility of Pr,PdGai,
down to 3K with H parallel to the c-axis of the plate. Pr,PdGai;
undergoes a very sharp antiferromagnetic transition at 18K for
H=0.1T. At low temperature the value of the magnetic suscepti-
bility is less than the room-temperature value, indicating that the
parallel component of the spins is exactly aligned with the crystal
c-axis (and thus the applied field). Fig. 2b shows the molar magnetic
susceptibility of Pr,PdGa;; down to 3 K with H parallel to the ab-
plane of the crystal. Amodest decease in x, as T decreases, is present
at 18 K, and could be caused by imperfect alignment of the crystal



66

M. Kangas et al. / Journal of Alloys and Compounds 514 (2012) 64-70

Table 1
Crystallographic parameters.
Compound LayPdGay;, PryPdGa;; Nd,PdGai, SmyPdGa;;
Crystal system Tetragonal Tetragonal Tetragonal Tetragonal
Space group P4/nbm P4/nbm P4[nbm P4/nbm
a(A) 6.1550(9) 6.0870(6) 6.0680(12) 6.0480(12)
c(A) 15.594(2) 15.547(2) 15.531(2) 15.5100(16)
V(A3) 590.76(15) 576.04(11) 571.86(18) 567.33(17)
V4 2 2 2 2
rystal dimensions (mm .03 x 0.05 x 0.05 .08 x 0.08 x 0. .08 x 0.08 x 0. .05 x 0.08 x 0.
Crystal di i (mm?3 0.03 x 0.05 x 0.0 0.08 x 0.08 x 0.08 0.08 x 0.08 x 0.08 0.05 x 0.08 x 0.08
6 range (°) 2.61-30.01 2.62-29.96 2.62-30.04 2.63-30.04
i (mm-1) 35.331 37.275 38.107 39.61
Data collection
Measured reflections 1572 1454 1283 1327
Independent reflections 497 477 479 478
Reflections with I>20(I) 409 453 325 389
Rint 0.0333 0.0265 0.1052 0.0647
h -8to8 -8to8 -8to8 —-8to8
k -8to8 —-6to6 —-6to6 —6to6
I —21t021 -21to 19 -21to 16 -21to 16
Refinement
R;? 0.0354 0.0349 0.043 0.0309
WRP 0.0848 0.1096 0.0937 0.0795
Reflections 497 477 479 478
Parameters 25 26 26 26
Apmax(e=[A3) 5.163 421 2432 2.631
Apmin(e=[A3) -2.12 -2.308 -2.126 -1.546
Extinction coefficient - 0.0022(4) 0.0034(4) 0.0045(4)
GoF 1.078 1.355 1.016 1.078
P Ri=) IRl = IFll/y IFol-
1/2
® Ry =) [W(F2 - F2)’)/ Z[w(Fg)Z]] 2 w= 1/[02(F2) +(0.0410P)* + 7.0512P], w = 1/[02(F2) +(0.00561P)* + 5.0173P], w = 1/[02(F2)+(0.0404)’], and w =

1/[0%(F2) + (0.03541’)2 + 2.7132P], respectively, for La;PdGa;z, ProPdGas,, Nd,PdGay2, and SmyPdGays.

resulting in some contribution from the c-direction. Inverse molar
magnetic susceptibility (not shown), in each direction, is consistent
with Curie-Weiss like behavior at temperatures greater than 30 K.
Fitting above this temperature with a modified Curie-Weiss equa-
tion, Oy and g were found to be 10.1(2) K and 3.64(1)ug/mol Pr
for the field parallel to the c-axis and —21.5(5) Kand 3.61(3)ug/mol

Pr for the field parallel to the ab-plane. The magnetic moment from
the high temperature Curie-Weiss fits is in good agreement with
the calculated moment of a Pr3* ion (3.584/Pr). The positive Weiss
temperature, along the c-direction, is indicative of ferromagnetic
coupling between spins. Previous reports on Ce,PdGa;, indicate
that the spins are ferromagnetically coupled in the ab-plane and

Table 2
Atomic positions and atomic displacement parameters.

Site Wyckoff Symmetry X y z Ueq?

LaZPdGau
Lal 4h mm 3/4 1/4 0.24638(4) 0.0089(2)
Pd1 2c —42m 3/4 1/4 0 0.0095(3)
Gal 4g 4 3/4 3/4 0.18229(9) 0.0107(3)
Ga2 4g 4 3/4 3/4 0.34073(9) 0.0139(3)
Ga3 8m m 0.50009(11) 0.00009(11) —0.08677(6) 0.0107(3)
Ga4d 8m m 0.5649(2) 0.0649(2) 0.42782(8) 0.0325(4)

PrZPdGam
Pr1 4h mm 3/4 1/4 0.24665(4) 0.0069(3)
Pd1 2c —42m 3/4 1/4 0 0.0069(3)
Gal 4g 4 3/4 3/4 0.18459(9) 0.0082(4)
Ga2 4g 4 3/4 3/4 0.34209(9) 0.0111(4)
Ga3 8m m 0.50027(10) 0.00027(10) —0.08816(6) 0.0082(3)
Ga4d 8m m 0.57215(14) 0.07215(14) 0.42893(7) 0.0191(4)

NddeGalz
Nd1 4h mm 3/4 1/4 0.24688(7) 0.0104(3)
Pd1 2c —42m 3/4 1/4 0 0.0103(5)
Gal 4g 4 3/4 3/4 0.18521(15) 0.0109(5)
Ga2 4g 4 3/4 3/4 0.34224(15) 0.0143(5)
Ga3 8m m 0.50024(17) 0.00024(17) —0.08854(10) 0.0117(4)
Ga4d 8m m 0.5740(2) 0.0740(2) 0.42911(13) 0.0231(5)

szPdGalz
Sm1 4h mm 3/4 1/4 0.24678(5) 0.0066(2)
Pd1 2c —42m 3/4 1/4 0 0.0067(3)
Gal 4g 4 3/4 3/4 0.18634(11) 0.0073(3)
Ga2 4g 4 3/4 3/4 0.34273(11) 0.0106(3)
Ga3 8m m 0.50019(11) 0.00019(11) —0.08909(7) 0.0079(3)
Ga4 8m m 0.57592(13) 0.07592(13) 0.42918(8) 0.0168(3)

o

Ueq is defined as one-third of the trace of the orthogonalized Uj; tensor.
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Table 3
Selected interatomic distances (A).
Compound La;PdGa;; Ce,PdGagn? PryPdGa;; Nd,PdGai, Sm,PdGai,
Ln layer
Ln-Gal (x4) 3.2357(7) 3.2033(5) 3.1928(6) 3.1816(10) 3.1660(8)
Ln-Ga4 (x2) 3.2561(14) 3.2286(13) 3.2210(12) 3.208(2) 3.1969(14)
Ln-Ga3 (x2) 3.3056(11) 3.2772(11) 3.2701(10) 3.2621(18) 3.2476(12)
Ln-Ga3 (x2) 3.3066(11) 3.2808(11) 3.2731(10) 3.2649(18) 3.2498(12)
Ln-Ga2 (x4) 3.4112(8) 3.3914(11) 3.3859(7) 3.3762(12) 3.3703(10)
PdGag segment
Gal-Ga3 (x4) 2.6371(10) 2.6257(10) 2.6228(9) 2.6185(16) 2.6168(12)
Pd-Ga3 (x4) 2.5618(10) 2.5512(10) 2.5495(9) 2.5465(15) 2.5445(11)
Pd-Ga3 (x4) 2.5631(10) 2.5558(10) 2.5534(9) 2.5500(15) 2.543(11)
Ga-only segment
Ga2-Ga4 (x4) 2.6265(11) 2.6173(10) 2.6153(10) 2.6126(16) 2.6061(12)
Ga4-Ga4 (x1) 2.519(2) 2.5290(2) 2.535(2) 2.542(4) 2.552(2)

@ Data from Ref. [5].

antiferromagnetic between planes along the c-axis [5]. A similar
structure could be present here; however, additional measure-
ments would have to be performed to verify the magnetic structure.

The field-dependent magnetization for H along the c-axis is
shown in Fig. 3a. At low fields (<~1T) the magnetization increases
linearly with field, consistent with a slight spin canting along the
c-axis. However, near H~3T, we observe a sudden change in
slope associated with a metamagnetic transition that is slightly
hysteretic. The metamagnetic transition is consistent with those
observed for Ln;MGaq, (Ln=Ce-Nd, M = Pd, Ni, and Cu) and is rem-
iniscent of a spin-flip transition from an antiferromagnetic state at
low fields to a spin re-orientation at higher applied fields [5,7,8],
i.e. in this case, an abrupt aligning of all the spins along the c-axis.
The saturated magnetic moment (M ~ 1.7 ug/Pr) is well below that
expected for free Pr3* ions, jsat =3.20up/Pr, indicative of a strong
crystal electric field. The field-dependent magnetization for H along
the ab-plane is shown in Fig. 3b. In this direction, the magnetiza-
tion increases linearly with field and no metamagnetic transition
is present.

Fig. 2a and b shows the temperature dependent molar mag-
netic susceptibility of Nd,PdGa;, down to 3K with the magnetic
field applied along c-axis and ab-plane, respectively. With the
field parallel to the c-axis, Nd;PdGa;; undergoes an antifer-
romagnetic transition at 7.5K with H=0.1T. However, in the
ab-direction, no transition is observed. The inverse molar mag-
netic susceptibility (not shown) is consistent with Curie-Weiss
like behavior at temperatures greater than 30K, and fitting above
this temperature with a modified Curie Weiss equation resulted
in Oy =-7.3(4)K along the c-axis and 6y =-13.3(7)K along the
ab-plane, as would be expected for antiferromagnetic coupling.
The magnetic moment of 3.51(3)ug/Nd (along c) is in close agree-
ment with the calculated moment of 3.62ug for a free Nd3*
ion, while in the ab-direction the magnetic is slightly smaller at
3.32(1)up/Nd. The field dependent magnetization of Nd,PdGai;
with the field along the c-axis is shown in Fig. 3a. A sudden

Table 4
Magnetic properties.

change in slope associated with a metamagnetic transition is
observed at H~ 3 T with a saturating magnetization of ~1.6ug/Nd.
The observed tendency toward saturation at 1.6ug/Nd is well
below the expected calculated saturation moment of 3.27u5/Nd,
indicative of strong crystal electric field effects. In the ab-direction
(Fig. 3b) the magnetization increases linearly with H, and no meta-
magnetic transition is observed.

The inset of Fig. 2a shows the temperature dependent molar
magnetic susceptibility of SmyPdGa;, with H parallel to the c-axis
of the single crystal, and shows an antiferromagnetic transition
at Ty~7.5K at H=4T. A broad curvature can be observed from
the inverse molar magnetic susceptibility (not shown) most likely
from van Vleck paramagnetism. Fitting above 30K with a mod-
ified Curie-Weiss equation resulted in a 6y =-21(1)K as would
be expected for an antiferromagnetic material, and the effective
magnetic moment of 0.58(2)ug/Sm is less than the calculated
moment of 0.85ug for a free Sm3* ion. Unlike the Pr and Nd
analogues, for SmyPdGa;, the temperature dependent molar mag-
netic susceptibility along the ab-plane (inset of Fig. 2b) shows an
antiferromagnetic transition at 7K. In this direction, the inverse
molar magnetic susceptibility also shows curvature possibly due
to van Vleck paramagnetism. Fitting the susceptibility above 30 K
with a modified Curie-Weiss equation resulted in a Oy =—-16(1)K
as would be expected for an antiferromagnetic material, and the
effective magnetic moment of 0.67(1)ug/Sm again less than the
expected for a free Sm3* jon.

Field-dependent magnetization of SmyPdGaj; along the c-axis s
shown in the inset of Fig. 3a and is linear at low fields then a change
in slope occurs near 1 T before increasing linearly up to 9 T. With the
field applied field in the ab-direction (Fig. 3b), the magnetization
increases linearly with field. In both directions, the gradual linear
increase in magnetization is consistent with the canting of antifer-
romagnetic spins. These results differ from Ce,PdGa;;, PryPdGay,,
and Nd,PdGaj;,, as these three analogues undergo metamagnetic
transitions at H~ 3 T. This behavior, coupled with the trend in Oy,

Compound Direction 0 Tn Icale JLeff Fit temperature
(K)
Ce,PdGaj,? Hjlc 18.2 11 2.54 2.59 >100
Ce,PdGaj,? Hi||ab -14.8 - 2.54 2.54 >100
Pr,PdGay; Hi|c 10.1(1) 18.0 3.58 3.64(1) >30
Pr,PdGaj, Hi||ab -21.5(1) - 3.58 3.61(3) >35
Nd,PdGa; Hi|c ~7.3(4) 7.5 3.62 3.51(3) >30
Nd,PdGa;, Hi|ab -13.3(7) - 3.62 3.32(1) >40
Sm;PdGai; Hilc -21(1) 7.5 0.85 0.58(2) >30
Sm,PdGa;, Hllab -16(1) 7 0.85 0.67(1) >30

3 Data obtained from Ref. [5].
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Fig. 2. (a) Molar magnetic susceptibility for ProPdGa;, (circles) and Nd,PdGai;
(squares) as a function of temperature measured under an applied field of 0.1T
(H||c). The inset shows molar magnetic susceptibility of SmyPdGai (H||c) (triangles)
as a function of temperature measured under an applied field of 4T. (b) Tem-
perature dependent molar magnetic susceptibility for crystals oriented H||ab for
Pr,PdGay; (circles) and Nd,PdGa;, (squares). The inset shows magnetic suscepti-
bility for Sm,;PdGay; (triangles) as a function of temperature.

suggests that the lanthanide contraction is suppressing the mag-
netic anisotropy in these layered compounds.

3.2.2. Transport properties of Ln,PdGaq, (Ln=Pr, Nd, and Sm)

Fig. 4a and b shows the heat capacity and entropy for Pr,PdGaq,
as a function of temperature, respectively. Two transitions are
observed, T; and T, at 3.0 and 14.9K, respectively. The second
transition (T;) at 14.9K corresponds with the antiferromagnetic
transition observed at 18K in the molar magnetic susceptibility.
The molar magnetic susceptibility was measured down to 3 K with
only a slight upturn below 5 K. The T; transition could be magnetic
in nature but lies just beyond the range of the collected mag-
netic susceptibility data. The sudden and dramatic upturn observed
in the heat capacity data as T— 0 is consistent with the hyper-
fine interaction. This interaction can result in a splitting of the
six-fold degenerate nuclear states and give rise to a nuclear Schot-
tky anomaly in C(T) at 0.1K of ~7Jmol~! K-1. Phonon subtraction
was achieved by the subtracting the nonmagnetic La;PdGa;; ana-
logue from the heat capacity data for Pr,PdGay,. Fitting this data
over the range of 15.6<T<21.0K, the Sommerfeld parameter, y,

a 20 ‘
Pr
0.02
£
152
o
£
:_m0.0W
5 s
210
\Eﬂ
3
s

0.5

0.0

M (u_/mol Ln)

Fig. 3. (a) Magnetization of Ln,PdGay; as a function of applied field (parallel to the
c-axis) at 3 K. (b) Magnetization of Ln,PdGaj; as a function of applied field (parallel
to ab-plane) at 3K.

is 250 mJ mol~! K2 f.u. This indicates Pr,PdGa;, may be a heavy
fermion material. As can be seen in Fig. 4b, the recovered entropy
is ~0.87RIn3 at 15K, and the expected full entropy of RIn3 is not
recovered up to 20K. We see no evidence for short-range order
above T, and the effective moments obtained from susceptibility
fits agree well with a Pr3* ion. The saturation of the magnetiza-
tion well below what is expected for a Pr3* jon (jtsat =3.2045/Pr),
as shown in Fig. 3a, is indicative of strong crystalline electric field
effects, which may account for the lower than expected magnetic
entropy associated with RIn(2S+1). It is unclear if Pr,PdGay; is a
heavy fermion, but the Kadowaki-Woods ratio, discussed below,
is in agreement with previously published Pr-containing heavy
fermions [11].

Resistivity data (Fig. 5) show metallic behavior for all three
compounds for the entire temperature range investigated. The
plot of resistivity vs. temperature for ProPdGa;, shows some
curvature near 100K. Resistivity scales with T2 for Pr,PdGais,
while Nd,PdGa;; and SmyPdGa;; do not. Linear dependence of
resistivity with T2, shown as the inset of Fig. 5, is indicative of
Fermi-liquid behavior and is common to many heavy fermion com-
pounds, including the Pr-containing heavy fermion compounds
PryPd3Ges [12] and PrFe4Sbq, (above its superconducting transi-
tion) [11]. However, the Pr heavy fermion PrAg,In does not show
T2 behavior [13]. Fitting the resistivity between 0 and 40K to the
equation p=pq+AT?, yields an A-value of 0.0032(1) w2 cmK—2.
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Fig.4. (a) C/Tvs. T2 as obtained by subtraction of La;PdGai, from Pr,PdGay,. Inset
shows C,, vs. T for both the La and Pr analogues. (b) Entropy vs. T as obtained from
data shown in (a). RIn2 and RIn3 shown to guide expected Syag contribution.

The Kadowaki-Woods ratio, A/y2, where A is the coefficient of
the quadratic term of the low temperature resistivity, and y
is the electronic term from heat capacity can be used to char-
acterize heavy fermion compounds. Using y ~250m]J mol~! K2
gives a Kadowaki-Woods ratio of ~5 x 10~8 w2 cmmol? K2 mJ—2,
which is approximately two orders of magnitude smaller than that
expected for a heavy fermion compound, and more like that of
a transition metal [20,21]. However, this is in excellent agree-
ment with the praseodymium heavy system PrOs4Sbi; which
gives a Kadowaki-Woods ratio of ~4 x 10~8 w2 cm mol? K2 mJ—2
[11]. This contrasts with praseodymium heavy systems Pr,Rh3;Ges
and Pr(CuGa);s_x which have KW ratios of ~4x10->and
~0.7 x 107> w2 cm mol? K? m]—2, respectively [10,12].

We have reported the single crystal growth of PryPdGai,,
Nd,PdGaq;, and SmyPdGay, via the flux growth technique. Sin-
gle crystals of all three phases were characterized by single crystal
X-ray diffraction and their composition determined by SEM/EDXS
analysis. Pr,PdGa;;, Ndy;PdGa;,, and SmyPdGa, order antifer-
romagnetically at 18, 7.5, and 7.5K, respectively. Comparing all
analogues of Ln,PdGa;; (Ln=Ce, Pr, Nd, and Sm), & becomes
increasingly more negative as nearest neighbor distances decrease.
This contrasts with the Ni and Cu analogues, where no clear trend
can be observed in 6 [8]. Both Pr,PdGa;; and Nd;PdGa;, undergo
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Fig. 5. Electrical resistivity data for Pr,PdGa;; (circles), Nd,PdGa;, (squares), and
Sm,PdGa;; (triangles). Inset shows T? dependence of resistivity for ProPdGa;, fit
over the range of 3<T<25K.

metamagnetic transitions with applied fields larger than 3 T, while
Sm;PdGa;, remains linear up to H=9T, consistent with related
phases. Pr,PdGa;, shows two transitions, T; and T, in the heat
capacity at 3 and 15K, respectively. The Sommerfeld parameter,
y, was determined to be ~250 mJ mol~! K~2 (16 < T<21K), and the
Kadowaki-Woods ratio was consistent with that of PrOs4Sbq; [11].
Preliminary results support that Pr,PdGa;; is a new Pr-containing
heavy fermion, but experiments are warranted to elucidate the
nature of the heavy electron state and the role of the crystal electric
field in this system.
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