6116

Chem. Mater. 2008, 20, 6116-6123

Crystal Growth, Structure, and Physical Properties of Ln,MGa;;
(Ln = La, Ce; M = Ni, Cu)

Jung Young Cho,“f Jasmine N. Mill.ican,T’* Cigdem Capan,® Dmitry A. Sokolov,"
Monica Moldovan,® Amar B. Karki,* David P. Ypung,§ Meigan C. Aronson,"” and
Julia Y. Chan*®"

Department of Chemistry and Department of Physics and Astronomy, Louisiana State University, Baton
Rouge, Louisiana 70803, NIST Center for Neutron Research, National Institute of Standards and
Technology, Gaithersburg, Maryland 20899, Brookhaven National Laboratory, Upton, New York 11973,
and Department of Physics and Astronomy, State University of New York, Stony Brook, New York 11794

Received June 20, 2008. Revised Manuscript Received July 11, 2008

Single crystals of LnoMGa,, (Ln = La, Ce; M = Ni, Cu) have been synthesized using Ga flux and their
structures determined by single-crystal X-ray diffraction. The Ln,MGa,, (Ln = La, Ce; M = Ni, Cu),
which is isostructural to Ce,PdGay,, crystallizes in the tetragonal P4/nbm (No. 125, origin choice 2)
space group, with Z = 2 and lattice parameters ¢ ~ 6.1 A and ¢ ~ 15.3 A. Ce,NiGa,, orders
antiferromagnetically at 10 K and specific heat measurements suggest it is a moderate heavy-fermion
system with y ~ 191 mJ mol ' K™2. Magnetic susceptibility data show paramagnetic behavior down to
2 K for Ce,CuGa,,, whereas specific heat data suggest a magnetic transition below 1.8 K, with a moderately
enhanced y-value of 69 mJ mol~' K2 Metallic behavior is observed below 300 K for each compound.
A large positive and nonsaturating magnetoresistance up to 216% at a field (uoH) of 9 T is also observed
for La,NiGa;,. We present the crystal structures and physical properties of the Ln,MGa;, (Ln = La, Ce;

M = Ni, Cu) series.

Introduction

Ce-containing heavy-fermion ternary compounds, which
show large electronic masses (m* ~ 100—1000 m.), have
been of interest because of their exotic physical properties,
such as magnetic ordering and superconductivity.' ~* In these
systems there is a competition between the tendency toward
magnetic order of f~electrons via hybridization pathways with
the conduction electrons (RKKY mechanism) and the
tendency toward the screening of magnetic moments (Kondo
effect) producing large effective electron masses. Recently
the structure and properties of Ce,PdGa;, and CePdGag have
been reported.” CePdGas consists of alternating layers of
CeGagy and PdGag), in a 1:1 ratio, and in contrast Ce,PdGa;,
consists of Ce bilayers including Ga-only segments and
single layers of CuGag, along the crystallographic c-axis.’
In the case of Ce,PdGa,,, the bilayer structure seems to favor
magnetic ordering mediated by RKKY, in contrast to the
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single Ce layered compound, which tends to favor Kondo
behavior with enhanced quasiparticle mass. Also, CeColns
has been reported as a heavy-fermion compound (Sommer-
feld coefficient of specific heat, y &~ 500 mJ mol ! K™?),
which also shows a superconducting transition temperature
(T. = 2.3 K) at ambient pressure.® The superconductivity in
this family of compounds Ce,MIns,+, (n = 1) is unusual, in
that it tends to coexist with static magnetism. Also, the related
compounds, Ce,MIng (M = Co, Rh, and Ir), exhibit heavy-
fermion behavior with y ~ 500, 400, and 700 mJ mol !
K2 for the Co-, Rh-, and Ir-containing compounds,
respectively.” Although various experiments have been
performed on many systems in this interesting class of
compounds, a comprehensive understanding of heavy-
fermion properties at low temperature is still lacking.

We have synthesized Ln,MGa,, (Ln = La, Ce; M = Nij,
Cu), which are isomorphous to Ce,PdGa;,.’ Our major
interest in investigating these materials lies with the fact that
Ce-based heavy fermion superconductors at ambient pressure
are very rare. The original heavy fermion superconductor,
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CeCu,Siy, was the only example until very recently.'”
Searching chemical phase space allows the opportunity to
discover other intermetallic Ce compounds that share similar
physical properties to CeCu,Si, and Ce,MInj3, 1. If this new
class of compounds is found to superconduct, at ambient
pressure or otherwise, the presence of strong magnetic
interactions between the 4f levels and itinerant electrons
inherent in these systems, may give rise to unconventional
superconductivity, where the pairing mechanism is mediated
by something other than phonons.

These structures can be viewed as a three-dimensional
network of [MGa] (M = Cu, Ni) with Ce atoms occupying
cavities made of Ga atoms. In this paper, we compare the
structures of CeoMGaj, (M = Ni, Cu) and Ce,PdGa;, and
investigate the role of the transition metal environments as
they relate to the physical properties of these compounds. A
partial contribution to the total electron DOS, which refers
to the total number of available states for occupation at each
energy level, at the Fermi surface from the transition metal
has been suggested by band structure calculations of
Sm,NiGap,.'! By substituting Cu for Ni, we would expect
to change the electronic properties. The properties of the
Ce,MInj,+, family of compounds are intimately tied to the
choice of the transition metal. In previous studies, a change
in y has been observed to occur when Pd is substituted by
Cu or Ni. For example, the heavy-fermion CePd,Si,'*!3 has
ay ~ 250 mJ mol ' K 2, whereas the isostructural Cu
analogue'®'* shows enhanced electron mass with y ~ 1100
mJ mol ' K™2. Several other copper-containing compounds
such as CeCuyAl, CeCusAly, and CeCusGa also show heavy-
fermion behavior with y ~ 1000 mJ mol ™' K2, 490 mJ
mol ™' K2, and 3000 mJ mol ' K2, respectively.'> !’

Experimental Section

Synthesis. Single crystals of Ln,MGa,, (Ln = La, Ce; M = Ni,
Cu) were prepared by gallium flux growth method. La or Ce ingot
(3N, Ames Laboratory), Cu or Ni powder (5N, Alfa Aesar), and
Ga (6N, Alfa Aesar) were placed into alumina crucibles in a 1.5:
1:15 ratio. The crucible containing the starting materials was then
sealed into an evacuated fused silica tube and heated up to 1423 K
at a rate of 170 K/h and allowed to dwell for 7 h at that temperature.
After fast cooling at a rate of 150 K/h to 773 K, the fused silica
tube was allowed to cool slowly to 673 K at a rate of 8 K/h and
immediately inverted and centrifuged. Silver-colored plate-like
aggregates of crystals were found and mechanically separated from
gallium flux. Typical crystal size ranged from 1 x 2 x 2to 1 x 2
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x 5 mm?®. The crystals were stable in air. Single crystals from
several growths of La,CuGa,, were ground for powder neutron
experiment.

Powder and Single-Crystal X-ray Diffraction. Silver-colored
fragments (= 0.01 mm x 0.01 mm x 0.01 mm to 0.03 mm X
0.03 mm x 0.05 mm) of La,NiGa,, and Ce,MGa;, (M = Ni, Cu)
were attached on a thin glass fiber using a two-component adhesive
and mounted onto the goniometer of a Nonius KappaCCD diffrac-
tometer equipped with a Mo Ko radiation (1 = 0.71073 A) X-ray
tube. Single crystal data were collected at 298 K for all samples,
and additional data were collected at 90 K to examine disorder in
Ce,CuGay,. Direct methods were used to solve the structure.
SHELXI.97 was used to refine the structural model of the La,NiGa;,
and Ce,MGa,, (M = Ni, Cu) compounds, and data were corrected
with extinction coefficients and refined with anisotropic displace-
ment parameters. The obtained structural model was compared to
the crystallographic data from Sm,NiGaj,. Crystallographic pa-
rameters for La,NiGa;, and Ce,MGa;, (M = Ni, Cu) are provided
in Table 1. Atomic positions and displacement parameters for the
compounds are given in Table 2, and selected interatomic distances
are also provided in Table 3. Powder X-ray diffraction data were
collected on several ground single crystals of each compound to
examine the phase purity. The diffraction patterns show peaks that
are consistent with their calculated powder patterns. Although the
single crystals of La,CuGa,, were not of sufficient quality and the
structure could not be confirmed using single-crystal X-ray dif-
fraction experiments, powder X-ray diffraction techniques were used
to index the pattern of La,CuGa,; as isostructural to the analogous
2—1—12 phases. Neutron powder diffraction experiments were
ultimately used to solve the structure of La,CuGa;,. Additional
crystallographic parameters, atomic positions, and interatomic
distances for La,CuGa; are also provided in Tables 1—3.

Neutron Powder Diffraction (NPD). A 3.71 g powder sample
of La,CuGa;, was loaded in a vanadium container of length 50
mm and diameter 6.0 mm. Neutron powder diffraction data were
collected using the BT-1 32 detector neutron powder diffractometer
at the NIST Center for Neutron Research (NCNR). A Cu(311)
monochromator with a 90° takeoff angle, A = 1.5403(2) A, and
in-pile collimation of 15" of arc were used. Data were collected
over the range of 3° to 166° 26 with a step size of 0.05° under
ambient conditions. Rietveld refinement of the structure of
La,CuGa,, was performed using the GSAS software package with
the EXPGUI interface.'®"?

Physical Property Measurements. Magnetic data were obtained
using a Quantum Design physical property measurement system
(PPMS). The temperature-dependent susceptibility data were
obtained under zero-field cooled (ZFC) conditions from 2 to 300
K under an applied field («oH) of 0.1 T, and then measured upon
heating to obtain field-cooled (FC) data after cooling to 2 K under
field. Field-dependent magnetization data were measured at 3 K
with field (uoH) up to 9 T. The electrical resistivity and magne-
toresistance (MR) were measured by the standard four-probe AC
technique. Measurements of the heat capacity were performed using
a Quantum Design physical property measurement system at
temperatures from 0.35 to 70 K.

Results and Discussion

Structure. The structure of Ce,CuGa; is shown in Figure
1. Ce;MGa, (M = Ni, Cu), which are isostructural to
Sm,NiGa,'! and Ce,PdGay,,’ crystallize in the tetragonal
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Table 1. Crystallographic Parameters

Cho et al.

formula

cryst syst

space group

a(A)

c(A)

V(A%

Z

cryst dimension (mm?)
20 range (deg)

# (mm~")

no. of measured reflns
no. of independent reflns
reflns with 7 > 20(/)
Rinl

h

k

l

no. of reflns
params

“Ri [F? > 20(F?)]
PwRy (F?)

Apmax (€ A7)
Apmin (C A_S)

LazNiGa] 2
tetragonal
P4/nbm
6.073(3)
15.547(5)
573.4(4)

2

0.03 x 0.03 x 0.05
5.24—60.06
36.474

1449
480

480

0.0272
0.0632
2.164
—1.546

Crystal Data
CezNiGal 2
tetragonal
P4/nbm
6.036(2)
15.506(8)
564.9(4)
2

0.05 x 0.05 x 0.08
9.56—60.02
37.516

Data Collection
1120
456
375
0.0307

Refinement
456
26
0.0298
0.0627
2.485
—1.396

La;CuGalz
tetragonal
P4/nbm
6.1760(1)
15.3660(3)
586.11(3)
2

3.0—167.8

0.0310
0—38
0—5
0—19

3296

0.0402
0.0657

Ce,CuGaj; (298 K)
tetragonal

P4/nbm

6.108(3)

15.375(4)

573.6(4)

2

0.05 x 0.05 x 0.08
7.96—59.96
37.161

1455
481
423
0.0504

481

0.0558
0.1444
6.689
—9.427

Ce,CuGaj, (90 K)
tetragonal

P4/nbm

6.090(2)

15.348(7)

569.2(4)

2

0.03 x 0.05 x 0.05
7.96—60.14
37.447

1259
476

476

0.0433
0.1045
5.635
—3.352

Ry = SWF — IFSIF. ® wRy = [S[w(F2-FHVS [wFD?1"?, w = 1/[6*(F3) + (0.0252P)* + 4.0550P] for La;NiGay,, w = 1/[0*(F3) + (0.0222P)*
+ 2.0096P] for Ce;NiGay,, w = 1/[0*(F3) + (0.0775P)> + 11.6928P] for Ce,CuGay, (298 K), w = 1/[0*(F3) + (0.0518P)* + 6.8961P] for Ce,CuGajz

(90 K).
Table 2. Atomic Positions and Thermal Parameters
atom Wyckoff position x y z occ.” Ueq (A%
LazNiGalz
La 4h 3/4 1/4 0.24453(3) 1 0.00769(19)
Ni 2¢ 3/4 1/4 0 1 0.0081(4)
Gal 4g 3/4 3/4 0.18023(6) 1 0.0091(3)
Ga2 4g 3/4 3/4 0.33936(6) 1 0.0117(3)
Ga3 8m 0.50037(9) 0.00037(9) —0.08283(4) 1 0.0095(2)
Gad 8m 0.56689(12) 0.06689(12) 0.42791(5) 1 0.0230(3)
CezNiGa]z
Ce 4h 3/4 1/4 0.24439(4) 1 0.00734(19)
Ni 2¢ 3/4 1/4 0 1 0.0078(4)
Gal 4g 3/4 3/4 0.18140(8) 1 0.0086(3)
Ga2 4g 3/4 3/4 0.33954(9) 1 0.0118(3)
Ga3 8m 0.50023(9) 0.00023(9) —0.08340(5) 1 0.0092(2)
Ga4 8m 0.57024(12) 0.07024(12) 0.42816(7) 1 0.0211(3)
La2CuGalz“
La 4h 3/4 1/4 0.2463(2) 1 0.0090(8)
Cu 2¢ 3/4 1/4 0 1 0.0120(13)
Gal 4g 3/4 3/4 0.1764(2) 1 0.0136(13)
Ga2 4g 3/4 3/4 0.3358(2) 1 0.0153(11)
Ga3 8m 0.5011(7) 0.0011(7) —0.0845(2) 1 0.0151(7)
Gada 8m 0.567(4) 0.067(4) 0.4276(11) 0.42(4) 0.065(13)
Gadb 8m 0.4471(21) —0.0529(21) 0.4249(6) 0.60(4) 0.048(6)
Ce,CuGai; (298 K)
Ce 4h 3/4 1/4 0.24637(5) 1 0.0051(4)
Cu 2¢ 3/4 1/4 0 1 0.0101(7)
Gal 4g 3/4 3/4 0.17753(12) 1 0.0075(5)
Ga2 4g 3/4 3/4 0.33633(12) 1 0.0104(5)
Ga3 8m 0.50036(14) 0.00036(14) —0.08508(7) 1 0.0091(4)
Gad 8m 0.5609(3) 0.0609(3) 0.42611(9) 1 0.0295(7)
CezCuGa12 (90 K)
Ce 4h 3/4 1/4 0.24622(5) 1 0.0019(3)
Cu 2¢ 3/4 1/4 0 1 0.0035(6)
Gal 4g 3/4 3/4 0.17778(11) 1 0.0032(4)
Ga2 4g 3/4 3/4 0.33677(11) 1 0.0042(4)
Ga3 8m 0.50017(13) 0.00017(13) —0.08519(8) 1 0.0043(3)
Gad 8m 0.56536(18) 0.06536(18) 0.42652(9) 1 0.0145(4)

“ Occupancy of atoms. b Ueq is defined as one-third of the trace of the orthogonalized Uj; tensor. © Thermal parameters for La,CuGaj, correspond to

U
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Table 3. Selected Interatomic Distances (A)

La,NiGai; Ce;NiGay, La,CuGaj, (from NPD) Ce,CuGa,; (at 298 K) Ce,CuGaj, (at 90 K)
La layer Ce layer La layer Ce layer Ce layer
Ln—Gal (x4) 3.1968(15) 3.1721(10) La—Gal (x4) 3.270(1) Ce—Gal (x4) 3.2321(16) 3.2211(12)
Ln—Ga2 (x4) 3.3755(14) 3.3593(11) La—Ga2 (x4) 3.3805(17) Ce—Ga4 (x4) 3.3526(16) 3.3471(13)
Ln—Ga4 (x2) 3.2560(13) 3.2363(17) La—Gada (x2) 3.210(18) Ce—Ga4 (x2) 3.2101(19) 3.1917(19)
Ln—Ga3 (x2) 3.3040(12) 3.2830(14) La—Ga4b (x2) 3.241(14) Ce—Ga3 (x2) 3.2863(16) 3.2768(17)
Ln—Ga3 (x2) 3.3081(12) 3.2855(14) La—Ga3 (x2) 3.315(5) Ce—Ga3 (x2) 3.2903(16) 3.2787(17)
La—Ga3 (x2) 3.302(5)
NiGagpsegment  NiGagpsegment CuGagpsegment CuGagpsegment  CuGagpsegment

Gal—Ga3 (x4) 2.6274(11) 2.6198(11) Gal—Ga3 (x4) 2.600(3) Gal—Ga3 (x4) 2.5854(14) 2.5798(13)

Ni—Ga3 (x4) 2.5010(12) 2.4936(10) Cu—Ga3 (x4) 2.532(5) Cu—Ga3 (x4) 2.5221(15) 2.5178(13)

Ni—Ga3 (x4) 2.5064(12) 2.4969(10) Cu—Ga3 (x4) 2.549(6) Cu—Ga3 (x4) 2.5274(15) 2.5203(13)

Ga-only segment Ga-only segment

Ga-only segment Ga-only segment  Ga-only segment

Ga2—Ga4 (x4) 2.6144(12) 2.6080(12) Ga2—Gada (x4) 2.665(14) Ga2—Ga4 (x4) 2.6165(17) 2.6174(14)
Gad—Ga4 (x1) 2.5189(17) 2.530(2) Ga2—Gadb (x4) 2.619(7) Gad—Ga4 (x1) 2.504(3) 2.521(3)
Gada—Gada (x1) 2.517(34)
Ga4b—Gadb (x1) 2.485(21)

P4/nbm space group (No. 125, origin choice 2) with the Ce,
M (M = Ni, Cu), Gal, Ga2, Ga3 and Ga4 occupying the
4h, 2c, 4g, 4g, 8m, and 8m Wyckoff sites, respectively. This
structure can be described as a repeating network of [MGa]
(M = Ni, Cu) units with Ce atoms occupying cavities made
of Ga atoms, along the crystallographic c-axis. As shown in
Table 3, in Ce,MGa;, (M = Ni, Cu), the local Ce environ-
ment consists of Ce atoms, which are coordinated to 14 Ga
atoms: 4 Gal, 4 Ga2, 4 Ga3, and 2 Ga4. The Ce-centered
Ga rectangular prism is capped by two Ga4 atoms and four
Ga3 atoms. The Ce—Ga distances, which range from

o] BRAEN
segment L @ ./~./ 2.6
TR o
Ga-only b j&

segment

Figure 1. Crystal structure of Ce,CuGay, is shown along the c-axis, where
the Ce atoms are represented with big blue spheres; the Cu atoms are denoted
as orange spheres; and the Ga atoms are denoted with green spheres. Dashed
lines are used to show the unit cell.

3.1721(10) A to 3.2903(16) A, are in good agreement with
typical Ce—Ga interatomic distances in other binary and
ternary compounds such as CeGa,, CeGag, Ce;Ga, Ce;Gay,
CesGas, CeNiGa;, CeCu,Gay, and Ce,PdGay,.>2%"?° The
Ce—Ga4(x2) distances of 3.2101(19) A in Ce,CuGa;, are
slightly shorter than the distances of 3.2363(17) A found in
Ce,;NiGaj,. However, the Ce—Gal(x4) and Ce—Ga3(x2)
distances of 3.2321(16) and 3.2903(16) A, respectively, in
Ce,CuGa,, are slightly longer than Ce—Gal(x4) and
Ce—Ga3(x?2) distances of 3.1721(10) A and 3.2855(14) A,
respectively, in the Ni analogue.

The [MGa] (M = Ni, Cu) subunit is composed of edge
sharing MGag, (M = Ni, Cu) rectangular prisms and Ga-
only segments. In the rectangular prisms of Ce,CuGa,,, Cu
atoms are connected to four Ga3 atoms with interatomic
distances of 2.522(2) A and four additional Ga3 atoms by
2.527(2) A, which are slightly longer than the Ni—Ga
distances of 2.494(1) A and 2.497(1) A in Ce,NiGay,. These
distances are also in good agreement with typical of M—Ga
(M = Ni, Cu) bonds in other binary and ternary compounds
such as Ni,Ga, Ni3Ga, CuGa,, CuyGay, CeNiGas, Ce,NiGay,
and CeCu,Ga,.”* % The Gal—Ga3 interatomic distance of
2.585(1) A found in the CuGag), rectangular prisms have
shorter contacts than the Gal—Ga3 distance of 2.620(1) A
in the NiGag, rectangular prisms of Ce;NiGa,, along the
c-axis.
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(24) Nicklas, M.; Moreno, N. O.; Borges, H. A.; Bauer, E. D.; Sarrao,
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Figure 2. Neutron powder diffraction data for La,CuGa;, is shown with red crosses. Rietveld refinement fits and the difference curve are shown in green
and magenta, respectively. Calculated reflections are marked with black tick marks.
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Figure 3. Magnetic susceptibility (emu/mol Ce) of Ce.MGaj, (M = Ni,
Cu) as a function of temperature is shown. Closed and open markers
represent data collected with field parallel and perpendicular to the
crystallographic c-axis of Ce;MGay, (M = Ni, Cu), respectively. Error bars
represent (%) the standard uncertainty of each measurements.

The Ga-only segment of the [MGa] (M = Ni, Cu) subunit
has two different Ga layers which consist of Ga2 and Ga4
atoms. Within the Ga2 layer for both compounds, Ga—Ga
interatomic distances along the ab-plane range from 4.268
to 6.108 A, which are too far to be considered bonding when
compared with the covalent radii of 2.50 A observed for
Ga—Ga bonds. The Ga4—Ga4 interatomic distances of 3.135
A and 3.143 A for Ce,NiGa,, and Ce,CuGa,,, respectively,
along the ab-plane are also far from typical bond lengths of
Ga—Ga and the sum of Ga covalent radii (2.50 A).*°
However, the Ga4—Ga4 interatomic distances along the
c-axis are 2.530(2) A and 2.504(3) A for Ce,NiGa;» and

Ce,CuGayy, respectively, which are very close to the sum of
Ga covalent radii (2.50 A).m In addition, Ga4 atoms are
connected by distances of 2.608(1) A (Ce:NiGajp) and
2.617(2) A (Ce,CuGay,) with Ga2 atoms along the c-axis,
which are also in good agreement with the typical interatomic
distances in Ga containing binaries such as CeGa,, CeGag.°

From our observation of the difference Fourier syntheses
for La,NiGa;, and Ce,MGa, (M = Ni, Cu), another 8m
Wyckoff site, which is close to the Ga4 position, has been
identified. In addition, single crystal X-ray data show an
anomalous behavior of the displacement parameters for the
Ga4 position, which has its ellipsoid elongated in the ab-
direction. The former and latter observations may be indica-
tive of statistical and dynamic disorder in the structures,
respectively. To examine whether dynamic disorder was
present in the structure of Ce,CuGa,,, we collected single
crystal X-ray data for Ce,CuGa,; at 90 K as shown in Tables
1-3. However, the Ga4 atom still shows a large displacement
parameter at 7 = 90 K, implying that a dynamic disorder
does not play an important role in this structure. After
consideration of that result, a statistical disorder for the Ga4
position was carefully checked. The refinement of partially
occupied atoms in two sites, however, did not greatly affect
the displacement parameter for Ga4 position nor the other
statistical values, such as R factor. Therefore, although there
might be disorder in the Ln,MGa;, (Ln = La, Ce; M = Ni,
Cu) compounds, we were not able to model the disorder
satisfactorily using single crystal X-ray diffraction experiments.

Neutron Powder Diffraction. The structure of La,CuGa,,
was refined using neutron powder diffraction techniques. The

Table 4. Magnetic Properties of Ce;MGay; (M = Ni and Cu)

C 0 (K) %o ( x 107> emu/mol) Ucaled (UB) Ut (UB) fit range (K) ordering Tn (K)
(x 47 x 107° m*/mol)* (x 9.27 x 1072* Am?)*
Ce;NiGay; 0.62 —6.67 5.60 2.54 2.23 20—200 10 K (Hllc)
0.67 —16.97 0.12 2.54 2.31 20—200 10 K (H Il ab)
Ce,CuGayi, 0.65 —11.04 0.06 2.54 2.28 20—200 —Hllc)
0.75 —5.88 0.38 2.54 2.45 20—200 —(H Il ab)

“ ST units.
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Figure 4. Magnetization of Ce,MGaj, (M = Ni, Cu) as a function of
magnetic field at 3K is shown. Closed and open markers represent data
collected with field parallel and perpendicular to the crystallographic c-axis
of CeoxMGay, (M = Ni, Cu), respectively.
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Figure 5. Normalized electrical resistivity of LnoMGa,, (Ln = La, Ce; M
= Ni, Cu) as a function of temperature for current parallel to the ab-plane
is shown.

NPD fit for La,CuGa;; is shown in Figure 2. The background
was fit using a 13-term shifted Chebychev polynomial. The
lattice parameters, zero point, and scale factor were also
refined. The peak profile was modeled using Gaussian and
Lorentzian terms. The structure of Ce,CuGa;, was used as
an initial structural model and reasonable isotropic atomic
displacement parameters were constrained for the initial least-
squares cycle. However, upon refinement elongation of the
atomic displacement ellipsoid for the Ga4 atom (8m Wyckoff
site) was observed. The model was refined for statistical
disorder, and an additional Ga atom, which is referred to as
Gadb, was added to the structural model on the 8m site. The
original Ga4 atom, which exists in the parent and analogous
phases, has been assigned the label Ga4a for clarity in the
La,CuGa,, phase. The Ga4a and Ga4b atoms were observed
to have partial occupancies of 0.42(4) and 0.60(4), respec-
tively, which confirms the stoichiometry of La,CuGa,,. The
occupancies of the La, Cu, Gal, Ga2, and Ga3 atoms were
allowed to refine freely, but the occupancies remained close
to unity, suggesting full occupancy on these particular sites.
The atomic displacement parameters were refined anisotro-
pically for all atoms. This sample was also observed to
contain ~ 5% of an unknown impurity phase. This impurity
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Figure 6. MR % of LnoMGa;, (Ln = La, Ce; M = Ni, Cu) as a function
of field at 3 K is shown. The inset shows MR % of Ce,NiGay, for clarity.
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Figure 7. Specific heat of Ln,NiGa;, (Ln = La, Ce) as a function of
temperature. The inset shows Cyy/T versus T? for Ce,NiGay, after subtracting
lattice contribution.
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Figure 8. Specific heat of Ln,CuGa;, (Ln = La, Ce) as a function of
temperature. The inset shows Ci/T versus T? for Ce,CuGay, after subtracting
lattice contribution.

phase was not observed to be consistent with any other
known binary, ternary, or oxide combinations of the starting
elements.

Physical Properties. Temperature-dependent magnetic
susceptibility of single crystals of Ce,MGa,, (M = Ni, Cu)
is shown in Figure 3. An external magnetic field (uoH) of
0.1 T was applied along both the c-axis and the ab-plane of
the crystal. A downturn in the magnetic susceptibility data
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Figure 9. The magnetic entropy of Ce,MGa,, (M = Ni, Cu) as a function
of temperature.

for both directions of Ce,;NiGa,, suggests antiferromagnetic
long-range order at 7y = 10 K for both directions. In contrast,
Ce,CuGa;, does not magnetically order down to 2 K. The
inverse magnetic susceptibility was fit from 20 to 200 K and
is not shown here. From this linear fit, the effective moments,
Uesr, of Ce;NiGay, are 2.23 ug (2.07 x 1072 Am?/Ce) for
H Il c-axis and 2.31 ug (2.14 x 107% Am?/Ce) for H Il ab-
plane, which are smaller than but close to the calculated Ce®*
moment, tqr = 2.54 up (2.36 x 107%* Am?), with = —
6.67 K (H Il c-axis) and — 16.97 K (H Il ab-plane). A
modified Curie—Weiss law: y = yo + C/(T — 6), was used
to fit the data, where yx, represents the temperature-
independent term, C is the Curie constant, and 6 is the Weiss
temperature. This result is consistent with Ce-moment
antiferromagnetism for Ce,NiGa,. Also, the effective mo-
ments of 2.28 up (2.11 x 1072* Am?) for H Il c-axis and
2.45 ug (2.27 x 10~* Am?) for H Il ab-plane for Ce,CuGay,
are observed with the Weiss temperatures of —11.04 K (H
I c-axis) and — 5.88 K (H Il ab-plane) by using the same
equation. The magnetic properties of Ce,MGa,, (M = Ni,
Cu) are summarized in Table 4.

Figure 4 shows isothermal magnetization data as a function
of an external magnetic field with the crystal aligned along
the c-axis and ab-plane up to the field (uoH) of 9 T at 3 K.
For Ce,NiGa,,, the experimental saturation is smaller than
the calculated pigy of 2.14 up (1.98 x 1072 Amz) for Ce ™.
The magnetization of Ce;NiGa,; linearly increases at low
fields consistent with antiferromagnetism. However, the data
of Ce,NiGa,; above 3 T show a jump indicating a transition
at ~3 T. This is likely a spin-flop transition. The magnetiza-
tion displays paramagnetic behavior above the spin-flop
transition. As the magnetic field increases, the magnetization
of Ce,CuGaj, increases, consistent with a paramagnet.
However, above 2 T, the magnetization of Ce,CuGa,, begins
to saturate at 0.80 up (7.42 x 10~2* Am?) along the c-axis.

Figure 5 shows the electrical resistivity of single crystals
of LnoMGay, (Ln = La, Ce; M = Ni, Cu) as a function of
temperature in the ab-plane, where each compound shows
metallic behavior with RRR (residual resistivity ratio) values
of 98, 2.6, 4.1, and 4.5 for La,NiGa,,, Ce,NiGai,, La,CuGays,
and Ce,CuGay,;,, respectively. The onset of a broad shoulder
for Ce,NiGa,,, which may be indicative of Kondo coherence,
is observed in the resistivity below 100 K. A kink in the
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resistivity of Ce,NiGa; is observed at 10 K, which coincides
with the magnetic ordering temperature and indicates a
decrease in the spin disorder scattering. However, the
resistivity of La,CuGa,, and Ce,CuGa,, are similar and there
is no indication of Kondo coherence in the Ce compound.

Figure 6 shows the magnetoresistance (MR % = (py —
00)/po x 100) of single crystals of Ln,MGa;, (Ln = La, Ce;
M = Ni, Cu) at 3 K as a function of field in the ab-plane.
The LnoMGay, (Ln = La, Ce; M = Ni, Ce) compounds except
Ce,NiGa,, show large positive magnetoresistance, with ratios
up to 216, 86, and 65% at the field (uoH) of 9 T for
La;NiGaj,, La,CuGaj, and Ce,CuGa,,, respectively. These
values are much larger than MR < 10%, which are typically
found for most intermetallic compounds at low temperatures.
This large positive magnetoresistance for Ce,CuGa;, may
be due to classical magnetoresistance; however it is consider-
ably larger than typical intermetallics. The MR of La,CuGa,,
and Ce,CuGaj, are similar. Based on the resistivity and
magnetoresistance data, the Ce moments are decoupled from
the conduction electrons in Ce,CuGa;p. The MR of
La;NiGay; is linear and does not show signs of saturation.
There have been several recent discoveries of a large
nonsaturating MR in low carrier density nonmagnetic metals
and semiconductors.?' ~3® This effect is usually attributed to
a change in the structural symmetry involving a possible
transition to a charge density wave (CDW) state®’ or high-
field quantization effects.*’ However, there is no evidence
for CDW in the transport. As such, the large linear MR in
La,NiGa,, warrants further investigation, and future work
will focus on measuring the MR at higher fields. The MR
of the Ce;NiGa,, shows a rather sharp maximum ~3 T,
coinciding with the metamagnetic transition as shown in the
inset of Figure 6.

The specific heat of Ln,NiGa,, (Ln = La, Ce) is shown in
Figure 7. A big jump up to 8 J mol ' K™! for Ce,NiGay;, is
consistent with its ordering temperature (In ~ 10 K)
observed in the magnetic susceptibility data (See Figure 3).
As shown in the inset of Figure 7, after subtracting the
phonon contribution to the heat capacity a y &~ 191 mJ mol
K2 is obtained, which indicates that Ce,NiGa,, exhibits
heavy-fermion behavior. Below the transition, ¢ decreases
to 2.4 K and then shows an upturn to the lowest temperature.
The gamma value remains large (y ~ 411 mJ mol ' K™?)
at the lowest temperature. Figure 8 shows the specific heat
of Lny,CuGa,, (Ln = La, Ce). Although there is no evidence
of a magnetic transition for Ce,CuGa;, in the magnetic
susceptibility data, the specific heat of Ce,CuGa,, shows a
sharp peak of ~3.8 J mol™! K™' at ~1.8 K, which
corresponds to a second-order magnetic transition which is
not within the range of our susceptibility data. The Weiss
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temperatures along both crystallographic directions of
Ce,CuGa,, are negative, suggesting the transition observed
in the specific heat is a bulk antiferromagnetic transition.
To estimate the electronic contribution of the total heat
capacity, the heat capacity of Ce,CuGa,, as C/T versus T~
is plotted in inset of Figure 8. The value of y above the
transition is 69 mJ mol ! K2, which indicates that the
compound is a moderate heavy-fermion. Below the transition,
at the lowest temperature, 7= 0.4 K, gamma remains large
~ 900 mJ mol~' K2 Integrating C/T over T gives the
entropy (see Figure 9), which increases with temperature and
almost saturates above the transition temperatures, reaching
the value of 0.87RIn 2 and 0.8RIn 2 for Ce,NiGa;, and
Ce,CuGaj,, respectively. This suggests that the magnetic
ground-state is a doublet for both compounds. The fact that
the entropy does not recover the full Rln 2 above the
transition temperature might indicate the presence of the
Kondo effect or mixed valence among the Ce ions, although
the susceptibility data almost recovers the full Hund’s rule
moment for Ce*>". Below 10 K, the electrical resistivity of
Ce;NiGa,; and Ce,CuGa,; is proportional to T2, indicating
Fermi liquid behavior. The Kadowaki—Woods ratio (A/y?),
where A represents the coefficient of the quadratic term in
the temperature-dependent resistivity and y is the coefficient
of the linear term in the temperature-dependent specific heat,
has values of ~5.7 x 107® and ~8.3 x 107° for Ce,NiGa,,
and Ce,CuGay,, respectively, which are close to what one
would expect for heavy-fermion behavior.

In our previous work, we have suggested that the higher
magnetic ordering temperature (7y = 11 K) in Ce,PdGa;,
compared to CePdGag may be attributed to increased
hybridization between the Ce 4f electrons and conduction
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electrons (Ga), where the higher Ga contacts can contribute
additional carriers to the magnetic Ce** ion.”> Another factor
involves the number of d electrons, which can be changed
by substituting different transition metals M (M = Ni, Pd)
to M = Cu in CesMGa;,. Substitution of M = Ni, Pd to Cu
results in the change in the number of carriers. The evidence
for a Kondo resonance found in the Ce;NiGa;, is not found
in the Ce,CuGa,, sample, and this is evident in the transport
data where the resistivity of the La,CuGay; is essentially the
same with the Ce,CuGa,, analog. Furthermore, the MR of
the La,CuGa;, and Ce,CuGay, is similar as well. Also, the
Ce and La analogs with Ni show a linear MR with fields
(woH) up to 3 T before the Ce undergoes a magnetic
transition.
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