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The single crystals of two polymorphs of LnNiGa,, namely,
the orthorhombic a-LnNiGa, (Ln = Y, Gd-Yb) and, a new
polymorph, the tetragonal B-LnNi; ,Ga, (Ln = Tb-Er), were
successfully grown by using the self-flux method. a-LnNiGa,
(Ln =Y, Gd-Yb) is isostructural to YNiAl, and can be de-
scribed as an edge-sharing polyhedral of Ni@Ga;Ln, (Ln =
Y, Gd-Yb) along the ac-plane that is sandwiched between
the square nets of the Ga atoms along the b-axis. The struc-
ture of B-LnNi,_,Ga, (Ln = Tb-Er) is a distorted variant of the

Ce,NiGaqg-structure type with a Ni deficiency and multiple
Ga split positions and is structurally related to YNiGasGe.
The magnetic data for f-LnNi; ,Ga, (Ln = Th-Er) and the
transport properties for a-LnNiGa, (Ln = Y, Gd-Tm) and f-
LnNi; ,Ga, (Ln = Tb-Er) are reported. Antiferromagnetic
correlations are observed in the magnetic susceptibility of -
LnNi, ,Gay (Ln = Tb-Er), where the magnetic transitions oc-
curred below 7 K and with effective moments that are consis-
tent with free Ln3* ions.

Introduction

The defects and imperfections in crystalline materials are
generally referred to as disorder, which is commonly consid-
ered an undesirable quality. However, structural disorder
may be a desirable property when one is searching for new
materials that have exotic properties. The disorder can be
used as a tunable parameter when the atomic sizes, coordi-
nation preferences, and electronegativity differences can be
varied by substituting elements into a given structure. The
demonstration of this type of control often involves tuning
at the edge of the structural stability and careful adjustment
of the synthetic parameters in order to grow phases that
have inherent structural disorder. The systems that
contain disordered Ga-networks exhibit a wide variety of
phenomena that include charge density wave formation in
LnCo,Ga;Ge (Ln =Y, Gd),["? spin density wave formation
in U;Ga,Sis,P! the observation of zero thermal expansion
of  YbGaGel* negative thermal expansion of
YbGa,,,Ge,_.,]”! and spin glass behavior of Ce,Ag, -
Gay,.[ Unusual electronic and magnetic behavior may be
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due to the inhomogeneous electronic environment that sur-
rounds the localized magnetic moments in structurally dis-
torted networks. The structural modulation that was dis-
covered in LnCo,Ga;Ge (Ln = Y, Gd) suggested that a
charge density wave instability phase may be caused by
modulations in its structure.'2! Atomic site disorder can
also affect the magnetic properties of materials. Examples
of this include Ce,Ag; (Gajo ,, which exhibits a time-de-
pendent magnetism that has been tentatively associated
with a disorder-induced spin glass-like coupling of the Ce?*
moments with long-range antiferromagnetic ordering that
only develops below 3 K.I% This behavior is similar to the
spin glass behavior that was observed in Ce,CuSi; and
Ce,CuGes, where the atomic site disorder, which is a mix-
ture of the transition metal (Cu) and the main group metal
(Si or Ge), is analogous to applying chemical pressure in
order to alter the electronic environment around the Ce3*
moments.[”-# Similarly, the disorder and Ag substitution
suppressed the magnetic ordering of Gd(Ag,Al,Si), by 9 K
as compared to that of the parent Gd(ALSi),.”! Other ex-
amples of physical properties that are controlled by disorder
include the heavy fermion metal, CePd,Al;, where the ran-
dom occupation of two of the Al sites leads to a varying
electronic environment around the Ce** moments, which
prevents long-range magnetic order.['” These examples il-
lustrate the effects of atomic disorder on the magnetic or-
dering.
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As part of our search for highly correlated Ce and Yb s K

systems, we were especially interested in studying the inter-
play between the Kondo effect and RKKY interactions in  Ln : Ni : Ga
a series of isostructural materials. The title phases, namely, 15:1 :15 a-LnNiGa

. . 2:1 15 4
orthorhombic a-LnNiGa, (Ln = Y, Gd-Yb) and tetragonal BZSUK (Ln=Y, Gd-Tm, Yb)
B-LnNi; Ga, (Ln = Tb-Er), were synthesized serendipit- —— 723K a-LnNiGa, (Ln = Y, Gd-Yb)

ously while attempting to grow the latter lanthanide ana-
logues of the Sm,NiGa,,-structure type.[''l The structure
and properties of the orthorhombic a-LnNiGa, (Ln =Y,
Nd, Sm, and Gd—Lu) have been previously reported.!'?l The
structure was characterized as isostructural to YNiAl; by
X-ray powder diffraction of the polycrystalline arc-melted
samples.!31 The magnetic susceptibility, which was mea-
sured over 78 to 300 K, indicated antiferromagnetic corre-
lations in the Nd and Gd systems and positive Weiss tem-
peratures (Ay) for the Tb to Tm systems. Three of the ana-
logues, namely, the Y, Yb, and Lu systems, exhibited dia-
magnetic behavior while the Sm analogue showed
Van Vleck paramagnetism. All of the analogues indicated
that Ni does not carry a moment in a-LnNiGay (Ln = Y,
Nd, Sm, and Gd-Lu). The tetragonal B-LnNi;_Ga, is a
new defect variant of the Ce,NiGag-structure type.l'¥l In
this paper we report on the growth, structural characteriza-
tion, and transport properties of the single crystals of the
orthorhombic a-LnNiGa, (Ln =Y, Gd-Yb) and tetragonal
B-LnNi; Gay (Ln = Tb-Er), as well as on the magnetic
properties of the tetragonal B-LnNi; . Gay (Ln = Tb-Er).

Results and Discussion

Synthesis of a-LnNiGa, (Ln = Y, Gd-Yb) and
p-LnNi;_,Gay (Ln = Th-Er)

The reaction profiles for the growth of a-LnNiGa, (Ln
=Y, Gd-Yb)'?! and B-LnNi,_ Ga, (Ln = Tb-Er) (Fig-
ure 1) are very similar to that of Ln,NiGa;, (Ln = Pr, Nd,
Sm).!'3 The differences in the cooling sequences resulted in
the growth of a-LnNiGa, or a mixture of a-LnNiGa, and
B-LnNi;_,Gay. All of the samples were heated to 1423 K at
170 K/h and were annealed at 1423 K for 24 h.

The cooling sequence of 0-LnNiGay (Ln = Y, Gd-YDb)
involved rapid cooling (ca. 200 K/h) of the sample to 973 K,
followed by slow cooling (8 K/h) to 873 K, and then the
sample was maintained at 873 K for 2 days prior to centri-
fugation (Figure 1). The growth of large single crystals of
o-TmNiGay, however, required the elimination of the rapid
cooling step in the temperature profile (red line in Figure 1).
After the sample was maintained at 1423 K for 24 h, a-
TmNiGa, was slow cooled from 1423 K to 873 K at 10 K/
h and then kept at 8§73 K for 2 days before centrifugation.
All of the Ln = Y, Gd, Tm-Yb crystals that were grown
by the rapid cooling (ca. 200 K/h) of the sample to 773 K,
followed by slow cooling (8 K/h) to 723 K, resulted in three
different phases, namely, a-LnNiGay (Ln =Y, Gd, Tm, YD),
BaAl,-type Ln(Ni,Ga),,['® and an unknown phase where
the stoichiometry was found to be LnNi; 3)Gay 31y by ele-
mental analysis. The optimal growth conditions for the or-
3910

WWW.eurjic.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

2d and

BTbNig G2, p-LnNi, Ga, (Ln = Tb-Er)
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Figure 1. The growth profiles for a-LnNiGa, (Ln =Y, Gd-Yb) and
B-LnNi; . Ga, (Ln = Tb-Er) are shown with the crystal pictures of
a-TmNiGa, and B-TbNij o)Gas. The synthesis ratio and the pro-
file adjustments that were required for the growth of the large crys-
tals of a-TmNiGa, are indicated in red. The surface roughness is
due to etching and crystal deformities that were incurred while sep-
arating the crystals.

thorhombic phase are consistent with the initial reports for
the formation of orthorhombic a-LnNiGa, (Ln = Y, Gd-
Yb) by means of the peritectic reaction at 1151 K.['71 The
slow cooling of the sample below 723 K led to the forma-
tion of multiple phases, instead of the a-LnNiGay (Ln =Y,
Gd-Yb) phase, that included PuGag-type LnGag (Ln =Y,
Gd-Yb)'81 and BaAls-type Ln(Ni,Ga), systems,['" and an
unknown phase where the stoichiometry was found to be
LnNi, 34)Gag 3y (Ln =Y, Gd-Yb) by elemental analysis.

B-LnNi; Ga, (Ln = Tb-Er) was grown by the rapid
cooling (ca. 200 K/h) of the sample to 773 K and then slow
cooling of the sample (8 K/h) to 723 K. After 2 days at
773 K, each sample was inverted and centrifuged to remove
the excess Ga flux. All of the crystal growths for B-
LnNi;_Gas (Ln = Tb-Er) yielded approximately 15% of
the a-LnNiGa, (Ln = Tb-Er) impurity phase and, when a
sample of B-LnNi;_ Gay (Ln = Tb-Er) was allowed to cool
slowly (10 K/h) from 823 K to 723 K, the product con-
tained approximately 60% B-LnNi;_,Ga, (Ln = Tb-Er) and
40% 0-LnNiGa, (Ln = Tb-Er).'?l These growth experi-
ments indicated that the two-step cooling sequence, which
involved rapid cooling of the sample to 773 K followed by
slow cooling of the sample to 723 K, is important for the
reduction of the impurity phase.

Although the orthorhombic o-LnNiGa, (Ln =
Tb-Er)l'?! and tetragonal B-LnNi, ,Ga, (Ln = Tb-Er)
phases were grown concurrently, they were easily separated
by their crystal morphologies. As shown in Figure 1, the
orthorhombic a-LnNiGa, phase grows as rods that
are approximately 6 mm in length while the tetragonal B-
LnNi; . Gay phase grows as plate-like aggregates that are up
to 2 mm X 1 mm X 0.025 mm in size. The crystals of both of
the polymorphs did not show signs of degradation in air
and dilute HCI was used to remove the excess Ga flux from
the surface of the crystals. The phase of each of the crystals
that were used for the physical property measurements was
identified by means of single-crystal X-ray diffraction.
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Growth and Characterization of a-LnNiGa, and f-LnNi, . Gay

Structure Determination

The preliminary lattice determination for the a-LnNiGay
(Ln =Y, Gd-Yb) systems indicated an orthorhombic cell
for each phase with a =4 A, b= 15A, c =6 A, VV =360 A3
and a point group symmetry of mmm. The atomic param-
eters for YNiAl; were used as the starting values for the
refinement.l'3 The atomic positions and the interatomic
distances are provided in Tables 1, 2, and 3.

Table 1. Positional and atomic displacement parameters for a-
LnNiGay (Ln = Y, Gd-YDb) at 298 K.

Atom x y z U,y [A2
a-YNiGa4

Y 4c 0  0.61842(6) 1/4 0.0064(3)
Nil 4c 0 0.27492(8) 1/4 0.0098(4)
Gal 4a 0 0 0 0.0101(3)
Ga2 4c 0 0.42719(8) 1/4 0.0108(3)
Ga3 8f 0 0.81393(5) 0.05148(13) 0.0077(3)
0-GdNiGay

Gd 4c 0  0.61739(3) 1/4 0.0087(2)
Nil 4c 0 0.27550(9) 1/4 0.0106(4)
Gal 4a 0 0 0 0.0101(3)
Ga2 4c 0  0.42714(8) 1/4 0.0123(3)
Ga3 8f 0  0.81353(5) 0.05164(14) 0.0114(3)
o-TbNiGay

Tb 4c 0 0.61744(3) 1/4 0.0076(2)
Nil 4c 0 0.2751009) 1/4 0.0109(4)
Gal 4a 0 0 0 0.0114(3)
Ga2 4c 0  0.42689(9) 1/4 0.0120(3)
Ga3 8f 0  0.81371(6) 0.05107(14) 0.0100(3)
a-DyNiGay

Dy 4c 0 0.61803(5) 1/4 0.0082(3)
Nil 4c 0  0.27498(16) 1/4 0.0121(6)
Gal 4a 0 0 0 0.0117(5)
Ga2 4c 0 042764(14) 1/4 0.0124(5)
Ga3 8f 0 0.8141309) 0.0508(2) 0.0105(4)
o-HoNiGay

Ho 4c 0 0.61873(4) 1/4 0.0076(2)
Nil 4c 0 0.27497(11) 1/4 0.0117(4)
Gal 4a 0 0 0 0.0116(4)
Ga2 4c 0  0.42793(10) 1/4 0.0115(4)
Ga3 8f 0 0.81444(6) 0.05087(17)  0.0098(3)
0-ErNiGay

Er 4c 0  0.61926(4) 1/4 0.0226(4)
Nil 4c 0 0.27482(13) 1/4 0.0259(5)
Gal 4a 0 o0 0 0.0267(5)
Ga2 4c 0 042831(13) 1/4 0.0267(5)
Ga3 8f 0  0.81470(7) 0.05092(18) 0.0240(4)
a_

TmNiGa4

Tm 4c 0  0.61995(4) 1/4 0.0074(3)
Nil 4c 0 0.27442(12) 1/4 0.0100(5)
Gal 4a 0 o0 0 0.0109(4)
Ga2 4c 0 042891(12) 1/4 0.0109(4)
Ga3 8f 0  0.81497(7) 0.05095(19) 0.0086(4)
a-YbNiGay

Yb 4c 0 0.62066(5) 1/4 0.0064(4)
Nil 4c 0 0.27698(15) 1/4 0.0072(6)
Gal 4a 0 o0 0 0.0105(5)
Ga2 4c 0 042952(14) 1/4 0.0105(5)
Ga3 8f 0  0.81449(9) 0.0501(2) 0.0075(4)

[a] Ueq is defined as one third of the trace of the orthogonalized
Uj;; tensor.

The preliminary lattice determination for the B-LnNi,_,-
Gay (Ln = Tb-Er) systems indicated a tetragonal cell for
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Table 2. Interatomic distances [A] for a-LnNiGay (Ln = Y, Gd-
Dy).

0-YNiGay 0-GdNiGa; o-TbNiGa,  0-DyNiGa,
Ln-Ln (X2)  4.076(5) 4.093(5) 4.080(5) 4.069(5)
Ln-Gal (X4) 3.1774(18) 3.1807(18) 3.1716(18) 3.1678(18)
Ln-Ga2 2.9153(18) 2.9213(16) 2.9127(17) 2.900(2)
Ln-Ga2 (X2) 3.349(2) 3.345(2) 3.341(2) 3.338(2)
Ln-Ga3 (X4) 3.020(2) 3.036(2) 3.025(2) 3.011(2)
Ln-Ga3  (X2) 3.2520(15) 3.2799(13) 3.2703(14) 3.2575(18)
Ln-Ni (X2) 3.138(2) 3.175(2) 3.158(2) 3.139(3)
Ni-Ga2 23214(19)  2.328(2) 246128)  2.3253)
Ni-Ga3  (X2) 2.3%91(17) 2.4021(17) 2.280(12) 2.387(2)
Ni-Ga3  (X4) 2490(2) 2.493(2) 2.491(2) 2.487(2)
Ni-Ni (X4) 393202 3.939(2) 3.931(2) 3.921(2)

Table 3. Interatomic distances [A] for a-LnNiGa, (Ln = Ho-Yb).

0-HoNiGa, 0-ErNiGa; o-TmNiGa, a-YbNiGay

Ln-Ln (X2) 4.062(5) 4.057(4) 4.0478(2) 4.0850(4)
Ln-Gal (X4) 3.1692(18) 3.1695(15)  3.1709(4) 3.1960(5)
Ln-Ga2 2.8973(19) 2.891(2) 2.8825(19) 2.923(2)
Ln-Ga2  (X2) 3.343(2) 3.347(2) 3.3578(5) 3.338(6)
Ln-Ga3 (X4) 3.003(2) 2.9973(19)  2.9913(9) 2.9929(10)
Ln-Ga3 (X2) 3.2442(15) 3.2325(16)  3.2186(12) 3.2358(16)
Ln-Ni X(2) 3.1232) 3.108(2) 3.0868(14) 3.1440(18)
Ni-Ga2 2.323(2) 2.324(3) 2.331(3) 2.332(3)
Ni-Ga3 (X2) 2.3891(19) 2.389(2) 2.3889(16) 2.3997(19)
Ni-Ga3 (X4) 2485(2) 24845(19)  2.4842(8) 2.4876(9)
Ni-Ni (X4) 3921(2) 3.920(2) 3.9205(5) 3.9254(7)

each phase with a =4 A, ¢ =23 A, V' =370 A3 and a point
group symmetry of 4/mmm. The data were collected on the
single-crystals of B-LnNi, ,Ga, (Ln = Tb-Er) at 298 and
100 K in order to investigate the nature of the disorder at
the Ni2, Ga2, Ga3, Ga4, and Ga5 sites. In this paper we
have reported the 100 K data since the structural model did
not change with temperature, which is consistent with sta-
tistical disorder. Each of the data collections encompassed
a full sphere of reciprocal space. The atomic positions of
YNiGa;Gel'”! were used as the starting model. The atomic
positions and the interatomic distances are provided in
Tables 4 and 5.

Anomalous atomic displacement parameters and un-
usual residual electron densities were observed for the Ni2
(4e), Ga2 (4e), and Ga4 (4d) positions in the initial model
of B-LnNi; .Ga, (Ln = Tb-Ho). Due to the unrealistic in-
teratomic distances that were found between Ni2 and Ga3
(ca. 1.76 A), the occupancy of the Ni2 (4e) site was refined
freely and found to be approximately 40% for each of the
analogues. In a similar manner to the refinement of the Ge
position in YNiGa;Ge,['”) the Ga2 (4e) was refined as a
split position with approximately 50% occupancy for the
Ga2 (4e) and Ga3 (4e) sites for each of the analogues. The
refinement of the Ga (4e) site as a single site resulted in a
large atomic displacement parameter and R values that
were approximately 15% higher than split site model. The
disorder observed at the Ni2, Ga2, and Ga3 sites is similar
to that found at equivalent sites in YNiGa;Ge. An ad-
ditional disordered area that was not seen in YNiGa;Ge
3911
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Table 4. Positional and atomic displacement parameters for f-
LnNi, .Ga, (Ln = Tb-Er) at 100 K.

Atom x y z Occll U, [AZP
B-TbNig o1, Gay

Tb 4e 0 0 0.14717(3) 1.00 0.0159(5)
Nil 2 0 0 0 1.00 0.0162(9)
Ni2 4e 0 0 0.2827(3) 0.43(2) 0.0343(19)
Gal 8g 12 0 0.44519(7) 1.00 0.0198(6)
Ga2 4e 0 0 0.3819(3) 0.51(5) 0.0216(13)
Ga3 4e 0 0 0.3567(4) 0.49(5) 0.0236(16)
Ga4 4d 0 12 3/4 0.38(2)  0.033(2)

Gas len 0 0.629(4) 0.7372(6) 0.15(2) 0.051(3)

B-DyNig o1)Gay

Dy 4e 0 0 0.14754(2) 1.00 0.0059(3)
Nil 2¢ 0 O 0 1.00 0.0056(6)
Ni2 4e 0 0 0.2821(2) 0.43(2) 0.0264(13)
Gal 8g 12 0 0.44471(5) 1.00 0.0085(4)
Ga2 4e 0 0 0.3801(3) 0.50(5) 0.0133(9)
Ga3 4e 0 0 0.3539(2) 0.50(5) 0.0092(9)
Ga4 4d 0 12 1/4 0.60(2)  0.0287(11)
Ga5s I6n 0  0.626(4) 0.7381(7) 0.10(2) 0.044(3)

B-HoNip o1)Gay

Ho 4e 0 0 0.14766(3) 1.00 0.0171(4)
Nil 2¢ 0 O 0 1.00 0.0164(7)
Ni2 4e 0 0 0.2821(3) 0.43(2) 0.0390(17)
Gal 8g 12 0 0.55563(6) 1.00 0.0194(4)
Ga2 4e 0 0 0.3790(4) 0.49(5) 0.0279(12)
Ga3 4e 0 0 0.3535(2) 0.51(5) 0.0184(11)
Ga4 4d 0 172 3/4 0.40(2)  0.0234(19)
Ga5s 16n 0 0.592(5) 0.7437(9) 0.152) 0.056(4)

B-ErNi g1)Gas

Er 4e 0 0 0.14817(2) 1.00 0.0083(3)
Nil 2¢ 0 O 0 1.00 0.0066(5)
Ni2 4e 0 0 0.2835(3) 0.32(2) 0.0113(11)
Gal 8g 12 0 0.44385(5) 1.00 0.0107(3)
Ga2 4e 0 0 0.3831(4) 0.30(3) 0.0130(13)
Ga3 4e 0 0 0.35379(17)0.70(3)  0.0158(6)
Ga4 4d 0 12 3/4 0.84(2)  0.0332(8)
Ga5s 16n 0 0.629(8) 0.7411(15) 0.04(2) 0.028(6)

[a] Occupancy. [b] Uyq is defined as one third of the trace of the
orthogonalized Uj; tensor.

Table 5. Interatomic distances [A] for p-LnNi; Ga, (Ln = Tb—Er).

B-TbNigg1)Gas  B-DyNigo)Gas  B-HoNigg1)Gas  B-ErNipg)Gas

Lnln  (X4) 4.1980(6) 4.1790(6) 4.1680(2) 4.1620(6)
Ln-Gal (X4) 3.0386(13) 3.0206(2) 3.0058(11) 2.9988(9)
LnGa2 (X4) 3.0479(17) 3.0264(3) 3.013(2) 3.033(2)
Ln-Ga3 (X4) 29699(4) 2.9552(3) 2.9473(2) 2.9433(3)
Ln-Gad (X4) 3.2233(6) 3.1993(2) 3.1852(5) 3.1686(4)
Ln-Gas (X8) 3.047(10) 3.0378(2) 3.102) 3.06(3)
Ln-Gas (x4) 3.161(12) 3.12323) 3.07) 3.0203)
LnGaS (x4) 3.813(10) 3.7624(3) 3.55(2) 3.6002)
Nil-Gal (X8) 247109) 2.4648(3) 2.4612(8) 2.4630(7)
Ni2-Ga2 2.360(10) 2317203) 2.280(12) 233(1)
Ni2-Ga3 1.760(12) 1.6977(3) 1.681(8) 1.649(8)
N2 Gad (X4) 2.23903) 22231(3) 22170) 2.224(2)
Ni2-GaS (X8) 2423(10) 2.3928(3) 2.30409) 2.368(16)
Ni2-Gas (x4) 1.628(17) 1.6343(2) 1.81(2) 1.65(3)
Ni2-Gas  (x4) 2.683(10) 2.6593(4) 2.54(2) 2.680(7)

was observed at the Ga4 (4d) site in B-LnNi; . Gay (Ln =
Tb-Er). The Ga4 (4d) site was refined as a split between
the Ga4 (4d) and Ga5 (16n) sites for the Ln = Tb—Ho ana-
3912
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logues. The refinement of Ga4 as a fully occupied site re-
sulted in a large prolate thermal ellipsoid for Ga4 and a
residual electron density peak (ca. 6 e/A%) at a distance of
approximately 0.8 A from Ga4. The short interatomic dis-
tances between the neighboring Ni2, Ga4, and Ga$5 sites
are consistent with the partially occupied model.

The occupancies of the disordered sites in B-ErNig g1
Ga, were noticeably different compared to those of B-
LnNi;_Gay (Ln = Tb-Ho). The Ni occupancy at the Ni2
site decreased from approximately 43% in B-LnNi;_Gay
(Ln = Tb-Ho) to approximately 32% in B-ErNij g)Ga4. In
conjunction with the decrease of the Ni occupation at the
Ni2 site, the occupation of Ga at the Gad (4d) site was
much larger (ca. 84%) and that at the Ga5 (16n) site was
much smaller (ca.4%) when compared to those of f-
LnNi; Gas (Ln = Tb—Ho). The split positions, Ga2 (4e)
and Ga3 (4e), were approximately 30 and 70% occupied,
respectively. The differences in the occupancies of the disor-
dered sites illustrated the effects of the lanthanide contrac-
tion and also marked the end of the B-LnNi; Gay (Ln =
Tb-Er) series due to the increasing structural instability
with the decrease in the lanthanide size.

The disorder in the B-LnNi;_,Ga, (Ln = Tb-Er) series is
very similar to that found in the LnMGa;Ge (Ln = Y, Sm,
Gd, Yb; M = Ni, Co) series,'”! which was attributed to the
complex modulations in the [NiGa], nets. The reciprocal
lattice of LnMGazGe (Ln =Y, Sm, Gd, Tb, Er, Tm; M =
Ni, Co) featured satellite reflections with incommensurate
spacing due to the structural modulation in the [MGa), nets
in the ab plane that was seen in the electron diffraction.l>!°]
Although B-LnNi; Ga, (Ln = Tb-Er) is structurally very
similar to LnMGasGe, the symmetry forbidden, supercell
reflections were not observed in the reciprocal lattice pre-
cession images from the single-crystal X-ray diffraction of
B-LnNi;_,Gay (Ln = Tb-Er), where the data were collected
at long integration times (150 s/°) without overflow scans.

Structure of a-LnNiGa, (Ln = Y, Gd-Yb) and
p-LnNi,_,Ga, (Ln = Tb-Er)

The structure of the a-LnNiGa, (Ln =Y, Gd-Yb) series,
which is isostructural to YNiAl,!3! is built out of edge-
sharing polyhedra of Ni@Ga,Ln, (Ln = Y, Gd-YDb) along
the ac-plane that is sandwiched between the square nets of
the Ga atoms along the b-axis as shown in Figure 2.

B-LnNi;, Gas (Ln = Tb-Er), which is the tetragonal
polymorph, is a new, disordered variant of the Ce,NiGa,(-
structure type as shown in Figure 3a.' The linear in-
tergrowth of Ce,NiGa, consists of BaAls-type CeGay
segments of the face-sharing tetragonal antiprisms,
2[CeqgGayys), and CaF>-type Ga,Ni segments of the face-
sharing rectangular prisms, 2[Gag,Ni].??!1 The combina-
tion of these two segments yields 2CeGay + Ga,Ni =
Ce,NiGag. In the case of B-LnNi, . Gay (Ln = Tb-Er), the
distorted BaAly-type segment consists of Z[Lnys-
(Ni,Ga)y]>, = LnNi,_,Gajs tetragonal antiprisms, where x
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a-YNiGa,
Gat

T all

Figure 2. The crystal structure for a-YNiGa, is shown with the Y,
Ni, and Ga atoms represented by the pink, purple, and green
spheres, respectively.

represents an approximately 60% Ni deficiency at the 4e
site for Ln = Tb-Ho and an approximately 70% Ni de-
ficiency for B-ErNipgq)Gas, and the CaF,-type segment

a. B-TbNiy g1/Gay, b. Disordered TbGa plane
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Figure 3. (a) The crystal structure for B-TbNigg)Gas is shown
with the Tb and Ni atoms represented by the blue and pink spheres,
respectively. The Ga atoms are represented by the green and purple
spheres to highlight the disorder in this phase. (b) The disordered
TbGa plane where Ga3 is 49% occupied. (c) The NiGa4 bicapped
cubes where Ga2 is 51 % occupied. (d) The puckered Ni, Ga, square
nets where Ni2, Ga4, and Ga$5 are 43%, 38%, and 15% occupied,
respectively. The dashed lines indicate the bonding between the dis-
ordered sites and, unless otherwise indicated, the sites that are
100% occupied.
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consists of the face-sharing rectangular prisms of
2[NiGagsy] = NiGa,. The combination of these two seg-
ments yields 2LnNi; ,Ga; + NiGa, = Ln,Ni(Ni, »,Gayg).

This particular distorted variant of the Ce,NiGa (-
structure typel'¥ is isotypic with YNiGa;Gel'”! and
Ce,NiAlg ,Gey .2 The structure of B-LnNi; ,Gay (Ln =
Tb-Er) can be described as a stacking of the LnGa planes
with Ga occupational disorder, the NiGag bicapped cubes
with Ga occupational disorder on the capping sites, and the
puckered Ni Ga, square nets with a split Ga position. The
disordered LnGa plane, shown in Figure 3b, is defective
and has only a 50% occupancy for the Ga3 site. The Ln—
Ln interatomic distances are equal to the length of the crys-
tallographic a-axis and are not within a typical bonding
distance. The Ln-Ga3 interatomic distances are in good
agreement with those found for the Ln—Ga binaries (Ln =
Tb-Er).?* 23 The Nil-Gal distances (Figure 3c) are con-
sistent with the Ni-Ga atomic radii (ca. 2.49 A)29 and with
the Ni-Ga binaries, which range from approximately 2.47
to 2.61 A.127-311 The NiGa, bicapped cubes (Figure 3c) are
very similar to the bicapped MGag (M = Ga or transition
metal) cubes found in Ce,NiGa;,,'¥ LnsNiGa,, (Ln =
Ce-Nd),1*?l CeyNi; 24Gay776,2 Sm,NiGa,,'1 Sm,Ni-
(N1, Sij )ALSI6PY  YNiGa;Gel'!  Ce,NiAls Gey .22
YbGas, Bl and Ce,Ag; (Gayo ,.[! The puckered Ni,Ga,
square nets, which are approximately 43 % occupied by Ni
for Ln = Tb-Ho and approximately 32% occupied by Ni
for Ln = Er, have Ni2-Ga interatomic distances that range
from approximately 1.63 to 2.68 A (Figure 3d). The shortest
Ni2-Ga5 (ca. 1.6 A) and Ni2-Ga4 (ca. 2.2 A) interatomic
distances are consistent with the partial occupancy of these
sites, which yields the empty puckered square nets in ap-
proximately 57 to 68% of the unit cells. It is important to
note that the shortest Ni2-Ga5 distance and all of the Ni2—
Ga4 distances are shorter than expected, which indicated
that when Ni2 is present in a unit cell the Ga4 or the closest
Ga5 atoms are not present. There are two Ni sites in this
structure. The structurally ordered Nil site (24) is in a rec-
tangular prismatic environment, whereas the occu-
pationally-deficient Ni2 site (4e) is in a distorted, puckered
square planar environment. In the ordered Ce,NiGa,
structure, the 4e site is occupied by Ga instead of Ni.

The Ln atoms in both a-LnNiGay (Ln =Y, Gd-YDb) and
B-LnNi;_,Ga, (Ln = Tb-Er) occupy the channels of the
NiGa-network and have no direct bonding interaction with
either the Ni or the Ga atoms (ca. 3.0 A). The Ln-Ln dis-
tances are larger in the B-LnNi;_Ga, (Ln = Tb-Er) ana-
logue (ca.4.17 A) than in the a-LnNiGay (Ln = Tb-Er)
series (ca. 4.05 A). The disorder in the local environment of
the Ln in B-LnNi; ,Ga, (Ln = Tb-Er) could be attributed
to the varying local electronic environment of the Ln that
manifests as magnetic frustration. The spin glass behavior
observed in Ce,Ag; ,Gajg [ Ce,CuSis,l”! and Ce,Cu-
Ge;8 has been attributed to such structural disorder in the
local Ln** environments. Frustration due to the structural
disorder in B-LnNi; Ga, (Ln = Tb-Er) is consistent with
the large discrepancy between Ty and 0y in B-LnNi;_ Gay
(Ln = Tb-Er), as shown in Table 6.
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Table 6. Magnetic properties for f-LnNi; Gay (Ln = Tb-Er).

Ty e [np/mol]  piegr [np/mol] Oy T

[K] caled. exptl. K] K]
B-TbNig o1)Gay 7 9.72 9.8(1) -43.6(5)  25-300
B-DyNig o1)Gay 35 10.65 10.5(1)  -22.7(2)  25-300
B-HoNij o1,Gay - 10.61 10.52)  -14.1(5) 20-300
B-ErNij g1,Gay 7 9.58 8.9(2) -6.1(1)  20-300

The Ni environment in the a-LnNiGa, (Ln =Y, Gd-YDb)
series is unique and has short contacts between the two Ln
atoms (ca. 3.1 A) and the 7 Ga atoms (ca. 2.4 A). The two
Ni environments in B-LnNi;_,Ga, (Ln = Tb-Er) are very
different and make for an interesting comparison between
the coordination environment and the degree of structural
disorder in this polymorph. Nil (2a) is in an ordered rec-
tangular prismatic environment and Ni2 (4e) is in a dis-
torted square planar environment. The Ni2-Ga distances
that were observed in B-LnNi; Ga, (Ln = Tb-Er) range
between approximately 1.6 (when Ni2 is absent) and 2.5 A
(when Ni2 is present). In the ordered parent structure type,
Ce,NiGa;y, Ga occupies the equivalent position that Ni2
occupies in B-LnNi;_Ga, (Ln = Tb—Er). When Ni is pres-
ent at the 4e site in B-LnNi;_,Ga, (Ln = Tb-Er), the disor-
der observed in the Ni2 environment can be attributed to
the partial occupancy of the Ni and the split Ga positions
(4d/16n), which demonstrates a response to the presence or
absence of Ni. The decreasing occupancy at the Ni2 posi-
tion resulted in the increased occupancy of Ga4 and the
decreased occupancy of Gas, which resulted in shorter
Ni2-Ga4 and longer Ni2-Ga5 distances compared to those
of the other B-LnNi;_,Ga, (Ln = Tb-Ho) analogues. The
degree of disorder and the observation that the B-ErNig g.)-
Gay analogue showed a notable decrease in occupancy at
the Ni2 position, coupled with all of the unsuccessful
attempts to grow a B-TmNi;_,Ga, analogue, suggested that
B-ErNig g1yGay is the terminal stable member. This obser-
vation is consistent with the lanthanide contraction. As the
4e — 4d/16n (Ni2 — Gad/Ga5) environment in $-LnNi;_ Gay
is limited in its degree of disorder, the Ga4/Ga5 positions
become increasingly restricted, which effectively renders Ni
incapable of populating the 4e position in the B-TmNi;_,-
Gay analogue.

Magnetic and Transport Properties

The temperature dependent magnetic susceptibility, x,,,,
of B-LnNi, ,Ga, (Ln = Tb-Er), which was measured under
zero-field-cooled conditions from 2 to 300 K with an ap-
plied field of 0.1 T perpendicular to the direction of the
plate, is shown in Figure 4 and the inverse susceptibility,
%m ', for the same series is shown in the inset of Figure 4.
All of the analogues, Tb—Er, were fitted with a modified
Curie—Weiss equation of the form: y(7) = yo + C/(T — Ow),
where C is the Curie constant, Oy is the Weiss temperature
[K], and yo is a constant, which is representative of any
Larmor diamagnetic, Pauli paramagnetic, and background
contributions to the magnetic susceptibility. In all of the
3914
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cases, the modified Curie-Weiss equation was fitted over
the linear region of ,,'. A summary of the magnetic prop-
erties of B-LnNi, ,Ga, (Ln = Tb-Er), including the Ty, pterr
(calculated and experimental), 0y;; and fit range is given in
Table 6. The crystals grew as plate-like aggregates and the
directions of the applied field were assigned as the c-axis
being perpendicular to the plates for B-LnNi; Gay (Ln =
Tb—Er).

35

14 8- LnNiMGa‘
H=01T 307

1.2

m
(]

1.0 -

0.8

% (emu/mol Ln)

£ 06

0.4

0.2

Figure 4. The magnetic susceptibility, y,, = M/H [emu/mol Ln], as
a function of temperature, 7 [K], with an applied field of H=0.1 T
for B-TbNiy ¢(1yGay (open circles), B-DyNiy o1)Gas (open squares),
B-HoNiy ¢(1)Gas (closed circles), and B-ErNiggq)Gas (open tri-
angles). The inverse magnetic susceptibility, y,, ' = H/M [mol Ln/
emu], is shown in the inset.

B-LnNi; .Ga, (Ln = Tb, Dy, and Er) undergoes an anti-
ferromagnetic transition (7'y) at approximately 7, 3.5, and
7 K, respectively, while the Ho analogue remained para-
magnetic down to 2 K with # = 0.1 T. The inverse magnetic
susceptibility, y,, '(7) is shown in the inset of Figure 4.
Above 20 K for Hilc, the series exhibited paramagnetic Cu-
rie-Weiss type behavior. The magnetic properties of B-
TbNig 91)Gay are similar to those of TbNiGa;Ge (Ty =5 K
and observed i, =3 pg/mol).l') The fitting of the data
above 25 K for Tb and Dy and above 20 K for Ho and Er
resulted in 0y, = —43.6(5), -22.7(2), —14.1(5), and -6.1(1) K
for Tb, Dy, Ho, and Er, respectively. The negative 0, values
indicated that antiferromagnetic coupling was predominant
and these values were consistent with the ordering that was
observed for TbNiy oyGas, DyNigoq)Gay, and ErNig o,
Gay. The frustration values, |0{/Ty, of 2-5 are considered
typical for an antiferromagnetic system.[*®] The frustration
parameters, 6.2, 6.5, > 10, and 0.9 for the Tb, Dy, Ho, and
Er analogues, respectively, indicated an increase in the frus-
tration across the B-LnNi, o(;yGa, (Ln = Tb-Ho) series and
a decrease in the magnetic frustration in B-ErNij g)Ga,.B%
The decrease in the magnetic frustration on moving across
the series B-LnNi,_.Ga, (Ln = Tb, Dy, and Er) is consistent
with the decrease in the structural frustration, as seen by
the increase in the Ln—Ga4/Ga5 interatomic distances when
B-HONiO'g(l)Ga4 and B-ErNiO.g(l)G'cM are Compared. As
mentioned above, the disorder in the local environment of
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the Ln in B-LnNi;_Ga, (Ln = Tb—Er) could be attributed
to the varying local electronic environment of the Ln, which
manifests as magnetic frustration. Frustration due to struc-
tural disorder in B-LnNi; ,Gay (Ln = Tb-Er) is consistent
with the large discrepancy between 7'y and 0y in B-LnNi;_-
Gay (Ln = Tb-Er), as shown in Table 6.

The magnetic moments recovered, 9.8(1), 10.5(1),
10.5(2), and 8.9(2) pg/mol for the Tb, Dy, Ho, and Er ana-
logues of B-LnNi;_,Gay, respectively, were in good agree-
ment with the calculated spin-only effective moments of
9.72, 10.65, 10.61, and 9.5 pg/mol for the trivalent Tb, Dy,
Ho, and Er, respectively. In all of the cases, the recovered
moment is reflective of the respective Ln** (Ln = Tb-Er)
moment, which indicated that the Ni atoms do not show a
localized magnetic moment and their contribution to the
magnetism is diamagnetic. In addition, the relationship be-
tween Oy [K] and the de Gennes factor for the a-LnNiGa,
(Ln = Gd — YD) series, as obtained by Romaka et al.,[?!
and for the B-LnNi; Gay (Ln = Tb-Er) series, as obtained
from this work, is shown in Figure 5. The trend for the -
LnNi;_Ga, (Ln = Tb-Er) series is similar to that of the o-
LnNiGa, (Ln = Gd — Yb) series, which indicate that the
magnetism of both the o-LnNiGa, and B-LnNi; Ga,
phases is due to de Gennes scaling.'?! The similarity in the
scaling between the two polymorphs was expected as the
nearest Ln—Ln distances are similar.
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Figure 5. The variation of 6y [K] as a function of the Ln-Ln in-
teratomic distances for the o-LnNiGay (Ln = Gd — Tm, open
squares) series as obtained from Romaka et al.,'?! and the pB-
LnNi; Ga, (Ln = Tb — Er, open circles) series as obtained from
this work. a-LnNiGa, (Ln = Gd — Tm) corresponds to the upper
(x) and right (y) axis while B-LnNiGay (Ln = Tb — Er) corresponds
to the lower (x) and left (y) axis.

The field dependence of the magnetization at 3 K for
each of the B-LnNi, ,Ga, analogues is shown in Figure 6.
The expected saturated moment for a free Tb3* ion is
9.0 pup/mol. B-TbNij g Gay did not saturate in an applied
field up to 9 T and reached a maximum value of approxi-
mately 3.3 pg/mol. The absence of saturation is common for
an antiferromagnetic compound. Similarly, the magnetiza-
tion of B-DyNijg)Gay increased linearly up to 5T, at
which point a decrease in slope was observed. For the ap-
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plied fields of 5T < H < 9T for B-DyNiy o1)Gay, a linear
increase was observed with a maximum saturated moment
of 5.6 ug/mol at 9T (ug = 10.0 ug/mol for Dy>*). B-
HoNiy 9(1yGa, did not order magnetically down to 2 K, as
was noted from the magnetic susceptibility. This was rein-
forced by the magnetization data collected at 3 K. The mag-
netization of B-HoNig o(;yGa, was linear at the low applied
fields (H < 3 T) but when fields larger than 3 T were ap-
plied a change in the slope was observed, which is indicative
of the onset of spin saturation in a paramagnet. A maxi-
mum value of 6.5 pug/mol at 9T was recovered (g =
10.0 pg/mol for Ho**). Under a low applied field, the mag-
netization of B-ErNi, gyGa, was very similar to that of -
HoNig o1)Gay, namely, linear magnetization. A change in
the slope was observed when an external field that was
greater than 2 T was applied and a maximum of approxi-
mately 4.9 ug/mol at 9 T was obtained.

7
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g P-LnNi Ga, Ho , *
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Figure 6. The isothermal magnetization of B-TbNiy ¢,Gay (open
circles), B-DyNigo1)Gas (open squares), B-HoNijo)Ga, (closed
circles), and B-ErNi, g,Gay (open triangles) as a function of the
applied field at 7= 3 K. The data were recorded while sweeping
between 0 and 9 T.

The resistance data for B-LnNi,_,Ga, (Ln = Tb-Er) is
shown in Figure 7 (with B-ErNi, g1,Ga4 shown in the inset).
All of the analogues display metallic behavior down to 3 K.
The RRR values [p(290 K)/p(3 K)] of 3.8, 2.0, 1.4, and 6.0
for the Tb, Dy, Ho, and Er analogues, respectively, are fairly
small and attest to the structural disorder. In addition, the
positive magnetoresistance {MR = [p(H) — p(H = 0)]/p(H =
0)} that was measured as 26, 17, 12, and 67% for the Tb,
Dy, Ho, and Er B-LnNi; ,Ga, analogues at 9 T, respec-
tively, is indicative of a classical mechanism for Tb, Dy, and
Ho, while the Er sample showed enhanced scattering upon
application of an external field (the Er sample also showed
the largest RRR value).

The resistivity data for the a-LnNijoq)Gay (Ln =Y,
Gd — Tm) series is shown in Figure 8. All of the analogues
show metallic behavior at a low temperature, the Tm ana-
logue showed metallic behavior down to 5 K. However, the
Er analogue did not follow the linear trend of the Ho ana-
3915
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Figure 7. The electrical resistance of B-TbNij o1)Gay4 (open circles),
B-DyNi o1yGa, (open squares), B-HoNiyo,Gay (closed circles),
and B-ErNijg)Gay (open triangles, inset) as a function of tem-
perature.

logue up to 3 T. The RRR values of 3.6, 3.6, 3.6, 4.3, 3.9,
3.3, and 2.7 were found for Y and Gd-Tm, respectively. a-
DyNig 91)Gay had the largest positive MR value (32%) at
9 T. The o-LnNiGa, analogues were similar to B-LnNi;_,-
Ga, and showed small values for the MR, which is indica-
tive of a classical scattering mechanism upon the applica-
tion of an external field.

100
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80 g _ :
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300

0 50 100 150 200 250
T(K)

Figure 8. The electrical resistivity of a-GdNiGa, (open circles), a-
TbNiGay (open squares), a-DyNiGa, (open triangles), a-HoNiGay,
(open diamonds), a-ErNiGay (closed circles), a-TmNiGay (closed
squares), and a-YNiGay (closed triangles) as a function of tem-
perature. The low temperature resistivity is shown in the inset for
the purpose of clarity.

Conclusions

We have successfully grown two polymorphs of LnNiGay
(o and B). B-LnNi;_ Gay (Ln = Tb-Er), which is a defect
variant of the Ce,NiGa,y-structure type,'¥ is isotypic to
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LnNiGa;Ge (Ln =Y, Sm, Gd, Tb, Er, Tm)!"”! and has an
additional split Ga site. The structural distortion found in
B-LnNi, ,Ga4 (Ln = Tb-Er) could be attributed to the Ni
occupation at the 4e site, which induces a distortion in the
surrounding Ga environment. We have reported, for the
first time, the magnetic properties of B-LnNi;_Ga, (Ln =
Tb-Er) and the transport properties of f-LnNi; .Gay (Ln
= Tb-Er) and o-LnNiGa, (Ln = Gd — Tm). The magnetic
moments that were obtained for B-LnNi,_.Ga, (Ln = Tb-
Er) from the Curie-Weiss fits are consistent with the tri-
valent lanthanide moment and, interestingly, the @y for
both ¢-LnNiGa, (Ln = Gd — Tm)['?l and B-LnNi,_.Gay
(Ln = Tb—Er) scale as a function of the de Gennes factor.

Experimental Section

Synthesis of a-LnNiGa,4 (Ln = Y, Gd-Yb) and B-LnNi,_,Ga, (Ln =
Tb-Er): The single-crystals of the two polymorphs, orthorhombic
a-LnNiGay4 (Ln =Y, Gd-YDb) and tetragonal B-LnNi, . Ga, (Ln =
Tb-Er), were grown by using the self-flux method where Ln (3N,
Alfa Aesar), Ni powder (5N, Alfa Aesar), and Ga shot (7N, Alfa
Aesar) were placed into the alumina crucibles in a 1.5:1:15 mol
ratio. The only exception to this prescribed mol ratio was the Tm
analogue, which required a 2:1:15 stoichiometric ratio of Tm/Ni/
Ga in order to grow large crystals of a-TmNiGa,. The previous
stoichiometric ratio yielded smaller crystals of a-TmNiGay, which
were approximately 2 mm in length. Each crucible was covered with
quartz wool, sealed in an evacuated silica tube, and placed into a
high temperature furnace for the heat treatment.

X-ray Crystallographic Studies: Several crystals of both the a-
LnNiGay (Ln = Y, Gd-Yb) and B-LnNi;_Ga, (Ln = Tb-Er)
phases were ground in order to be used for characterization by X-
ray powder diffraction with a Bruker AXS D8 Advance dif-
fractometer in order to confirm the phase purity. The powder X-
ray diffraction patterns from the different batches were also com-
pared with one another in order to confirm the phase purity. Inde-
pendent powder diffraction on the rods or plates confirmed the
phase purity of a-LnNiGa, (Ln = Y, Gd-Yb) and B-LnNi, .Ga,
(Ln = Tb-Er), respectively, and indicated that the o and B-phases
can be separated by means of the crystal morphology. Silver-col-
ored fragments of a-LnNiGa, (Ln =Y, Gd-Yb) and B-LnNi;_,Gay
(Ln = Tb-Er), which had approximate dimensions of
0.03%0.03 X 0.04 mm?, were cleaved from the single-crystals and
were mounted on the goniometer of a Nonius Kappa CCD dif-
fractometer that was equipped with Mo-K, radiation (4 =
0.71073 A). The data were collected up to 0 = 30° at 298 K for a-
LnNiGay (Ln =Y, Gd-Yb) and the data were collected up to 6 =
31° at 100 K for B-LnNi;_.Ga, (Ln = Tb-Er). SIR92P7! was used
to obtain a starting model for all of the samples and SHELXL-
97881 was used for the structure refinement. The data for all of the
samples were corrected for absorption and extinction, and were
refined with anisotropic displacement parameters, except for the
Ga$ position in B-LnNi; Gay (Ln = Tb-Er), which was refined
with isotropic displacement parameters. All of the refinement mod-
els were checked for missing symmetry elements by using PLA-
TON.P The crystallographic data are presented in Tables 7 and 8
for a-LnNiGay (Ln = Y, Gd-Yb) and Table 9 for B-LnNi; Ga,
(Ln = Tb-Er).
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Composition a-YNiGay 0-GdNiGay a-TbNiGay a-DyNiGay
a [/:\] 4.076(5) 4.093(5) 4.080(5) 4.069(5)

b [A] 15.245(5) 15.355(5) 15.286(5) 15.230(5)
c[A] 6.552(5) 6.548(5) 6.542(5) 6.529(5)

v [A3] 407.1(6) 411.5(6) 408.0(6) 404.6(6)

Z 4 4 4 4

Size [mm?) 0.03X0.03x0.05 0.030.03<0.05 0.030.03 < 0.04 0.03X0.030.05
0 range [°] 2.67-30.04 2.65-29.95 4.10-29.99 2.67-30.04
4 [mm] 44.477 45.946 47.421 48.808
Temperature [K] 298(2) 298(2) 298(2) 298(2)
Reflections with 7>2c(I) 363 363 363 361

Rint 0.0242 0.0256 0.0221 0.0362

h -5—=5 -5—-5 -5—-5 -5—=5

k 21— 21 21— 21 20 — 21 -19 =21

/ -9-9 -9—-9 -9—-9 -8—-9
Ri[F? > 20(F?)] 0.0362 0.0282 0.0284 0.0398
WR,(F?)b] 0.0870 0.0695 0.0722 0.0989
Parameters 24 24 24 24

GooF 1.168 1.1085 1.207 1.111
Apmax [e/A3] 1.606 2.542 2.228 2.883
Apmin [6/A3] -3.220 -2.349 -2.695 -2.544
Extinction coeff. 0.0109(10) 0.0043(4) 0.0117(7) 0.0042(5)

[a] R, = S||F,| — [FVEIF,). [b] WRs = {S[W(F,? — F22SIW(F221} 2 w = 1[c?F,2 + (0.0473P)> + 4.6268P], w = 1/[c>F,> + (0.0332P)* +
8.3260P], w = 1/[c?F,> + (0.0304P)> + 4.3163P], and w = 1/[6°F,> + (0.0538P)> + 11.0962P] for YNiGa,;, GdNiGa,, TbNiGa,, and

DyNiGay, respectively.

Table 8. Crystallographic data for a-LnNiGa, (Ln = Ho — Tm), orthorhombic, Cmcm.

Composition o-HoNiGay 0-ErNiGay o-TmNiGay o-YbNiGay
a [/:\] 4.062(5) 4.057(4) 4.0478(4) 4.0850(4)

b [A] 15.185(5) 15.140(5) 15.0883(7) 15.2900(14)
c[A] 6.534(5) 6.537(5) 6.5517(4) 6.4980(6)
VA3 403.0(6) 401.5(5) 400.14(4) 405.86(7)
zZ 4 4 4 4

Size [mm?) 0.03 X 0.05x0.05 0.030.03x0.05 0.05x0.05x%0.08 00.02 %< 0.03 X 0.04
0 range [°] 2.68-29.98 4.12-29.96 2.70-29.96 4.12-30.08
4 [mm] 50.091 51.474 52.851 53.289
Temperature [K] 298(2) 298(2) 298(2) 298(2)
Reflections with I>2c(I) 360 355 357 363

Riy 0.0300 0.0203 0.0370 0.0354

h 55 -5—>5 -5—-5 55

k -19 - 21 -19 — 20 -19 — 20 21 =20

/ -9—-9 -9 -9 -9-9 8—-9
Ri[F? > 2c(F?)] 0.0300 0.0463 0.0343 0.0433
WR,(F?)M®] 0.0691 0.1162 0.0912 0.1085
Parameters 24 24 24 24

GooF 1.167 1.264 1.125 1.103
APimax [e/A7] 1.824 3.732 3.829 4.301

Apumin [e/A7] -2.536 -3.678 ~2.496 ~4.455
Extinction coeff. 0.0041(3) 0.0048(3) 0.0047(5) 0.0075(8)

[a] R, = S|IF,| - |FJVSIF,|. [b] WR = {S[W(F,2 — F22US[W(F221} 12 w = 1/[c2F,2 + (0.0253P) + 4.2528P), w = 1/[c?F,? + (0.0703P)> +
4.0443P), w = 1/[62F,> + (0.0453P)> + 21.3808P], and w = 1/[62F,> + (0.0643P)? + 10.4431P] for HoNiGay, ErNiGa,, TmNiGa,, and

YbNiGay, respectively.

Further details on the crystal structure investigations may be ob-
tained from the Fachinformationszentrum Karlsruhe, 76344 Egg-
enstein-Leopoldshafen, Germany (fax: +49-7247-808-666; e-mail:
crysdata@fiz-karlsruhe.de), on quoting the depository numbers
CSD-423074 (for a-YNiGay), -423067 (for a-GdNiGay), -423068
(for a-TbNiGay), -423065 (for a-DyNiGay), -423079 (for a-
HoNiGay), -423066 (for a-ErNiGay), -423069 (for o-TmNiGay),
-423070 (for a-YbNiGa,), -423073 (for B-TbNi o1)Gay), -423071
(for B-DyNig o1)Gay), -423072 (for B-HoNiyo1)Ga,), and -423078
(for B-ErNij g1yGay).
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Elemental Analysis: A Hitachi S-3600N scanning electron micro-
scope with an energy dispersive X-ray spectrometer (SEM-EDXS)
was used to analyze the elemental content of the single-crystals of
o-LnNiGay (Ln = Y, Gd-Yb) and B-LnNi, ,Gay (Ln = Tb-Er).
The experimental parameters included an accelerating voltage of
15kV and a beam-to-sample distance of 15 mm. Several of the
crystals from the multiple growths were scanned at 5 areas/crystal
for 50 seconds/area. The average composition was normalized to
Ln (Ln = lanthanide) in order to yield LnNigos4)Gay o for a-
LnNiGas (Ln =Y, Gd-Yb), LnNigg)Gag o) for B-LnNi; Ga,

www.eurjic.org 3917
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Table 9. Crystallographic data for f-LnNi; Ga, (Ln = Tb-Er), tetragonal, I4/mmm.

Composition

B-TbNig.o1)Gay

B'DyNios(l)Gaxt

B-HONiolg(l)Gaét

B-EI’NiO'g(l)Gagt

a [é] 4.1980(6) 4.1790(6) 4.1680(2) 4.1620(6)
c[A] 23.7890(14) 23.6450(16) 23.5370(14) 23.4650(16)
VA3 419.24(9) 412.94(2) 408.89(4) 406.47(9)
Z 4 4 4 4

Size [mm?] 0.03X0.03x0.04 0.03X0.03x0.04 0.03X0.03x0.02 0.03X0.03x0.03
0 range [°] 3.43-29.81 3.45-29.97 3.46-30.92 3.47-30.99
4« [mm!] 45.845 47.513 49.060 50.038
Temperature [K] 100(2) 100(2) 100(2) 100(2)
Reflections with I>2c(l) 224 223 241 229

Rint 0.0174 0.0201 0.0273 0.0250

h -5—-5 -5—35 -5—-6 -6 — 6

k 4 -4 4 -5 -5—-6 4 -6

/ -32 - 32 -32 - 32 -34 — 33 -32 — 33
R([F? > 2cF?ll 0.0452 0.0295 0.0370 0.0284
WR,(F)b] 0.1226 0.0807 0.1008 0.0792
Parameters 25 25 25 25

GooF 1.141 1.134 1.158 1.204
APimax [e/A3] 4.057 2.954 2.869 2.209
APinin [e/A3] -2.302 -1.968 —-1.523 -1.905
Extinction coeff. 0.0030(8) 0.0075(8) 0.0061(9) 0.0099(9)

[a] R, = Z||F,| — [FVZIE,). [b] wRs = [Ew(F,2 — F2Ew(E,2)2"% w = 1/[c%(F,2) + (0.0833P)2 + 16.5470P], w = 1/[c*(F,2) + (0.0408P)> +
13.7110P], w = 1/[cX(F,2) + (0.0574P)> + 13.3851P], and w = 1/[cX(F,2) + (0.0432P)? + 9.6559P] at 100 K for B-TbNig o(1,Gay, B-DyNig.o(1)-

Gay, B-HoNi o1)Gay, and B-ErNij g;)Gay, respectively.

(Ln = Tb-Ho), and ErNi, g)Gay o1y for B-ErNi;_,Ga,. The com-
position of each of the phases that were obtained by SEM analysis
was consistent, within error, with the refined composition that was
determined by the single-crystal X-ray diffraction studies.

Magnetic and Transport Property Measurements: The magnetiza-
tion data for B-LnNi;_.Gay (Ln = Tb-Er) were obtained with a
Quantum Design Physical Property Measurement System. The
temperature-dependent magnetization was measured under zero-
field cooled conditions from 2 to 300 K with an applied field 0.1 T.
The field-dependent magnetization was measured at 3 K by sweep-
ing between 0 and 9 T. The electrical resistivity and resistance was
measured for a-LnNiGa, (Ln =Y, Gd-Tm) and B-LnNi;_,Ga, (Ln
= Tb-Er), respectively, with the standard four-probe AC technique
from 3 to 300 K at 27 Hz with excitation currents of approximately
0.5 mA.
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