5810 Chem. Mater2005,17,5810-5816

Synthesis, Structure, and Magneto-transport of LnNi—,Sh,
(Ln =Y, Gd—Er)

Evan Lyle Thomag,Monica Moldovart David P. Youngd} and Julia Y. Chan*

Department of Chemistry, Louisiana State Lbsity, 232 Choppin Hall, Baton Rouge, Louisiana 70803,
and Department of Physics and Astronomy, Louisiana Stateddsity, Baton Rouge, Louisiana 70803

Receied June 3, 2005. Re&sed Manuscript Recegéd September 9, 2005

Single crystals of the ternary antimonides LaN8k, (Ln =Y, Gd—Er; x ~ 0.4) have been grown
from antimony flux. X-ray diffraction experiments reveal that these compounds crystallize in the tetragonal
space grouP4/nmm(No. 129) withZ = 2. Lattice parameters ase~ 4.3 A andc ~ 9.3 A. Adopting
the HfCuS;j structure type, these compounds are layered and consist of Ln-capped Sb square nets and
NiSh, tetrahedra arranged in an anti-PbO fashion. The LniSk, compounds show antiferromagnetic
ordering and field-dependent magnetization data are also presented. Transport measurements indicate
metallic behavior and, most interestingly, positive magnetoresistance for each compound, with large positive
magnetoresistance [MR(%; (o1 — po)/po x 100] above 100% for the Y-, Dy-, and Ho-analogues at 3
Kand 9 T.

Introduction with ~4% at 13 K and 4 B,LaCrSh (CeCrSh-type) with
5.5% at 150 K3 PrNiSb (hexagonal ZrBeSi-type) with 7%

Antimonides, particularly ternary lanthanid&ansition at 5 T8 and~10% at 4.5 T for the HfCuSitype LnCuSh
metal-antimonides (Lr-T—Sb), are of interest due to their |, — | 5 Ce) compéundg’. However, CeNiSh shows

notable magnetic and transport properties and interestingnegaﬂVe MR due to ferromagnetic orderitigzurthermore

_4 H H 1
structures:). The discovery of colossal magnetoremstgnce, several antimonide phases display large positive magnetore-
upto—42%at5Kand 5T, in the Zintl phase EMnShy, sistance behavior, e.g., LaNiSb (ZrBeSi-type) up to 20% at

has led to study of magneto-transport behavior of-Iir- 6.4 TS and EwsfeSh, (cubic LaFaPi-type) reaches a
Sb compound$At low temperatures, the hexagonal ZrBeSi- maximum at 130% @2 K and 12 T2 Although the

type compounds CeNiSb and NdNiSb also exhibit neogative antimonides mentioned above do not comprise an exhaustive
magnetoresistance (MR()) behavior with values up-t8% i it pecomes evident that the appearance of positive
at2 Kand 5T and-18% at 22 K at 4 T, respectively. 1 aqnetoresistance, large in some cases, can be found and

Similarly, the magnetoresistance for NdCgSorthorhombic g, ,5eqts that antimonides may yield interesting magnetic and
CeCrSh-type) is negative up te-13% at 5 Kand 4 T. Large transport behavior as well.

negative magneto_resistance t_)ehavid>r2a_K and fields Magnetic and transport properties on polycrystalline
between 4 ath 5 T is observed in the LnNiSb compounds samples of Kondo systems CeBSF = Ni, Cu, Pd, and
(cubic MgAgAs-type) with the heavier lanthanide elements Ag) have been reportéd. CeCuSh and CeAgSh order

Tb (—20%), Dy (—32%), and Ho £27%)¢ In contrast, a magnetically at 8 and 10 K, respectively. Ce}$b = Ni,

few ternary antimonide compounds have been reported to, ~ 5ng AU) have been shown to possess a quasi-two-
exhibit small positive magnetoresistance behavior at tem- gimansional electronic state from detailed studies of the
perafures beloow oK _Ir;.onmagnetlc LUNiSb (cubic MGAGAS- - gjectrical and magnetic properties on single crystalsThe
type) with 1.5% at 8 T, Ce;RhsShy (cubic YsAusShrtype)  cecyspand CeAuShcompounds are antiferromagnets with
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Ty = 6.9 and 5.0 K, respectively, and single crystals of
CeNiSh are reported to have a ferromagnetic transition at
T.=6.0 K¥* 15

Similar to CeNiSb is CeNiSh, which also has & of
6.0 K% In our effort to grow single crystals of the rare-
earth analogues of CeNigh' we have obtained high-quality
single crystals of LnNi-,Sh, (Ln = Gd—Ho) and two new
compounds YNi.Sh, and ErNi—Shy, wherex ~ 0.4. The
La member shows temperature-independent paramagnetis

the Ce, Pr, and Nd members are antiferromagnetic; and thg
Sm member shows van Vleck paramagnetism. Measurement

on powders of the Gd-, Th-, Dy-, and Ho-analogues order
antiferromagnetically below N temperatures of 9, 12, 10,
and <4 K, respectively*® However, magnetic measurements

on powders by Szytula et al. show the Dy- and Ho-analogues

to have metamagnetic transitions beldy = 8.2 and 6.6
K, respectively-?

The structures of the LnNiSLn = Ce—Nd, Sm, and
Gd—Ho) compound$-?°were determined from X-ray pow-
der diffraction studies and are reported to crystallize with
the ZrCuSi-type or HfCuSj-type structuret! Their attempts
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Figure 1. Shown is an aggregate of black GANiSh, single crystals. The
blowup at the right highlights the layering along thexis within the crystal
structure.

Experimental Section

SynthesisThe elements Y, GeEr (99.9%, ingot), Ni (99.999%,

to synthesize the Y- and Er-analogues by arc-melting in argon powder), and Sb (99.9999%, shot) were purchased from Alfa Aesar.

were unsuccessfif. The structure of the LnNiSh, (Ln =
Y, Gd—Er) compounds, which has been described in détail,
consists of layers of NiSlietrahedra and layers of Sb square
nets which are capped by Ln atoms. This family of
compounds is isostructural to other LnSB = Mn, Fe,
Co, Cu, Zn, Pd, Ag, Cd, Au, or substituted with main group

Sample preparation was carried out in air as the ingots were cut
into pieces, while the powder and shot were used as received and
weighed. Single crystals of LnNi,Sh, (Ln =Y, Gd—Er) were
obtained by employing a flux-growth method using excess Sh. A
1:2:20 (Ln:Ni:Sb) molar ratio of the elements were combined in
an alumina crucible. All samples, with a total mass of nearly 3.3
g, were covered with quartz wool and enclosed in fused silica tubes

elements In or Sn) compounds where the T constituent is of approximately 10 cm in length. They were then heated to 1423

slightly off stoichiometry and written as LaT,Sh. 1822728

To the best of our knowledge, previous magnetic measure-

ments of polycrystalline LnNiSh(Ln = Gd—Ho) samples
have been limited to magnetizatiéhi>2%3Herein we report
the synthesis, structure, magnetization, electrical resistivity,
and magnetoresistance behavior of Ln\sb, (Lh =Y,
Gd—Er) single crystals, and three new analogues €L,

Dy, Ho) of the family of antimonides with uncharacteristic
large positive magnetoresistances.
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J. Y. In preparation.
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(20) Pankevich, Y. V.; Pecharsky, V. K.; Bodak, ORluss. Metall1983
5, 189-191.
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4503-4509.
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K for 2 h and cooled to 943 K at a raté ®K h~1. To separate the
single crystals, excess Sb flux was immediately filtered through
the quartz wool by centrifugation. Black, plate-shaped crystals of
LnNi;—xSk, (Ln =Y, Gd—Er) with dimensions up to % 2 x 1

mm? were extracted with no noticeable degradation as a result of
exposure to air for extended periods. An aggregate of single-crystal
GdNi;—,Sh, with layered morphology is shown in Figure 1.

Our original aim was toward the synthesis of single-phase
LnNiSbh; (Ln = Pr—Nd, Sm, and GeYb). Synthesis of the Ce-
analogue has been described previo@sWia the aforementioned
synthetic treatment, the early lanthanide elements (Pr, Nd’Sm)
formed compounds which adopt the CeNjStructure typ&! while
the mid-lanthanide elements (Gér) yielded compounds isostruc-
tural to HfCuSj. For this reason yttrium was chosen as the
nonmagnetic analogue because of its comparable ionic radius.
However, we note that PrNigbNdNiSk,, and SmNiSp can be
synthesized by arc-melting.

In addition to multiple lattice determinations from single crystals,
X-ray powder diffraction data were collected on several ground
single crystals of each compound to confirm sample homogeneity.
The diffraction patterns show peaks that correspond to those of
the HfCuS} structure type! The diffraction pattern of the
Y-analogue sample, however, also contains peaks that are indexable
to YSh32 LnNiSh, does not form for the Tm and Yb samples under
our reaction conditions. Instead, TmSb (cubic NaCl-type) and a
two-phase mixture of NiSb (hexagonal NiAs-type) and NiSb
(orthorhombic Fegtype) are formed for the Tm and Yb samples,
respectively.

(31) Macaluso, R. T.; Wells, D. M.; Sykora, R. E.; Albrecht-Schmitt, T.
E.; Mar, A.; Nakatsuji, S.; Lee, H.; Fisk, Z.; Chan, J.X .Solid State
Chem.2004 177, 293-298.

(32) Schmidt, F. AJ Less-Common Mel97Q 21, 415-425.
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Table 1. Structural Refinement Data for LnNi1—xSh, (Ln =Y, Gd—Er)

Thomas et al.

compound Y Gd Tbh Ho Er

space group P4/nmm RY/nmm RY/nmm RY/nmm RYnmm
a(A) 4.2890(3) 4.3096(9) 4.2910(7) 4.2790(6) 4.275(5)
c(A) 9.2990(9) 9.3974(16) 9.3220(14) 9.2350(10) 9.200(11)
V (A3) 171.06(2) 174.53(6) 171.64(5) 169.09(4) 168.1(3)
z 2 2 2 2
dimensions (mm)

(min) 0.075 0.025 0.050 0.050 0.025
(mid) 0.125 0.025 0.075 0.050 0.075
(max) 0.150 0.100 0.100 0.075 0.075
temperature (K) 298(2) 298(2) 298(2) 298(2) 298(2)
crystal density (g/ci) 7.098 8.328 8.462 8.708 8.728

0 range (deg) 2.1930.00 4.34-29.91 2.18-29.97 2.21+30.02 2.2+30.02
w (mm~1) 35.22 37.144 38.870 40.382 41.941 43.253
collected reflections 493 391 388 468 399 409
unique reflections 181 185 184 182 180 182

Rint 0.0293 0.0463 0.0449 0.0431 0.0342 0.0307

h —-6—6 —-6—6 —-6—6 —-6—6 —-6—6 —-6—6

k —4—4 —4—4 —4—4 —4—4 —4—4 —4—4

| -13—12 -13—9 —-13—9 —-13—11 —-13—11 -8—12
Apmax (€ A3) 2.013 2.456 4.048 2.747 2.615 2.273
Apmin (€ A3 —1.225 —1.394 —3.735 —2.874 —2.674 —3.707
extinction coefficient 0.0048(12) 0.0048(16) 0.0056(19) 0.0059(18) 0.0125(17) 0.029(3)
R(F)for Fo? > 20(Fo9)2 0.0255 0.0300 0.0377 0.0363 0.0319 0.0314
Ru(Fd)P 0.0509 0.0707 0.0952 0.0852 0.0719 0.0715

AR(F) = JlIFol — IFcll/ZIFol. ® Ru(Fe?) = [TIW(Fo? — FAA/ 3 [W(Fo)] V2

Elemental Analysis. Semiquantitative microprobe elemental however, the Gd and Sb occupancy parameters remained close to
analysis was performed on an aggregate of GdiSk, single full occupancy ¢ 98%); therefore, the ideal compositions were used
crystals with an Hitachi S-3600N Variable Pressure Scanning in the final least-squares cycles which furthermore yielded well-
Electron Microscope (VP-SEM) with integrated energy dispersive behaved displacement parameters. Uggvalues for the Sb1 atom
spectroscopy (EDS) capabilities. Data were acquired using anremains somewhat large; however, the formula Gdib, as
accelerating voltage of 20 kV and 50 s acquisition times. The obtained from the above tasks is comparable to the EDS results.
aggregate analyzed resulted in atomic ratios of approximately —Table 2 shows the atomic positions, Wyckoff symmetry, aniso-
1:0.67:2 (Gd:Ni:Sb). These results are in good agreement with the tropic displacement parameters, and occupation of atoms for
atomic ratios of 1:0.63:2, as obtained from single-crystal X-ray LnNi;—,Shk, (Ln =Y, Gd—Er). The interatomic distances for these
diffraction structural refinements. compounds are listed in Table 3 for comparison of the isostructural

Single-Crystal X-ray Diffraction. For crystal structure deter-  phases. Additional crystallographic information and data collection
minations, fragments with dimensions ©{0.08 x 0.05 x 0.10 parameters are provided as Supporting Information.

mm? were chosen and glued onto glass fibers and mounted onto Physical Property Measurements.Magnetic properties were

the goniometer of a Nonius Kappa CCD X-ray Diffractometer. Data measured on aggregates of single crystals using a Quantum Design
were collected using graphite monochromatized Ma K = SQUID magnetometer. The temperature-dependent susceptibility
0.71073 A) radiation at room temperature. Lattice parameters of data were measured with an applied field of 1000 G up to room
the LnNi—,Sh, (Ln = Y, Gd—Er) compounds were determined temperature after being cooled 2 K under zero magnetic field.
from a 15 ¢ scan. Table 1 lists the crystallographic information Field-dependent magnetization data were also collected from zero
and other data collection parameters. field to 9 T at 2 K. Theresistivity (down to 2 K) and magnetore-

After an appropriate space groupd/nmm(No. 129, origin #2), sistance (at 3 K) data have been measured using a standard four-
was selected and the direct methods of SiR@Vere employed, probe method with a Quantum Design Physical Property Measure-
structural calculations and refinements for GdNsb, were done ment System (PPMS) at ambient pressure.
using the SHELXL97 packag¥. The preliminary model and
subsequent data were refined using the atomic positions reported
for HfCuSh,2* and later served as an initial model to refine the
remaining LnNi_,Sh, (Ln = Y, Tb—Er) compounds. The experi- Crystal Structure. The LnNi—Sky (Ln =Y, Gd—Er)
mental intensity data were corrected for absorption, and along with compounds crystallize with the HfCuSstructure type in
the application of a weighting scheme, all atoms were refined as the tetragonal space gro@#/nmm(No. 129) withZ = 2.
anisotropic. An extinction coefficient was determined from the least- The structure of GdNi,Sh, is shown in Figure 2. It is

squares cycles. The refinement initially yieldedRjf > 20(F2)] composed of layers of Sh square nets that are capped by Gd
of 0.0756 with a relatively large displacement paramet@r0400 atoms, and layers of NiShetrahedra arranged in an anti-

A2 for the Ni atom. This led to the refinement of the occupation of . acae .
the Ni (2a) atom site. To further check for deviations from the ideal PbO fashior?>* The Ln, Ni, Sb1, and Sb2 atoms occupy

composition, the occupations of the Gd (2c), Sb1 (2c), and Sb2 the 2¢, 2, 2¢, and 2D positions, respectively. .
(2b) atomic parameters were refined in separate sequences of least- A common unit in layered antimonide intermetallic
squares cycles. The Ni occupancy parameter refined@8%; compounds such as LngH LnT; Sk, 182224253841 | nSp-

Results and Discussion

(33) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarno, G. L.; Giacovazzo, (35) Grenvold, F.; Haraldsen, H.; Vihovde,JJ.Acta Chem. Scand954
A.; Guagliardi, A.; Moliterni, A. G. G.; Polidori, G.; Spagna, B. 8, 1927.
Appl. Crystallogr.1999 32, 115-119. (36) Bystran, A. Ark. Kemi. Min. Geol1945 20A No. 11.

(34) Sheldrick, G. M.SHELXL-97, Program for Refinement of Crystal  (37) Wang, R.; Steinfink, Hinorg. Chem.1967, 6, 1685.
Structures University of Gdtingen: Gdtingen, Germany, 1997. (38) Leithe-Jasper, A.; Rogl, B. Alloys Compd1994 203 133-136.
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Table 2. Atomic Positions, Site Symmetry, andJeq Values for LnNi;—xSh, (Ln =Y, Gd—Er)

atom Wyckoff site X y z occupancy Ueq(R2)2
YNigsSh
Y 2c Yy Yy 0.76259(14) 1.000 0.0127(3)
Ni 2a 34 1, 0 0.567(8) 0.0140(10)
Sb1 2c Yy 1, 0.13030(11) 1.000 0.0194(3)
Sh2 2b 3y 1, 1, 1.000 0.0125(3)
GdNipesShy
Gd 2c Yy i 0.76214(8) 1.000 0.0150(3)
Ni 2a 3, Yy 0 0.631(13) 0.0184(14)
Sb1 2c Y, 1Yy 0.12966(13) 1.000 0.0214(4)
Sh2 2b 3y Yy Y, 1.000 0.0153(4)
TbNio.ecSke
Tb 2¢c Y, 1Yy 0.76224(11) 1.000 0.0101(4)
Ni 2a 3y Yy 0 0.596(12) 0.0120(16)
Sbh1 2c Yy Y, 0.13057(16) 1.000 0.0168(5)
Sbh2 2b 34 1y 1, 1.000 0.0102(5)
DyNig.seShy
Dy 2c Yy 1, 0.76260(9) 1.000 0.0137(4)
Ni 2a 34 i 0 0.592(13) 0.0169(15)
Sbhl 2c Y, 1, 0.13178(14) 1.000 0.0205(4)
Sh2 2b 3y 1, 1, 1.000 0.0137(4)
HONig_ecSQ
Ho 2c Y, Y, 0.76286(8) 1.000 0.0105(3)
Ni 2a 3, 1Yy 0 0.597(10) 0.0139(13)
Sh1 2c Yy Yy 0.13225(13) 1.000 0.0173(4)
Sh2 2b 34 Y, 1, 1.000 0.0105(4)
EI‘Nio,53sz
Er 2c Yy Yy 0.76315(9) 1.000 0.0079(4)
Ni 2a 34 1, 0 0.530(10) 0.0063(13)
Sb1 2c Yy i 0.13311(15) 1.000 0.0150(5)
Sh2 2b 3y 1, 1, 1.000 0.0074(4)

aUeq is defined as one-third of the trace of the orthogonalidgdensor.

Table 3. Selected Interatomic Distances (A) i.nNi;—xSh, (Ln =Y, Gd — Er)

compound Y Gd Th Dy Ho Er
Sb2-Sb2 (x4) 3.0328(2) 3.0476(6) 3.0342(5) 3.0292(4) 3.0257(4) 3.023(4)
Ln—Sb2 (x4) 3.2498(10) 3.2729(4) 3.2526(8) 3.2418(7) 3.2358(6) 3.230(3)
Ln—Sb1 (x4) 3.1922(5) 3.2128(8) 3.1945(8) 3.1834(6) 3.1770(6) 3.170(3)
Ln—Ni (x4) 3.0778(9) 3.1048(7) 3.0847(8) 3.0703(6) 3.0616(6) 3.052(3)
Ni—Sb1 (x4) 2.4631(5) 2.4756(7) 2.4667(8) 2.4656(7) 2.4636(7) 2.464(2)

Shy,?” and LnTSRk*!*2are the formation of square or nearly slabs are equivalent for GdNjSh,, the Sb-Ni—Sb angles
square Sb nets. Within the perfectly Sb square nets ofare not equivalent, causing the tetrahedra to be somewhat
LnNi1—Sk, (Ln = Y, Gd—Er) are Sh2 atoms which are distorted. The SbNi—Sb angles are 104.02¢2and 121.03-
coordinated to 4 other Sb2 atoms separated by distances of5)° for GdNi;—xSh,. These values are essentially equal to
3.0328(2) A (Y), 3.0476(6) A (Gd), 3.0342(5) A (Tb), those found in the Y- and FbEr compounds.
3.0292(4) A (Dy), 3.0257(4) A (Ho), and 3.023(4) A (Er).  The Ni site in these LnNiSh, compounds is not fully

The Ln atoms are inserted between the Sb nets and theoccupied (see Table 2). The highest Ni occupancy is observed
NiSh, tetrahedra. In the LnNiSh, structure, the Ln atoms  for the Gd-analogue, while the lowest occupancy is found
cap the Sb nets, adopting an environment that is similar to for the Er compound. Deficiencies in the T site have also
the orthorhombic LnSb structure’” The Ln atoms in
LnNi;—Shy possess a distorted square antiprismatic geometry
as they are coordinated to 8 Sh atoms (4 Sb2 atoms as the
square base and 4 Sb1 atoms which form a second square).
With the substitution of smaller Ln elements, the distance
between the Ln atom and the Sb square nets decrease as a W - )
result of lanthanide contraction. These distances are 3.2498- SIS
(10) A (Y), 3.2729(4) A (Gd), 3.2526(8) A (Th), 3.2418(7) '
A (Dy), 3.2358(6) A (Ho), and 3.230(3) A (Er).

The Ni atoms are coordinated to 4 Sb1 atoms, forming
tetrahedral slabs. Although the NEb distances in the Nigb

(39) Brylak, M.; Mdler, M. H.; Jeitschko, WJ. Solid State Chenmi995

115 305-308. Figure 2. Shown is the structure of GdNiSk as viewed along thbc-
(40) Sologub, O.; NdeH.; Leithe-Jasper, A.; Rogl, P.; Bodak, O.J. plane with the unit cell outlined as a dotted line. The Gd atoms are
Solid State Cheml995 115, 441—446. represented as black circles, the Ni atoms are represented as heavily shaded
(41) Sologub, O.; Hiebl, K.; Rogl, P.; Bodak, O.J.. Alloys Compd1995 circles, and the Sb atoms are the lightly shaded circles. Some bonds and
227, 40—-43. atoms are not shown for clarity. The square antiprismatic environment of

(42) Brylak, M.; Jeitschko, WZ. Naturforsch.1995 50b, 899-904. Gd is outlined by dashed lines.
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Table 4. Structural and Magnetic Data for LnNiSb, (Ln =Y, La—Nd, Sm, Gd-Er) Compounds? (Formulas Written with “Ideal”

Stoichiometry)

ordering temperature

formula structure type ordering Te*, Tn (K) 0 (K) Uexp (UB) Ucalc (us) reference
YNiSh, HfCuSh PMme NA¢ NA NA 0 this work
LaNiSh, HfCuS, PMP NA NA NA 0 18
CeNiSh HfCuSh AFMP <4.0KP 0.00 1.44 2,54 18
HfCuSk AFMP 3.5Kb —39.2 2.50 24
HfCuSk FMmP *6.0 Kb 8
HfCuSk FMme *6.0 K¢ —22.0 2.30-2.38 14
PrNiSh “HfCuSiy” AFMP 6.0 Kb —4.00 4.00 3.58 18
CaBeGe! AFMP 6.3 Kb —2.50 3.58 30
NdNiSk, “HfCusSiy” AFMP <4.0 Kb —12.0 4.30 3.62 18
CaBeGe! AFMP 2.3 Kb +6.00 3.70 30
SmNiSk HfCuSk 1.80 0.85 18
GdNiSh HfCuSk AFMP 9.0 kb —44.0 9.60 7.94 18
HfCuSk AFM¢ 4.2 K —60.0 9.12 this work
TbNiSh, “HfCuSiy” AFMP 12.0K0 —44.0 10.80 9.72 18
CaBeGet AFMP 12.0K0 —2.50 9.10 30
HfCuSk AFM¢ 5.6 K —29.0 9.69 this work
DyNiSh, HfCuSh AFMP 10.0 K® —27.0 13.00 10.65 18
HfCuSk AFMP 8.2 Kb —5.00 10.20 19
HfCuSk AFM© 29K —14.0 10.00 this work
HoNiSh, HfCuSh AFMP <4.0 Kb —12.0 10.20 10.61 18
HfCuSk AFMP 6.6 Kb —4.50 9.80 19
HfCuSk AFM® 4.9 Ke —10.0 10.75 this work
ErNiSh HfCuSk AFM¢ 35K —7.00 10.71 9.58 this work

a Abbreviations: AFM, antiferromagnetic; PM, paramagnetic; FM, ferromagrBfi€urie temperaturefy, Néel temperaturegexp, experimental effective
momentiucal, calculated effective moment for Bh P Experimental data collected on polycrystalline samplé&xperimental data collected on single crystals.
d Note that the structures of the LnNiS{L.n = Pr, Nd, Th) compounds are defect structures of the @aBestructure type$
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Figure 3. Zero field-cooled magnetic susceptibility)(as a function of

temperatureT) with an applied field oH = 1000 G for single crystals of

LnNi1—Shky (Ln =Y, Gd—Er). The inset shows the MY behavior.

been observed in the structurally related compoundsCeT

Sk, (T = Mn, Fe, Co, Zn, C&# and LaTSk (T = Mn, Co,
Zn)?2 and also in the LnIn,Sh?’ and LnSpSh, com-

pounds’®

Physical Properties.The temperature-dependent magnetic

susceptibility of the LnNi-,Sh, compounds follows a Curie

Weiss Law (j = C/(T — 0)], whereC is the Curie constant

and @ is the Weiss temperature) dowm 6 K in anapplied

below 4.9 K, and TbNi,Sk, below 5.6 K. These data vary
greatly from the reported data, where measurements were
performed on powder sampl&si418.1924.3gple 4 compares
the previously reported data for compounds in the LnNiSb
series. A linear fit was applied to the paramagnetic regions
of each inverse susceptibility plot following the Curié/eiss

law [1/y = (L/IC)T — (6/C)] to obtain Weiss temperatures.
The fits extrapolate to negativevalues ca—60,—29, —14,
—10, and—7 K for the Gd-, Th-, Dy-, Ho-, and Er-analogues,
respectively, which is indicative of antiferromagnetic interac-
tions. Experimental effective moments obtained from the
equationues = V/8C, for the LnNi,Sh, compounds are
9.12/45, 969/13, 1000‘LLB, 1075/,63, and 1071“3 for Ln =

Gd, Th, Dy, Ho, and Er, respectively. These values are close
to the expected values for the tnfree ions (Table 4). The
experimental effective moments for the magnetic rare-earth
ions in the Gd and Er compounds are slightly larger than
the theoretical values obtained for these elements in the
trivalent state. The nonmagnetic analogue Yh8h, does

not order magnetically and neither does the temperature-
independent Pauli paramagnet LaNiStsuggesting that the
magnetic behavior of the LnNixSh, compounds is due
solely to the magnetic rare-earth atoms, as supported by the
experimental effective moments. The magnetic interaction,
or long-range magnetic order of these compounds, can likely
be described by the RKKY (Ruderman-Kittel-Kasuya-
Yosida) theory due to the relatively large distancés7 A
between the neighboring magnetic ions within the structures.

field of 1000 G as shown in Figure 3. Susceptibility data

Figure 4 shows the field-dependent magnetizai(i)

were measured on single crystals. Weak temperature-at 2 K for single crystals of LnNi, Sk, (Lh = Gd—Er). The
dependent paramagnetic behavior is observed for the Y magnetization of the Dy- and Ho-analogues begins to show

compound. At low temperatures (below 6 K), a kink in the
susceptibilities of the GdEr-analogues can be observed.
DyNi;—Sh, orders antiferromagnetically below 2.9 K,
ErNi;—,Shy below 3.5 K, GdNi—,Sky below 4.2 K, HONj_,Shy

signs of saturation below their theoretical saturation moments
(us) of 10 ug as calculated from the equatign= gJ, where

g is the Landefactor andJ is the total angular momentum
of the Lr*" ion. Below 3 T, a linear relationship of the
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Figure 4. Field dependencéH) of the magnetization\() of single crystals
of LnNi;—Sk, (Lh = Gd—Er) atT = 2 K.

magnetization-to-field, typical for antiferromagnetically or-
dering compounds, is observed for each analogue with no
hysteresis present. The Gd (theoretical= 7 ug), and Tb
compounds (theoreticals = 9 ug) show no signs of
saturation up to 9 T.

A plot of the temperature-dependent electrical resistivity
(p) of single crystals of LnNiL.,Sk, (Lh =Y, Gd—Er) along
theab-plane is shown in Figure 5a,b. Each sample exhibits
metallic character, with the Gd-analogue (Figure 5a) pos-
sessing the lowest resistivity20 ©2-cm at room temper-
ature. Residual resistivity ratios (RRR p2gsk/p2x) for these
samples range from 1 to 4. There is a drop in the resistivity
of the Dy- and Ho-analogues, a phenomenon commonly
observed in rare-earth intermetallics and attributed to Kondo
lattice behavior. The magnetoresistance, defined as MR(%)
= (on — po)/po x 100, & 3 K andH parallel to thec-axis
for each LnNj_Sh, compound is shown in Figure 6. The
magnetoresistance behavior for these antiferromagnetic
samples is probably due to electron-spin scattering at low
temperature$® The MR of the Dy- and Ho-analogues begins
to saturate ngab T above 100% and 150%, respectively.
No evidence of saturation for the Y- and Er-analogues is
seen up to 9 T. Large magnetoresistance has been observed
in other layered nonmagnetic antimonides, most notably in
the rare-earth diantimonide LaSlwhose MR> 750% atT
=2 KandH Il c at 5.5 P*and MR> 8500% atT = 2 K
andH O ab-plane at 45 T° Overall, the magnetoresistance
behavior for these compounds is systematic and scales with
the bulk magnetism and correlated to the magnetization.

Large positive magnetoresistance behavior9aT is
observed for each compound in LnANiSh, (x ~ 0.4). The
Dy- and Ho-analogues possess MR values above 100%,
while the MR for the Y and Er compounds continually
increases with increasing field. Although the ordering

P (uQ-cm)
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Figure 5. Temperature dependencE) (of the electrical resistivityd) of
single crystals of (a) Le= Gd, Dy, Ho, Er and (b) Ln=Y, Tb down to 2
K along theab-plane.

H(T)

Figure 6. Field dependence of the magnetoresistardgedy x 100) atT
= 3 K measured on single crystals of LANi{Sk, (Ln =Y, Gd—Er) along
the ab-plane with an applied field upt9 T parallel to thec-axis.

temperatures of these compounds do not scale with the de
Gennes factordG = (g — 1)2J(J + 1)], the magnetization
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is due to the magnetic rare-earth ions and correlatesambiguity of their magnetic property data and will allow for
systematically with the number of f-electrons. a correlation of their crystal chemistry and physical proper-
It is worthwhile to note that these LnNiSh, (Lh =, ties.
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