Inorg. Chem. 2007, 46, 3010—-3016

Inorganic:Chemistry

* Article

Discovery of fB-LnNiSb sz (Ln = La, Ce): Crystal Growth, Structure, and
Magnetic and Transport Behavior

Evan Lyle Thomas, ' Dixie P. Gautreaux, T Han-Oh Lee, * Zachary Fisk, ¢ and Julia Y. Chan* -f

Department of Chemistry, Louisiana State kbrisity, 232 Choppin Hall, Baton Rouge, Louisiana
70803, Department of Physics, Warsity of California, One Shieldsuz&nue, Dais, California
95616, and Department of Physics & Astronomy, dénsity of California, 4129 Frederick Reines
Hall, Irvine, California 92697

Received August 21, 2006

A new polymorph of CeNiShz has been grown from a Sn flux and characterized by single-crystal X-ray diffraction.
J3-CeNiShs crystallizes in the orthorhombic space group Pbcm (No. 57) with Z = 8. The unit cell parameters are
a=129170(2) A, b = 6.1210(5) A, ¢ = 12.0930(6) A, and V = 956.13(9) A3. Its layered structure contains
structural motifs similar to that of the first form of CeNiShz and consists of Ce atoms inserted between anionic
layers of nearly square «?[Sh] nets and distorted ..2[NiSh,] octahedra. We report the synthesis, magnetization,
electrical resistivity, and specific heat of the new form of CeNiSh; and compare the structures and physical properties
of both polymorphs.

netic (AFM) states belowWc ~ 132 K811 Susceptibility data

for the Ce, Pr, Nd, and Sm analogues also show two magnetic
transitions (FM afT ~ 100-120 K and AFM atT < 30

; ) i X i K).461213The Gd analogue shows a ferrimagnetic transition
interesting physical property behavior and also unique at Tc ~ 90 K415 while the Tb and Dy analogues display
bonfjing within their strugture§.3 The Iay_ered LnTSH only AFM oréering at temperatures below 17°HKt is has
fam!ly, where T=V, Cr, N' and Pd, is studied beca_luse Of. been suggested that lanthanide contraction leads to the shift
the influence of the transition metals on both the anisotropic ¢, EM to AEM ordering, which is favorable for rare-earth
magnetic behavior and the crystal chemistry of these atoms® However, YbCrSh (Yb?") is reported to have the

compounds. LaCrgb(a = 13.276(2),b = 6.209(1),c = highest ordering temperature of any member of this series
6.114(1) A,Z = 4) orders ferromagneticallyT¢ ~ 125— with Te ~ 280 K16

146 K)"7 as a result of the ordering of the Cr ions. More g qittion of Cr with Ni has led to the discovery of
recent susceptibility data for single crystals of LaGrSiow CeNiSh [a = 12.6340(7)b = 6.2037(3),c = 18.3698(9)
a coexistence of the ferromagnetic (FM) and antiferromag- A, Z = 12] which displays Kondo lattice behavior and FM

. ordering belowlc = 6 K.1"18The CeNiSh structure type is
Ichan@  nown to exist only when La= Pr, Nd, and Sm? Each of

Introduction

Rare-earth intermetalliesparticularly those consisting of
a lanthanide (Ln), transition metal (T), and antimetdjsplay
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Discovery of f-LnNiSbs

these metallic, highly anisotropic compounds orders anti- Table 1. Crystallographic Data fof-LnNiSbs (Ln = La, Ce)

ferromagnetically below 5 K2 Incidentally, further substitu-

LaNiShs CeNiSh

tion of the _transition metal with Pd has led to another —J = o (@amu) 56287 564.08
structure, witha = 12.780,b = 6.330,c = 12.453 A, andZ space group Pbcm Pbcm
= 82021 Sjmilar to CeNiSl, CePdSpalso exhibits Kondo cryst system orthorhombic orthorhombic
lattice behavior: h i i below A 13.0970(2) 12.9170(2)
attice behavior; however, antiferromagnetism appears below |, () 6.1400(4) 6.1210(5)
Ty~ 3 K2 c(A) 12.1270(4) 12.0930(6)

In our search for strongly correlated electronic systéms, YA 375-20(7) 8956-13(9)

we typically employ a metal(lic) flux-growth method as @ gimens min/mid/max (m#)

0.050/0.050/0.10

0.080/0.080/0.10

synthetic route to obtaining single crystals of these materials. temp (K) 298(2) 298(2)
This technique has facilitated the characterization and study giﬁggiegf%(g c) [P 7837 00
of se\_/eral novel intermetallic phases. Our crystal growth ,, (mm1 28573 29.728
experiments of CeTSb(T = Ni, Pd), show that sample Trnin/ Tmax 0.1749/0.2396 0.0739/0.0927
preparative conditions can influence the structural arrange- collected reflcns 2677 2601

. . independent reflcns 1491 1445
ments and thus the physical properties of these cqmpounds. Ri 0.0396 0.0181
From the efforts to grow larger crystals of CeNiSlor h -18=<h=<18 —17<h=<18
magnetic and transport measurements by using Sn rather thank :? 65<k|5<816 :? 65<k|5<81 .
Sb as flux, we have discovered a new polymorph of this  gata/paramsrestraints 1491/53/0 1445/53/0
phase. The two polymorphs are similar with regards to their goodness of fit orf-s* 1.110 1.118
structures (containing Ce-cappetiSh] nets and.2[NiSby] ﬁgméx((ee é_:)) [ ool
octahedra with comparable distortions) and their physical eytinction coeff 0.0056(5) 0.00030(7)
properties (Kondo lattice behavior, large magnetic anisotropy, Ru(F) for Fi?> 20(F?)? 0.0627 0.0282

Ru(Fo?)P 0.1779 0.0716

and enhance@/T at their magnetic transitions). °
In this paper, we describe the synthesis of the new form
of CeNiSh (hereaftep3-CeNiSh) and compare the structures
of the two polymorphs along with a relationship to the
CeCrSh-type structure. Furthermore, magnetization, electri-

3Ry(F) = S1IFo| — [FdV3|Fol. ® R(F?) = T [W(Fo? — FAV T [W(Fo)F 2
w= 1/[0%(Fcd) + (0.140%)2 + 1.2064°] andw = 1/[0X(Fo?) + (0.014(P)2
+ 12.872%), whereP = (Fo2 + 2F)/3 for Ln = La and Ce, respectively.

cal resistivity, and specific heat data are also presented andrhere were no signs of surface oxidation when the crystals were
compared. exposed to air and moisture over a period of weeks.

Single crystals from th8-LnNiSb; (Ln = La, Ce) samples were
ground into a fine powder, placed on a no-background holder, and
screened for homogeneity and possible impurity phases using

Synthesis.Single crystals of3-LaNiSh; and 5-CeNiSky were powder X-ray diffraction on a Bruker D-8 X-ray diffractometer
grown via a flux-growth method using excess Sn. La and Ce ingot with monochromatized Cu & radiation,A = 1.540562 A. Sample
(99.9%), Ni powder (99.999%), Sh shot (99.999%), and Sn shot homogeneity was also confirmed by conducting lattice determina-
(99.8%) were purchased from Alfa Aesar and weighed and then tions on several crystals using single-crystal X-ray diffraction. The
combined ind a 5 mLalumina crucible in a 1:1:3:20 (Ln:Ni:Sb:  experimental powder pattern was compared to the calculated powder
Sn) molar ratio. (Tin was chosen as a flux because of its lower pattern generated from the refined structurggaeNiSh.
melting point compared to that of Sb, which would allow for a Single-Crystal X-ray Diffraction. A mechanically fragmented,
longer cooling window and the formation of larger single crystals.) block-shaped crystal gf-CeNiSh with dimensions 0f~0.080 x
The crucible was then covered with quartz wool and sealed into 0.080x 0.10 mn? was mounted onto the tip of the glass fiber of
an evacuated fused-silica tube. The reaction vessel was heated t@ goniometer with epoxy and placed on a Nonius Kappa CCD X-ray
a temperature of 1423 K and held constamt§d and then cooled diffractometer (Mo K radiation, 1 = 0.710 73 A). Room-
at arate 65 K h™1 to 523 K (just above the melting point of Sn  temperature data collection parameters and other crystallographic
metal). After the temperature reached 523 K, the excess Sn wasdata are listed in Table 1. The orthorhombic Laue symmmimym
separated from the single crystals by centrifugation. Thin and brittle, and systematic absences found led to the selection of space group
shiny, black, sheetlike crystals with dimensions up to 0<18 x Pbcm(No. 57), transformed from the nonstandard setftimgna
5 mm? were mechanically extracted from the product. Crystals with The initial structural model was generated using SAR@nd then
topical flux were etched in concentrated HCI for several minutes. refined using the SHELXL97 packag&Refinement of the atomic
positions led to a further correction of the data by the calculation
of an extinction coefficient and also by the anisotropic refinement
of the displacement parameters. As a check for deviations from
the ideal stoichiometry, the atomic occupancy parameters were
refined in separate sets of least-squares cycles. Since no considerable
deviations were observed, each atomic sit@-i@eNiSk may be
considered fully occupied. [Partial occupancies were observed on

Experimental Section
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Thomas et al.
Table 2. Atomic Positions, Wyckoff Site Symmetry, andk, Values forg-LnNiShs (Ln = La, Ce)

atom Wyckoff site X y z Ugq (A2

Lal & 0.69985(7) Y, 0 0.0077(3)

La2 ad 0.30410(7) 0.26099(11) 3/4 0.0077(3)
NiL 8e 0.10248(10) 0.0302(2) 0.86359(9) 0.0105(4)
Sb1 & 0.97547(8) y, 0 0.0128(3)

Sb2 4 0.78994(8) 0.25128(12) 3/4 0.0080(3)
Sb3 & 0.50131(5) 0.50751(9) 0.87603(4) 0.0087(3)
Sb4 & 0.21479(8) Y, 0 0.0079(3)

Sbs 4 0.94673(7) 0.88313(14) 3/4 0.0121(3)
Cel & 0.69921(4) Y, 0 0.00697(13)
ce2 4 0.30482(4) 0.26209(7) 3/4 0.00675(13)
Nil 8e 0.10429(6) 0.03016(13) 0.86352(6) 0.00943(18)
Sbl & 0.97482(5) Y, 0 0.01116(15)
Sb2 & 0.78593(5) 0.25134(8) 3/4 0.00747(15)
Sh3 & 0.50154(3) 0.50804(6) 0.87596(3) 0.00812(13)
Sba & 0.21859(5) Y, 0 0.00734(15)
Sbs & 0.94614(4) 0.88374(10) 3/4 0.01086(15)

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

Table 3. Selected Interatomic Distances (A) #iCeNiSh

Cel-Sh1l 3.5601(8) NitNil 2.7456(15)
Cel-Sh2 (x2) 3.2241(3) Nit-Sbl 2.5901(8)
Cel-Sh3 (x2) 3.3419(5) Nit-Sbl 2.7076(9)
Cel-Sh3 (x2) 3.3562(5) Nit-Sb2 2.6093(9)
Cel-Sh4 (x2) 3.2395(3) Nit-Sb4 2.5913(8)
Ni1—Sb5 2.6193(9)
Ce2-Nil 3.2572(9) Nit-Sh5 2.6444(10)
Shi-Sbi 3.1289(4)
Ce2-Sh2 3.2159(7) SbiSb4 3.1488(9)
Ce2-Sh2 3.3388(7) SbiShs 3.2943(3)
Ce2-Sh3 (x2) 3.3158(6) Sh2Sh5 3.0571(8)
Ce2-Sh3 (x2) 3.3232(6) Sh3Sh3 3.0020(7)
Ce2-Sh4 (x2) 3.2227(3) Sh3Sh3 3.0464(7)
Ce2-Sb5 3.3261(7) Sh3sh3 3.0607(6)

the T (&) and Sb1 (d) sites of CeTSh(T =V, Cr).%9 In the

final refinement procedure @fCeNiSh, a weighting scheme was

calculated which gav®, = 0.0282 andR,, = 0.0716. The highest

peak and deepest hole in the electron density map were 5.514 and

—1.705 e A3, which are 0.91 and 0.65 A, respectively, from Sh5.

Atomlg coordinates and an|sotrpp|c d|spl.ace.ment parameFers a_reFigure 1. Crystal structure of-CeNiSk with the unit cell outlined. The

given in Table 2, and selected interatomic distances are listed in shaded circles are Ce atoms, the solid circles are Ni atoms, and the open

Table 3. Detailed information on the data collections in CIF format circles are Sb atoms. The bonding environments of Cel and Ce2 are shown

is provided as Supporting Information. as dashed lines. Ce2 adopts a monocapped square antiprismatic environment,
Physical Properties.Magnetic measurements on single crystals Nile Cel adopts a square antiprismatic environment.

were performed using a Quantum Design Magnetic Property

Measurement System (MPMS) superconducting quantum interfer- .
ence device (SQUID) magnetometer. Zero-field-cooled (ZFC) The V and Cr analogues are isostructural to Ceg {8b=

temperature-dependent susceptibility data were measured with an13'108(3)'t_) = 6.184(1),c = 6'079(1). A]'ZS while the_ first
applied field of 0.1 T from 1.8 to 330 K, and then field-cooled eported Ni analogue (hereafierCeNiSh) has cell dimen-
(FC) measurements were taken by cooling the sample from room Sions ofa = 12.6340(7) b = 6.2037(3), andt = 18.3698-
temperature to 1.8 K. The field-dependent susceptibility was (9) A.X” The Pd analog#@ and the new form of the Ni
measured upot 7 T at 2 K. Theresistivity data were measured analogue & = 12.9170(2),b = 6.1210(5),c = 12.0930(6)
using a standard four-probe method down to 1.8 K with a Quantum A] presented here are isomorphous. Each of these layered
Design Physical Property Measurement System (PPMS) at ambientstryctures contain similar subunits, including two-dimensional
pressure. The specific heat was measured with a Quantum Designsquare or nearly square Sb netg[$b]) capped by C&

PPMS using a thermal relaxation method from 0.4 to 20 K in zero
atoms and TShoctahedra TS stacked along the
applied field. The entropy data was calculated by integrating the s L1TSk]) 9

. L a-direction.
specific heat divided by the temperature. . . .
P y P Figure 1 shows the ball and stick representation for
Results and Discussion B-CeNiShk. While both forms of CeNiSh contain two

crystallographically inequivalent Ce atoms, in thdorm

Structure. The ternary antimonides CeTS@r =V, Cr, these atoms have different coordinations. The Cellgbms

Ni, Pd) all crystallize in thePbcmspace group in one of
three structure types: CeCr3B CeNiSh? or CePdSp?0-2!

(26) Macaluso, R. T.; Sarrao, J. L.; Pagliuso, P. G.; Moreno, N. O.;
Goodrich, R. G.; Browne, D. A.; Fronczek, F. R.; Chan, JJYSolid
(25) Brylak, M.; Jeitschko, WZ. Naturforsch., BL995 50, 899-904. State Chem2002 166, 245-250.
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Discovery of -LnNiShs

Figure 2. Projection of the,2NiSh,] polyhedra along thédc-plane of both CeNiSpforms.

are surrounded by 8 Sb atoms adopting a square antiprismatidNiSb (NiAs-type)?” Angles between the Ni and Sb atoms
geometry where 4 Sb atoms of the Sb3 net form a squarein both forms diverge considerably from the ideal°90
base and 4 Sb atoms from th&NiSh,] layer form a slightly Furthermore, the Ni metalmetal interactions are present in
larger square directly above but twisted°4B relation to both forms and occur at the adjourning octahedral faces with
the first square. On the other hand, the Ced @oms are Ni—Ni distances of 2.7456(15) A in the-form and Ni2-
surrounded by 9 Sb atoms and adopt a monocapped squardli2 distances of 2.7214(12) A in the-form.t
antiprismatic geometry similar to the geometry of Cel but The major distinction with CeCrgb a-CeNiSh, and
with an additional Sb5 atom capping the larger second 5-CeNiSh lies in the connectivity, or packing, of the TSb
square. It should be noted that there is also an Sb1 atom inoctahedra alongc. Figure 3a-c¢c shows the polyhedral
the capping position of Cel at a distance of 3.5601(8) A; representations and relationship of these structures. It
however, we consider this distance too far for strong bonding. becomes obvious in this series of compounds that the
In o-CeNiSh, both Ce atoms have identical geometries with structure type adopted is a function of the transition metal.
Cel (4) being bonded to 4 Sbl, 2 Sb2, 2 Sb4, and 1 Sb6 The NiSk octahedra ins-CeNiShk (Figure 3b) are edge-
atoms and Ce2 €} being bonded to 2 Sb1, 1 Sb2, 2 Sb3, 3 sharing in theb-direction and both edge- and face-sharing
Sb4, and 1 Sb5 atomi$.The Ce atoms in both forms are in the c-direction, resulting in an approximate doubling of
staggered above and below t5Sb] nets. In3-CeNiSh, the c-parameterd = 12.0930(6) A] when compared to that
the Ce1-Sb distances of 3.2241(3B.3562(8) A and the  of CeCrSh (Figure 3a). The?[NiSh,] octahedra irn-CeN-
Ce2-Sb distances of 3.2159(#B.3388(7) A are comparable  iSbh; (Figure 3c) are edge-sharing inand edge- and face-
to the CetSh distances of 3.2225@3B.3112(6) A and sharing inc, however with two different types of edge-
Ce2-Sb distances of 3.2260@38.4509(4) A ino-CeN- sharing octahedra in.!” This gives rise to an approximate
iShs.17 tripling of its c-parameterd = 18.3698(9) A] in comparison
As shown in Figure 2, thg?[NiSh,] octahedra of3-CeN- to CeCrSh. For reference, the’[CrShy] octahedra are edge-
iSb; connect in a manner different from that for the octahedra sharing alondp and only face-sharing alorey® Furthermore,
found within a-CeNiSh. These«?[NiSh,] octahedra are  we find that the,][NiSh,] octahedra in3-CeNiSk are less
edge-sharing irb and both edge- and face-sharingdrin distorted than the?[NiSh,] octahedra ofx-CeNiSk but more
both phases. The NiSb bond distances j+CeNiSh range distorted than the?CrShy] octahedra of CeCrSb
from 2.5901(8) to 2.7076(9) A, which on average are slightly ~ The infinite, nearly square?Sb] nets of both CeNiSp

longer but comparable to the NEb distances in-CeNiSh, forms are shown in Figure 4. In thiieform, Sb3 (&) atoms
WhICh_ range_ from 2.5498(7) to 2'_6708(7).1Aand also '['0 (27) Chen, T.; Mikkelsen, J. C.; Charlan, G.B.Cryst. Growthl978 43,
the Ni—Sb distances of 2.5675 A in the NiSbctahedra in 5-12.

Inorganic Chemistry, Vol. 46, No. 8, 2007 3013
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Structural Stability. To determine the structural stability

of 5-CeNiSh, we performed several synthesgsCeNiShk

can only be obtained in high yield when samples are slowly
cooled to just above the melting point of Sn505 K). From

the reactions of Ce, Ni, and Sb in excess Sn, the yields of
B-CeNiSh are typically low, with the major impurity phase
NizSn, and lesser amounts of Sn metal. We note that via an
Sb flux-growth methody-CeNiSh is obtained when samples
are removed from the furnace above the melting point of Sb
(~943 K) to avoid Sb deposition on the crystal surfaces.
Furthermore, use of the arc-melting technique followed by
subsequent annealing using Ce, Ni, and Sb also led to
homogeneous.-CeNiSh.

Experiments to transform-CeNiSh into 5-CeNiSk were

also conducted. Single crystals (82.6 mgye€eNiSkh were
combined with 350 mg (or a 20-fold excess) of Sn shot and
placed in an alumina crucible and covered with quartz wool.
This sample was sealed under vacuum in a fused-silica tube
and heated to 1423 K where it remained for 24 h and then
cooled &5 K h™*to 573 K. Upon reaching 573 K, the molten
Sn was removed by centrifugation. Although the reaction
was heated for only 24 h and cooled fe¥ days, a noticeable
amount of thea-form was converted into thg-form as
confirmed by subsequent X-ray diffraction data collections.
Other phases present in the powder diffraction patterns from
the above reaction were exclusively unconverde@eNiSh

and Sn. These experiments suggest {haeNiSh is a
metastable phase in which there is no Sn present within the
structure and that-CeNiShk may be dissolved by Sn, which
plays an important role in the reduction of the activation
energy barrier necessary to convert¢h&om to thes-form.

While we can stabilize thg polymorph when samples

are removed from the furnace at 52873 K, we note that
the s polymorph can also be stabilized at higher temperatures
such as when samples are spun at 943 and 723 K. However,
the yield is typically low when samples are removed at higher
temperatures, compared to when samples are removed at 573
K. This suggests that the stability gfLnNiSh; (Ln = La,
Ce) is kinetically rather than thermodynamically driven. In
Figure 3. Polyhedral representations of the structures of (a) Ce£(8p addition, we have attempted several syntheses using other
e o, g ot chc e S S o e 12X metals stch a5 In (mr 430 K) and B (mp= 544 K.
octahedra represent TSBhe dark blue and light blue polyhedra distinguish  IHOWever,5-LnNiShs (Ln = La, Ce) can only be synthesized
the two inequivalent crystallographic Ni atom sites. using Sn flux under our growth conditions.

Physical Properties.3-CeNiSky single crystals have a
form these nets, while both Sblgj8and Sb3 (4) atoms  rectangular thin platelike morphology with the out-of-the-
bond to form the square nets in tiform. Sb—Sb distances p|ate axis as the Crysta”ir@.axis_ In the p|ane, however,
in the -form range 3.0020(7)3.0608(3) A, shorter when e have not distinguished thb- and c-axes. From a
compared to the ShSb distances of 3.0616(3B.1035(2)  comparison of the magnetic property data with those of the
A'in the a-form 17 These distances are similar to the-b a_phase, we assume the ferromagnetic easy axis saes.
distances of 2.9083.355 A in elemental antimon%?.Yet The temperature_dependent magnetic susceptibﬂ(@lin
still, the Sb-Sb bonds within the[Sb] nets in thex-form an applied field of 0.1 T between 1.8 and 30 K for a single,
are more uniform. We note that the buckling of these nets plate-shaped crystal g#-CeNiSh (1.99 mg) is shown in
in the a-form is more pronounced than in tifeform as  Figure 5. A spontaneous magnetic moment develops below
shown in Figure 4, with SbSb—Sb angles in thex-form 6 K with the applied magnetic field alongaxis, similar to

ranging 84.95(1y94.94(1) * compared to angles of 88.113- what is observed in thg(T) of the a-form2° A weaker
(14)—91.868(14) in the g-form.

(29) Lee, H.-O.; Nakatsuji, S.; Chen, Y.; Bao, W.; Hundley, M. F.;
(28) Donohue, Jrhe Structures of the Elemend®hn Wiley & Sons: New Macaluso, R. T.; Chan, J. Y.; Carter, B.; Klavins, P.; Schlottmann,
York, 1974. P.; Fisk, Z. Unpublished.
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Figure 4. «2[Sb] square nets i-CeNiSky and a-CeNiSh!? with bond distances in A.

5.0

700

| BCeNisb,

40 [

30

[‘ (mol-Ce/emu)

7 (emu/mol-Ce)

- &

20 25

10 15
TK)

Figure 5. Anisotropic data from ZFC (closed markers) and FC (open
markers) measurements of the temperature dependénotthie magnetic
susceptibility §) for a single crystal of-CeNiSky (H = 0.1 T). Inset: ZFC
inverse magnetic susceptibility data. Lines are drawn to guide the eye.

30

ferromagnetic (FM) feature appears alongdhandb-axes.

ion. The effective moments obtained from fits to hé data

for thea-phase are 2.93, 2.39, and 23 with 6 values of
—156,—2.3, and 29 K with the applied magnetic fields along
the crystallinea—c-axes, respective§?. An average 2.5@s/

Ce is obtained, which is closer to the expected value for
Ce**.2%In the 5-phase, the large positivé value along the
a-axis may be attributed to the strong interactions between
atoms surrounding Ce in the crystal lattice in addition to the
magnetic fluctuation of thémoments. Yet, in contrast to
the a-phase, where thé values are negative along tlae
andb-axes and positive along tleeaxis, the Weiss temper-
atures are positive in th@-phase, which suggests the
existence of FM components along all three directions and
is consistent with the FM susceptibility at low temperatures
along theb-axis.

The magnetization as a function of field/(H), for
B-CeNiSh at 2 K isshown in Figure 6. The magnetization
saturates quickly along theaxis with a saturation moment
of ~1.2 ug/Ce, indicating this axis as an easy axis. Along
theb-axis, saturation begins to appear abdvl and reaches
a saturation moment of 1.6 us/Ce, while, along tha-axis,

Differences (anisotropy) between the ZFC and FC measure-& Saturation moment 0#0.35 us/Ce is reached aboves

ments along the crystallographée andb-axes may be due

T. The magnetic moments obtained along each direction are

to the FM character of the spins along these directions asSlightly smaller than the theoretical saturation momes:

well as along the-axis. The most distinct difference in the
susceptibility data ofi-CeNiSh and3-CeNiSh occurs when

H Il b. In the -form, there is a FM character of theaxis,
whereas ino-phase the susceptibility shows antiferromag-
netic (AFM) behavior along this directiocl. The inverse
susceptibility ¢*) for 5-CeNiSh is shown in the inset of
Figure 5. They along each direction obeys CuriVeiss
law [y = C/(T — 6)] at high temperatures (above 100 K)
with effective moments of 1.80, 2.54, and 2/&8and Weiss
temperaturest]) of 22.8, 8.4, and 1.4 K when oriented along
the a—c-axes, respectively, with averages of 2.26 ug,
slightly less than the calculated 2.4 for the Cé* free

= gJ) of 2.14up/Ce. The saturation moments @fCeNiShk

are 0.5, 1.04, and 1.55 (easy axigyCe along thea—c-
axes, respectivel§. Interestingly, the magnitude of the
saturation moments alorg andc-axes in thgg-phase differs
from the a-phase. While the largest moment is along the
easyc-axis in thea-phase, the largest moment appears along
the b-axis instead of the FM easgraxis in the-phase.
o-CeNiSh has a FM spin spiral structure with strong FM
behavior along thec-axis, weak FM behavior along the
a-axis, and AFM behavior along tHeaxis?°® In 3-CeNiSk
however, all three axes show FM behavior, implying that
the FM spins do not remain in thee-plane, but there is an
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Figure 6. Field dependence of the magnetizatibt{H), at 2 K for a single 7K

crystal of 3-CeNiSh. Figure 8. Temperature dependence of the electrical resistiiti),
measured along thec-plane for single crystals of the La and Ce analogues
of both CeNiSh forms.

2000

The entropy at the transition temperature-¥100 mJ/(mol

of Ce K), which is around 70% dR In 2, whereR (~8314
mJ/(mol K)) is a gas constant. Assuming the ground state
before the FM transition has a doubly degenerate spin-state,
R In 2 of entropy is expected at the transition temperature if
there is no Kondo effect. The reduced entropylathere,
therefore, suggests the existence of the Kondo effect, similar
to that fora-CeNiSh.18

The temperature dependence of the electrical resistivity,
p(T), for single crystals of- andj3-LnNiShs (Ln = La, Ce)
measured along theaxis is shown in Figure 8. The transport
data fora-CeNiSh have been reported previoushMetallic,
Kondo lattice behavior is observed fCeNiSh, while the
Figure 7. Specific heat and entropy in zero field farCeNiSh?7 (open La analogues of both phases show simple metallic behavior.
triangles) ang-CeNiSh (closed circles). A broad shoulder appears at high temperaturesxfoand

FM component along the-axis as well. It is worthwhile to ~ -CeNiSh and suddenly drops & K which coincides with
note that the Sb nets in the-plane (as shown in Figure 4) the transition to FM order in thg data. The broad peak
are more distorted in the-phase. It is not clear whether the feature around 100 K in the(T) of the a-phase is shifted to
spiral type spin arrangement is presenpiCeNiSh. The ~70 K in the 8-phase and may be attributed to the change
different geometries of the Cel and Ce2 atoms irptiphase in the crystalline electric field of neighboring atoms to Ce
may cause two different types of spin alignments along the in the crystal lattice. Upon subtraction of th€T) of the
Cel-Ce2 nets which may cause a more complicated -La compound, a logarithmic temperature dependence of
magnetic structure and affect the magnitude of the saturationthe resistivity at high temperatures is observed. This is
moment. This could also be responsible for the FM behavior suggestive of a typical Kondo lattice with a FM ground state
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observed along thb-axis. and a moderate Kondo effect similar to that 66CeNiSh.
Specific heat C/T) data foro-CeNiSkh and 5-CeNiSk _
are shown in Figure 7. A single peak is observed at 6 Acknowledgment. We thank Peter Klavins of the De-

K for both compounds. This transition is very sharp for the partment of Physics at the University of California, Davis,
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related to the sample quality. However, if this behavior is
intrinsic, a different spin wave of themoment from the
o-phase may be responsible. Thevalue estimated from
the fitting to C/T = y + AT? is ~60 mJ/(mol K), showing

a moderate Kondo effect similar to that forCeNiSk.*® IC0615832

Supporting Information Available: X-ray crystallographic data
in CIF format. This information is available free of charge via the
Internet at http://pubs.acs.org.
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