Downloaded via UNIV OF TEXAS AT DALLAS on May 7, 2019 at 19:25:50 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Inorganic Chemistry-

pubs.acs.org/IC

The Role of Crystal Growth Conditions on the Magnetic Properties

of Ln,Fe,_,Co,Sb; (Lh = La and Ce)

and Julia Y. Chan*"

Ashley Welland i Sheng Li,* Katherine A Benav1des, Joseph V. Burnett " JoAnna Milam-Guerrero,’
Abbey ]J. Neer, Gregory T. McCandless, Bing Lv,

"Department of Chemistry & Biochemistry, “Department of Physics, University of Texas at Dallas, Richardson, Texas 75080, United

States

§Department of Chemistry, University of Southern California, Los Angeles, California 90089, United States

O Supporting Information

ABSTRACT: Single crystals of Ln,Fe,_,Co,Sbs_,Bi, (Ln = La, Ce;
0 <x<05;0<y<02) were grown using Bi flux and self-flux
methods. The compounds adopt the La,Fe,Sby structure type with
tetragonal space group I4/mmm. The La,Fe,Sby structure type is
comprised of rare earth atoms capping square Sb nets in a square
antiprismatic fashion and two transition-metal networks forming a
PbO-type layer with Sb and transition-metal isosceles triangles.
Substituting Co into the transition-metal sublattice results in a
decrease in the transition temperature and reduced frustration,
indicative of a transition from localized to itinerant behavior. In this
manuscript, we demonstrated that Bi can be used as an alternate flux
to grow single crystals of antimonides. Even with the incorporation of
Bi into the Sb square net, the magnetic properties are not

<.

significantly affected. In addition, we have shown that the incorporation of Co into the Fe triangular sublattice leads to an

itinerant magnetic system.

1. INTRODUCTION

Crystal structures containing antimony nets capped with rare
earth ions, as in the layered SmSb, structure type,' have
garnered significant interest because of their physical proper-
ties, including charge density waves,” large magnetoresist-
ance,”* and superconductivity.” The SmSb, structure type' is
highly anisotropic, containing rectangular antimony nets
capped by rare earth ions, and underpins the structures of
ternary antimonides containing a transition-metal sublattlce
SmSb, exhibits magnetoresistance of over 50000%,” and the
isostructural LaSb, exhlblts linear, nonsaturating magneto-
resistance up to 45 T." The incorporation of a transition-metal
sublattice into the SmSb, structure type allows for the
investigation of magnetism exhibited by compounds contain-
ing both localized f-electrons found in lanthanides and the
traditionally itinerant d-electrons of transition metals. For
example, LnMSb, (Ln = lanthanide; M = first row trans1t10n
metal)® compounds of the HfCuSi, structure type’ can be
described as the SmSb, structure type with a tetrahedral
transition-metal—antimony sublattice inserted.” Other exam-
ples of how the SmSb, structure type can be used as a building
block to design new materials that can lead to exotic and
complex electrlcal and magnetic properties have been recently
reviewed.® Large magnetoresistance has been found in
LnNi;_,Sb, (Ln = Y, Dy, Ho; x ~ 0.8), where the
magnetoresistance is above 100% at 3 K and 9 T.” Recent
interest in the HfCuSi, structure type and structurally related
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compounds has been spurred by work on topological
semimetals, such as Sr;_Mn,_Sb, (y, z < 0.1)' and
YbMnSb,,'' where the Mn carries a magnetic moment in
both compounds. The field of topological materials has been
experiencing rapid recent growth'”"* and materials containing
Sb or Bi sheets have been found to host electronic band
crossings that can result in topological phenomena.'*~**

The La,Fe,Sbs structure type also consists of square Sb nets
capped with rare earth and a sublattice of tetrahedrally
coordinated transition metals*® reminiscent of the PbO-type
subunit found in the HfCuSi, structure type. In addition, the
structure also possesses an additional Fe interspersed in the
sublattice forming nearly equilateral triangles of Fe. As part of
our study of layered and square net containing compounds, we
have selected the La,Fe,Sbs structure type to investigate
competing magnetic interactions.”**® In particular, we have
focused our efforts on the incorporation of Co to study the
impact on long-range magnetic ordering coupled with
frustrated local environments. The magnetic susceptibility of
Ln,Fe,Sby (Ln = Ce—Nd, Sm) indicates that both the
magnetic lanthanide sublattice and transition-metal sublattice
carry magnetic moments and exhibit spin glass behavior.””**
Pr,Fe,_,Co,Sbs (x ~ 1) is antiferromagnetic below 25 K with
an effective moment consistent with both a rare earth and
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Table 1. Crystallographic Parameters of La,Fe,Sbs and La,Fe,_,Co,Sb,¢Biy, (x ~ 0 and 0.5)

LaZFe4.14(6)Sb4,76(4)BiOA22(3) (X ~ 0)

La,M;67(4)Sby 75)Bigs(2)” (x ~ 0.5)

4.348(3) 4.3395(16)
26.175(18) 26.190(12)
494.9(7) 493.2(4)

2 2

300 300
3.1-30.6 3.1-30.6
30.90 32.05

1660 2647

278 278

0.041 0.052

231 2.69

-2.51 —3.70
0.0009(3) 0.0092(7)
278/0/23 278/0/22
0.038 0.029
0.094 0.072

La,Fe,Sby

a (A) 4.341(1)
c(A) 26.271(6)
vV (A%) 495.0(3)
V4 2
T (K) 298
0 range (deg) 3.1-30.5
u (mm™) 27.52
measured reflections 1397
independent reflections 279
Ry, 0.024
AP (e/A3) 3.11
Apoin (e/A%) -2.52
extinction coefficient 0.00109(10)
data/restraints/parameters 279/0/22
R, (F* > 20(F?)) 0.019
wR, (F*) 0.035

“M = Fe, Co.

transition metal carrying a moment. A higher Co concentration
(x ~ 2) results in antiferromagnetic ordering at 45 K and a
second magnetic transition emerges at ~80 K. The deviation
from Curie—Weiss behavior and emergence of a second
magnetic transition is possibly due to the competition of
localized and itinerant behavior.”® To elucidate the role of
transition-metal doping in the La,Fe,Sby structure type, we
focused on the synthesis and characterization of Co-
incorporated La (nonmagnetic) and Ce (f') analogues. Herein,
the single crystal synthesis using self-flux and Bi flux and the
characterization of Ln,Fe,_,Co,Sbs_ Bi, (Ln=La, Ce; 0 <x <
0.5; 0 < y < 0.2) is described and compared. We discuss the
interplay of the transition-metal and lanthanide magnetic
sublattices as a function of Co incorporation and present the
magnetic susceptibility and electrical properties.

2. EXPERIMENTAL SECTION

2.1. Synthesis. The use of a Bi flux has led to the successful
synthesis of compounds adopting the La,Fe,Sb; structure type.””*®
Single crystals of La,Fe,_,Co,Sb,sBij, (x ~ 0 and 0.5) and
Ce,Fe, ,Co,Sb,Biy, (x ~ 0.5) have been grown with stoichiometric
mixtures of the elements and 10 mol of excess Bi as a flux in an
alumina crucible that was capped with quartz wool and topped with
an alumina catch crucible.”” The reactions were sealed in fused silica
tubing under ~1/3 atm Ar and placed in a furnace where they were
then heated according to a temperature profile adapted from the
synthesis of PryFe, .Co,Sbs (x < 2.4).”® The reaction vessels were
heated to 1150 °C at a rate of 100 °C/h, held for 72 h, cooled to 875
°C at a rate of S °C/h, removed from the furnace, and centrifuged to
remove the excess Bi. Single crystals measuring up to ~0.5 mm were
obtained using this method.

Thermogravimetric analysis coupled with differential scanning
calorimetry (provided in the Supporting Information) of polycrystal-
line as-grown sample indicated a transition near 975 °C. Therefore, a
second temperature profile with a slower cooling step was
implemented in an effort to increase the size of the single crystals
obtained from each reaction. The reaction vessels were heated to
1150 °C at a rate of 200 °C/h and dwelled for 24 h. The samples were
cooled to 1000 °C at a rate of 10 °C/h and were slowly cooled at a
rate of 2 °C/h to 900 °C. The reactions were then cooled to 875 °C
at a rate of S °C/h, removed from the furnace, and centrifuged. Single
crystals measuring up to ~1.5 mm were obtained using this synthetic
protocol.

Single crystals of La,Fe,Sbs and Ce,Fe,Sbs were grown with a self-
flux using a ratio of 1Ln/2Fe/3Sb (Ln = La, Ce). The elements were

placed in an alumina crucible and sealed in an iron tube, which was
then sealed in an evacuated quartz tube to avoid oxidation. The
reaction was heated to 650 °C, dwelled for 10 h, heated to 1170 °C,
dwelled for 48 h, and then cooled to 900 °C at a rate of 3 °C/h.
2.2. Structure Determination. Phase identification, sample
homogeneity, and crystal structures were determined by single crystal
X-ray diffraction. Single crystals were cut to appropriate sizes and
mounted on glass fibers with two-part epoxy. The fibers were
mounted on a Bruker D8 Quest Kappa single-crystal X-ray
diffractometer equipped with a Mo Ka IuS microfocus source (4 =
0.71073 A) operating at SO kV and 1 mA with a HELIOS optic
monochromator and a CMOS detector. The collected data were
corrected for absorgtion using the Bruker program SADABS
(multiscan method).*” Starting crystallographic models were obtained
using the intrinsic phasing method in SHELXT,”" and atomic sites
were refined anisotropically using SHELXL2014.”> According to data
obtained from single crystal refinement, the compounds grown in the
Bi flux contain a Bi incorporation of ~0.2. The compounds are
referred to as Ln,Fe, ,Co,Sb,sBiy, (Ln = La, Ce; 0 < x < 0.5).
Crystallographic parameters and refinement details for La,Fe,Sbs and
La,Fe,_,Co,Sb,Biy, (x ~ 0 and 0.5) are provided in Table 1 and for
Ce,Fe,Sb; and Ce,Fe, ,Co,Sb,Biy, (x ~ 0.5) in Table 2. Atomic

Table 2. Crystallographic Parameters of Ce,Fe,Sb; and
Ce,Fe,_,Co,Sb, ¢Bij, (x ~ 0.5)

Ce,Fe,Sbs CezM4.11(3)Sb4,78(2)Bi0.23(2)a

a (A) 4.3087(7) 4.3198(16)
c (A) 26.001(5) 25.851(9)
V (A%) 482.71(19) 482.4(4)
VA 2 2
T (K) 298 299
0 range (deg) 3.1-30.5 3.2-30.6
u (mm™") 28.70 32.66
measured reflections 1641 2778
independent reflections 272 273
Ry 0.037 0.030
Apoy (e/A3) 1.65 2.90
Ap i (e/A%) -2.50 -2.23
extinction coefficient 0.0050(5) 0.0050(3)
data/restraints/parameters 272/0/21 273/0/22
R, (F* > 20(F?)) 0.028 0.021
wR, (F*) 0.064 0.045

“M = Fe, Co.
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Table 3. Atomic Positions of Ln,Fe,Sb; and Ln,Fe, ,Co,Sb,sBi,, (Ln = La, Ce; x ~ 0 and 0.5)

La,Fe,Sby
atom Wyckoff site point symm. x y z occ. Uy” (A%
Lal 4e 4mm 0 0 0.34753(2) 1 0.00941(15)
Fel 2a 4/mmm 0 0 0 1 0.0139(4)
Fe2 8¢ 2mm 0 '/, 0.45037(6) 0.764(6) 0.0279(6)
Sb1 4d 4m2 0 , Y, 1 0.01000(16)
Sb2 4e 4mm 0 0 0.10773(3) 1 0.00982(17)
Sb3 8j m2m 0 0.0749(6) /s 0.252(2) 0.0433(13)
LazFe4,14(6)Sb4.75(4)Bi0.22(3)
atom Wyckoff site point symm. X y z occ. Ue* (A%
Lal 4e 4mm 0 0 0.34797(5) 1 0.0069(4)
Fel 2a 4/mmm 0 0 0 1 0.0113(11)
Fe2 8¢ 2mm 0 '/, 0.45043(13) 0.788(15) 0.0279(15)
Sb1l 4d 4m2 0 ', A 0.889(14) 0.0081(5)
Bil 4d 4m2 0 1, 4 0.111(14) 0.0081(5)
Sb2 4e 4mm 0 0 0.10772(6) 1 0.0071(4)
Sb3 8j m2m 0 0.0845(12) 1/, 0.247(5) 0.029(2)
L32M3.97(4)Sb4.75(2)Bio.25(2) (x ~ 0~5)
atom Wyckoft site point symm. b y z occ. U," (A%
Lal 4e 4mm 0 0 0.34827(3) 1 0.0035(3)
M1 2a 4/mmm 0 0 0 1 0.0065(6)
M2 8¢ 2mm 0 '/, 0.44980(8) 0.742(11) 0.0175(8)
Sb1 4d 4m2 0 1, ', 0.870(10) 0.0043(3)
Bil 4d 4m2 0 '/, A 0.130(10) 0.0043(3)
Sb2 4e 4mm 0 0 0.10770(4) 1 0.0034(3)
Sb3 4e 4mm 0 0 0.4927(4) 0.505(7) 0.052(2)
Ce,Fe,Sby
atom Wyckoff site point symm. x y z occ. Uy, (A%
Cel 4e 4mm 0 0 0.34718(3) 1 0.0091(3)
Fel 2a 4/mmm 0 0 0 1 0.0136(6)
Fe2 8¢ 2mm 0 '/, 0.44924(8) 0.750(11) 0.0315(11)
Sbl 4d 4m2 0 , ', 1 0.0094(3)
Sb2 4e 4mm 0 0 0.10977(4) 1 0.0093(3)
Sb3 4e 4mm 0 0 0.48522(12) 0.497(7) 0.0379(10)
CezM4.11(3)Sb4.78(2)Bio.23(2) (x ~ 0~5)
atom Wyckoff site point symm. % y z occ. U.," (A%
Cel 4e 4mm 0 0 0.34810(2) 1 0.0058(2)
Ml 2a 4/mmm 0 0 0 1 0.0116(5)
M2 8g 2mm 0 ', 0.44884(6) 0.778(8) 0.0198(7)
Sbl 4d 4m2 0 /s Y4 0.886(8) 0.0067(3)
Bil 4d 4m2 0 1, 4 0.114(8) 0.0067(3)
Sb2 4e 4mm 0 0 0.10947(3) 1 0.0059(2)
Sb3 4e 4mm 0 0 0.4932(5) 0.503(6) 0.054(3)

“U,q is defined as one-third of the trace of the orthogonalized U tensor. M1 and M2 represent transition metals.

coordinates, anisotropic displacement parameters, and partial
occupancies for all analogues are included in Table 3. Select
interatomic distances and angles are provided in Table 4.

2.3. Physical Properties. Magnetic measurements of single
crystals of Ln,Fe,_,Co,Sbs_,Bi, (Ln=La, Ce; 0 <x<050<y<
0.2) were performed using a Quantum Design magnetic property
measurement system (MPMS). Direct current magnetic susceptibility
data were collected under zero-field-cooled (ZFC) and field-cooled
(FC) conditions under an applied field of 0.1 T from 3 to 300 K.
Field-dependent magnetization data were collected at 5 K with
applied magnetic fields up to 3 T for the La analogues and at 2 K with
fields up to 14 T for the Ce analogues. Temperature-dependent
electrical resistivity was performed on La,Fe,_,Co,Sb,Bij, (x ~ 0.5)
and Ce,Fe,_,Co,Sb,sBiy, (x ~ 0.5) single crystals using a Quantum
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Design physical property measurement system (PPMS), using the
four-probe method with Au wire adhered with Ag epoxy.

3. RESULTS AND DISCUSSION
Bi

3.1. Structure. Ln,Fe,_,Co,Sbs_Bi, (Ln = La, Ce; 0 <x <
050 <y < 0.2) are isostructural to La,Fe,Sb; with the
tetragonal space group I[4/mmm, Figure 1. The structure
consists of Ln in a square antiprismatic environment with Sb.
The transition-metal—antimony sublattice lies between Sbl
square net layers and is comprised of two metal sites (M1 and
M2) occupied by Fe and Co and two antimony sites (Sb2 and
Sb3). The M2 site is tetrahedrally coordinated to the Sb,
forming an arrangement that can be considered two PbO-like
slabs that are connected in the ¢ direction to form a “cage-like”

DOI: 10.1021/acs.inorgchem.9b00338
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Table 4. Selected Interatomic Distances and Angles

La,Fe,Sb,Bio,  La,Fe, .Co,Sb,4Bij,
La,Fe,Sbs (x ~0) (x ~ 0.5
Distance (A)
M1-M2 (Xx8) 2.5320(9) 2.532(2) 2.5369(13)
M2-M2 (x1) 2.608(3) 2.595(7) 2.629(4)
M2-Sb2 (x2) 2.6535(11) 2.654(2) 2.6413(15)
M2-Sb3 (x2) 2.260(2) 2.225(5) 2.443(5)
M2-Sb3’ (x2) 2.5528(10) 2.558(2) 2.641(6)
Angle (deg)
M2-M1-M2 61.99(6) 61.66(14) 62.42(9)
MI1-M2-M2 59.01(3) 59.17(7) 58.79(4)
Ce,Fe,Sby Ce,Fe,_,Co,Sb, ¢Biy, (x ~ 0.5)
Distance (A)
MI1-M2 (x8) 2.5264(11) 2.5327(11)
M2-M2 (x1) 2.640(4) 2.645(3)
M2-Sb2 (x2) 2.6449(13) 2.6338(12)
M2-Sb3 (x2) 2.3487(14) 2.445(6)
M2-Sb3’ (x2) 2.629(7)
Angle (deg)
M2-M1-M2 62.98(8) 62.96(7)
M1-M2-M2 58.51(4) 58.52(3)

Figure 1. Crystal structure of La,Fe,Sbs. La is shown in pink, M1 and
M2 in blue, and Sb in green. The coordination environment of La is
shown using dashed lines.

structure. The M1 site resides in the voids of the “cage” and is
close enough to the M2 sites to be considered interacting
(~2.5 A), forming a triangular network with the M2 sites,
where M2-M2 ~ 2.6 A.
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As shown in Table 4, the bond distances within the
transition-metal sublattice remain relatively unchanged upon
incorporation of Bi for La,Fe, .Co,Sb,sBi;, compared to
La,Fe,Sbs. However, upon Co substitution, the M1-M2 and
M2-M2 distances increase slightly. Similarly, the distances of
the transition-metal sublattice of Ce,Fe, ,Co,Sb,¢Biy, (x ~
0.5) are comparable to Ce,Fe,Sbs. In the La,Fe,Sb; structure
type, the M2 site of the transition-metal—antimony sublattice
is partially occupied and the Sb3 site is modeled as a split site
due to a large atomic displacement parameter (ADP).”” The
M2 site occupancy of the La analogues decreases upon Co
incorporation, which is counter to what was observed in the Ce
and Pr analogues.

Single crystal structure determination and elemental analysis
revealed Bi incorporation in the Ln,Fe, ,Co,Sb, ¢Bij, samples.
Bonds between Bi and Co are exceptionally rare and are found
in materials synthesized by applying high pressure. In the case
of CoBi3, 5 GPa of pressure and a temperature of 723 K were
required to stabilize the binary phase, and the Co—Bi bond
distances were reported to range from 2.700(7)—2.79(1)
A7%** Similarly, the synthesis of FeBi, required a temperature
of 1500 K and a pressure of 30 GPa, and the bond distance of
Fe—Bi is reported to be ~2.719(2) A.*>* The distances between
the transition-metal and antimony sites in
La,Fe,_,Co0,Sb, 4Bis, (x ~ 0 and 0.5) and
Ce,Fe,_,Co,Sb,¢Big, (x ~ 0.5) range from 2.225(5)—
2.654(2) A, which are shorter than the distances reported in
the CoBi; and FeBi, binaries. It was, therefore, demonstrated
that Bi would substitute onto the Sb1 site of the antimony net
rather than onto the Sb2 or Sb3 sites, which would necessitate
the formation of a Fe—Bi or Co—Bi bond. Additionally,
allowing the occupancy of the Sb1 site of the square Sb net to
freely refine yields occupancy that is greater than 100% which
indicates additional electron density not modeled. The
crystallographic models presented here show atomic mixing
of Bi and Sb on the Sbl site where the occupancy is
constrained to 100%. The observation of Bi substitution in the
square nets was also reported in CeNi,_,Sb, Bi,_, where a
maximum of 50% Bi incorporation into the square nets was
coupled with subsequent Ni defects.’® The
Ln,Fe, ,Co,Sb,¢Bij;, were grown with a Ce/Bi ratio of 1:5,
which possibly led to a lower concentration of Bi. Unlike for
the reported CeNi,_,Sb;,,Bi,_, we do not see a reduction in
the occupancy of the transition-metal site upon Bi incorpo-
ration.

3.2. Magnetic Properties. La,Fe,Sb,sBi,, and
LayFe,_,Co,SbygBiy, (x ~ 0.5). The temperature-dependent
magnetic susceptibility of La,Fe, .Co,Sb,Biy, (x ~ 0 and
0.5) is shown in Figure 2. The magnetization as a function of
applied field is provided in Figure 3. The magnetic
susceptibility of La,Fe,Sb,¢Bi,, is similar to the susceptibility
of La,Fe,Sbs>” as both samples exhibit a transition at ~32 K.
The susceptibility data of La,Fe,Sb, ¢Bi,, were fit in the range
of 80—300 K using the modified Curie—Weiss law y(T) = y, +
C/(T - 6,,), where y, represents the temperature-independent
contribution to the magnetic susceptibility, C is the Curie
constant, and 6, is the Weiss temperature. The values obtained
from the modified Curie—Weiss fit are compared in Table S.
The Weiss temperature is highly dependent on the temper-
ature range of the fit. However, the overall trend is that 6,
decreases as Co is incorporated into the lattice. The effective
magnetic moment of La,Fe,Sb,¢Bi, is 5.4 piz/mol-transition
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Figure 3. Field-dependent magnetization of La,Fe,Sb,¢Bij, and La,Fe,_,Co,Sb,Biy, (x ~ 0.5) collected at 5 K.

Table S. Magnetic Properties of La,Fe,_.Co,Sb,sBig, (x ~ 0 and 0.5)

compound fit region Xo (emu/mol-fu.) 0, (K) Hege (pp/mol-M) T, (K)
La,Fe,Sb, ¢Big, 80—300 K 0.03487(2) -123(1) 5.4 32
La,Fe,_,Co,Sb,¢Biy, (x ~ 0.5) 100—-300 K 0.0909(1) —18.0(4) 4.9 22
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Figure 4. Temperature-dependent magnetic susceptibility of Ce,Fe,Sbs and Ce,Fe,_,Co,Sb, Biy, (x ~ 0.5). The field cooled data are shown in

red, and the zero-field cooled data are shown in blue.

metal. The magnetic moment is within the range of Fe*" (4.9
ug) and Fe** (5.9 ug) oxidation state.

For La,Fe,_,Co,Sb,sBiy, (x ~ 0.5), the magnetic
susceptibility exhibits a bifurcation between the ZFC and FC
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data, but the transition temperature decreases from ~32 K to
~22 K and the magnetization at T; (~22 K) increases from
~0.13 to ~0.41 emu/mol relative to La,Fe,Sb,sBi;,. The
magnetic susceptibility data were fit in the range of 100—300 K

DOI: 10.1021/acs.inorgchem.9b00338
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Table 6. . Magnetic Properties of Ce,Fe,Sb; and Ce,Fe,_,Co,Sb, (Biy, (x ~ 0.5)

compound fit region Xo (emu/mol-fu.) 0 (K) Hegr (Hp/mol-M) T, (K)
Ce,Fe,Sbs 200-400 K n/a ~118 3.17 31
Ce,Fe,_,Co,Sb, sBis, (x ~ 0.5) 100-300 K —0.0104(2) ~12 4.88 24

using a modified Curie—Weiss law, and the results are included
in Table 5. The effective magnetic moment obtained from the
fit of the magnetic data is 4.9 up/mol-transition metal, in
agreement with an Fe® system. The decrease in transition
temperature is likely due to the increased M2-M2 distances
within the transition-metal triangular sublattice. The Weiss
temperature of —18.0(4) K is also significantly reduced relative
to the —123(1) K of La,Fe,Sb,4Biy, suggesting that the
system is less frustrated upon incorporating Co. The field-
dependent magnetization shows that the magnetization of
La,Fe,_,Co,Sb,Biy, (x ~ 0.5) increases from ~0.48 yiz/mol
to ~1.08 pp/mol at 3 T. The hysteretic behavior of
La,Fe,_,Co,Sb,Biy, (x ~ 0.5) at § K also becomes more
pronounced with increasing Co concentration with the
remanent magnetization increasing from ~0.02 up/mol to
~0.09 pz/mol.

The magnetization as a function of applied magnetic field is
also similar for La,Fe,Sb,Biy, and La,Fe,Sbs.*” Both
compounds exhibit a small hysteresis, and the remanent
magnetizations are comparable at ~0.02 pg/mol. The
similarity in magnetic behavior is not unexpected, given that
the interatomic distances of the transition-metal sublattice do
not change drastically upon substituting Bi into the structure.
These results indicate that the addition of Bi does not
significantly impact the magnetic properties of compounds
adopting the La,Fe,Sby structure type.

Ce,Fe,Sbs and Ce,Fe,_,Co,Sb,gBiy, (x ~ 0.5). The
temperature-dependent magnetic susceptibility of Ce,Fe,Sby
and Ce,Fe,_,Co,Sb,¢Bij, (x ~ 0.5) is shown in Figure 4, and
the magnetization as a function of applied magnetic field is
shown in Figure S. The susceptibility of Ce,Fe,Sbs was fit
using the Curie—Weiss law, and that for Ce,Fe,_,Co,Sb,Bi,,
(x ~ 0.5) was fit using a modified Curie—Weiss law; details are
provided in Table 6. Ce,Fe,Sbs has an antiferromagnetic
transition temperature of ~31 K with a total magnetic moment
of 7.29 pg/mol-compound. When the calculated moment for
Ce®* is subtracted, 3.17 up/mol-transition metal remains,
indicating a possible itinerant magnetic sublattice. For
Ce,Fe,_,Co,Sb,Biy, (x ~ 0.5), the addition of Co results
in the transition temperature decreasing from ~31 to ~24 K,
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similar to the trend observed for incorporating Co in the La
analogues. The total effective moment obtained for the x ~ 0.5
analogue is 10.4 pp/mol-compound. When the calculated
moment of Ce®" is taken into account, the contribution from
the transition-metal sublattice is 4.88 pyy/mol-transition metal.
The transition-metal moment is close to the moment obtained
for La,Fe,_,Co,Sb, ¢Biy, (x ~ 0.5) and corresponds to a Fe?*
system (4.9 ug). The absolute value of the Weiss temperature
decreases as Co is incorporated into the lattice, similar to what
is seen in La analogues.

The field-dependent magnetization of Ce,Fe,_,Co,Sb, ¢Bij,
(x ~ 0.5), as shown on the right in Figure S, does not show
significant change compared to self-flux grown Ce,Fe,Sbs. The
remanent magnetization of Ce,Fe,_,Co,Sb,Biy, (x ~ 0.5) of
~0.19 pig/mol is comparable to the remanent magnetization of
Ce,Fe,Sb;, ~0.09 pup/mol. The magnetization of
Ce,Fe,_,Co,Sb,¢Biy, (x ~ 0.5) at 2 K and 15 T also increases
from ~1 pg/mol observed in Ce,Fe,Sbs to ~1.4 uy/mol.

3.3. Electrical Resistivity. La,fFe,Sb; and
LayFe,_,Co,SbygBiy, (x ~ 0.5). The temperature-dependent
electrical resistivities of La,Fe,Sbs and La,Fe,_,Co,Sb, ¢Bi,, (x
~ 0.5) were normalized to p(300 K) and are shown in Figure
6. The parent compound exhibits metallic behavior with a
resistivity on the order of ~195 p€-cm at room temperature.”’
At ~75 K the resistivity increases with decreasing temperature
and continues to do so until ~30 K, when the resistivity starts
to decrease again. La,Fe, ,Co,Sb,sBip, (x ~ 0.5) exhibits
resistivity on the order of ~75 pQ-cm at room temperature,
less than half the resistivity of La,Fe,Sbs. The addition of Co
suppresses the increased resistivity at low temperature (T ~ 75
K) observed in the parent compound that was described as
“Kondo-like”.””

Ce,Fe,Sbs and Ce,Fe, ,C0,Sb,gBiy, (x ~ 0.5). The
temperature-dependent electrical resistivity of
Ce,Fe,_,Co,Sb,¢Biy, (x ~ 0.5) was normalized to p(300 K)
and plotted with the parent compound,”” as shown in Figure 7.
The Ce analogues exhibit metallic character before reaching a
transition temperature (Tx) where the resistivity increases with
decreasing temperature. A second transition at ~30 K is
marked by a decrease in resistivity with decreasing temper-
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Figure 6. Normalized temperature-dependent resistivities of
La,Fe,Sb; and La,Fe,_,Co,Sb,Biy, (x ~ 0.5). The
La,Fe,_,Co,Sb, Biy, (x ~ 0.5) data are shown in red. The La,Fe,Sby
data, shown in blue, are replotted from ref 27.
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Figure 7. Normalized temperature-dependent resistivities of
Ce,Fe,Sbs (x 0) and Ce,Fe, .Co,Sb,¢Biy, (x ~ 0.5). The
Ce,Fe,_,Co,Sb,¢Biy, (x ~ 0.5) data are shown in red. The
Ce,Fe,Sby, data, shown in blue, are replotted from ref 27.

ature. This behavior could be attributed to the Kondo effect
where the increase in resistivity is due to electron scattering
and the subsequent decrease is due to the development of
coherence.”” The Kondo effect is the screening of localized
moments by the conduction electrons of a material at
sufficiently low temperature’”*® and is known to occur for
dilute magnetic materials containing f-electrons (i.e, Ce- and
Yb-containing compounds).*’~** The onset of this behavior,
Ty, decreases as a function of Co incorporation. This may be
due to the increasing M1-M2 distances in the transition-metal
sublattice, which would weaken the exchange interactions
associated with the Kondo effect. Ce,Fe,_,Co,Sb,Biy, (x ~
0.5) exhibits resistivity on the order of ~98 uQ-cm at room
temperature, which is close to an order of magnitude lower
than Ce,Fe,Sb; (~600 puQ-cm at room temperature).27 This
observation is consistent with the magnetic susceptibility
measurements where the ordering temperature is suppressed
upon cobalt substitution. The decrease in resistivity relative to
the parent compound is also consistent with the results of the
La,Fe,_,Co,Sb,¢Biy, (x ~ 0.5) analogue.
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4. CONCLUSIONS

We have successfully grown single crystals of La,Fe,Sb,
La,Fe,_,Co,Sb,Biy, (x ~ 0 and 0.5), Ce,Fe,Sb;, and
Ce,Fe,_,Co,Sb,sBiy, (x ~ 0.5) for the investigation of Co
incorporation in both a nonmagnetic and a magnetic rare earth
analogue. The use of Bi as a low-melting flux for
La,Fe,_,Co0,Sb, sBi,, (« 0 and 0.5) and
Ce,Fe,_,Co,Sb,¢Big, (x ~ 0.5) allowed for the growth of
high-quality single crystals that were suitably large enough for
electrical transport and magnetic property measurements.
Although Bi incorporated into the square Sb nets, it was
found that the incorporation does not significantly affect the
magnetic properties as compared to the La,Fe,Sbs and
Ce,Fe,Sby analogues grown in a self-flux. It is possible that
single crystals of other antimonides containing square Sb nets
can be grown using Bi as a flux.

The La,Fe,Sbs structure type is unique because of the
presence of two magnetic sublattices and the triangular
network of transition metal within the transition-metal—
antimony sublattice. The interplay of the transition-metal
and rare earth sublattices is complex with higher concen-
trations of Co leading to reduced magnetic frustration as
evidenced by the Weiss temperature. The hysteretic behavior
of La,Fe,_,Co,Sb,sBiy, (x ~ 0 and 0.5), Ce,Fe,Sbs, and
Ce,Fe,_,Co,Sb,¢Biy, (x ~ 0.5) becomes more pronounced
and the remanent magnetization becomes larger with the
incorporation of Co. The resistivity of Ce,Fe,Sby and
Ce,Fe,_,Co,Sb,Biy, (x ~ 0.5) showed that the onset of
Kondo-like behavior (Ty) decreases as a function of Co
concentration, indicating that the coupling of localized and
conduction electrons is influenced by the distances within the
transition-metal sublattice.
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