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ABSTRACT: Reported are the synthesis, crystal structure,
electronic structure, and magnetic properties of a series of
zincrich ternary phases with formulas RE,Zn Tt (RE = La—
Nd; Tt = Sn and Pb). The structures of these compounds have
been established by single-crystal and powder X-ray diffraction.
They crystallize in the orthorhombic space group Cmcm (No.
63, LaRhSn, structure type, Pearson symbol 0C32). The most
prominent structural feature is the trigonal-planar coordination
of the Sn(Pb) atoms; the latter interconnect layers of Zn
atoms to comprise a complex [Zn;Tt] polyanionic framework.
The structural relationships between the structure of the title
compounds and the Euln,, La;Al;, and YIrGe, structure types

" REZn,Tt(RE = La-Nd; Tr= Sn and P}

YlrGe, structure type

LaRhSn, strscture type

are highlighted. Temperature-dependent DC magnetization measurements indicate Pauli-like paramagnetism for La,Zn;Sn, while
Ce,Zn;Sn, Pr,ZnsSn, and Nd,ZnSn display Curie—Weiss behavior in the high-temperature regime. At cryogenic temperatures,
the magnetic responses of Ce,ZnSn, Pr,ZnsSn, and Nd,Zn Sn appear to deviate from the Curie—Weiss law; however, no
magnetic orderings could be observed down to 5 K. Theoretical considerations of the electronic structure on the basis of the
tight-binding linear muffin-tin orbital (TB-LMTO-ASA) method are also presented and discussed.

B INTRODUCTION

Polar intermetallic compounds can be regarded as a bridge
between the typical intermetallics and the typical Zintl phases,
since they bear resemblance to both classes, in terms of
chemical bonding.1 In the Zintl phases, for instance, because of
the closed-shell electronic configurations, the bonding within
the polyanions can usually be associated with the covalent two-
center two-electrons bonds, while the interactions between the
cations and the anions are thought to be ionic.” Polar
intermetallics are very much akin to the Zintl phases in that
regard, except that the degree of polarization is not as extreme,
and the “cations” contribute significantly to the overall bonding
as well—they do not just take the role of “spectators” or
“electron donors”.?

Polar intermetallics provide excellent opportunities to
investigate the relationships between structures, physical
properties, and electronic structures. For instance, there are
almost 2000 phases that adopt the tetragonal BaAl, structure
type (and/or its ordered ternary variants ThCr,Si, and
CaBe,Ge,).* The electronic structure of BaAl, has been studied
by Zheng and Hoffman,® and by Miller and Burdett,® who have
shown it to be most stable with 14 valence electrons per
formula. Nevertheless, it is also known that the valence
electrons in this structure can be varied between 12 and 16,
which indicates that factors beyond the electron count are at
play here.” This is also evident from the fact that CaAl, and
Euln, form with structures, which can be recognized as
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distorted derivates of BaAl, (despite the same number of
valence electrons being present for all three cases).® Another
isoelectronic, but not isotypic, example is La;Al;; (equivalent to
LaAl,g;),” which forms as a variant of BaAl, with ordered
“vacancies”. All these findings attest for the strong correlation
between the crystal and electronic structure here, and in polar
intermetallics in general.

Our previous work on ternary rare-earth metal germanides
has shown remarkable structural diversity—take, for example,
the series REZMgGeZ,IO (REl_ngx)sGe4,11 RE4Mg7Geé,12 and
RE,Mg,Ges'*—all crystallizing with their unique bonding
arrangements. Over the course of studying these compounds,
we naturally became interested in the heavier tetrels (Tt = a
group 14 element hereafter), as well as the RE—Zn—Tt
systems; after all, Mg and Zn have similar atomic sizes/
oxidation states."> Because of that, Zn chemistry is expected to
mimic Mg chemistry, and it is not surprising that we, and
others, have already found some isotypic phases.'”'* However,
many of the Zn-containing tetrelides should be noted for
displaying more-complicated bonding patterns, arising from the
versatile nature of the Zn—Zn interactions.'> In this paper, we
present the synthesis and the structural characterization of a
new series of such zinc-rich ternary intermetallic phases with
formulas RE,Zn Tt (RE = La—Nd; Tt = Sn and Pb). Structural
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Table 1. Crystallographic Data and Refinement Parameters of RE,Zn Sn (RE = La—Nd)

La,ZnsSn
fw, g mol™ 723.36
crystal system
space group
A A
T, K
a A 4.5508(8)
b A 16.753(3)
¢ A 9.1342(16)
v, A3 696.4(2)
Peseay § cm™ 6.899
u (Mo Ka), cm™ 3229
GOF on F* 1.141
R, [I>26(1)]° 0.0259
wR, [I > 26(I)]° 0.0542
R, [all data]® 0.0348
wR, [all data]® 0.0568

Ce,ZnsSn Pr,ZnsSn Nd,ZnSn
725.78 727.36 734.02
orthorhombic
Cmem (No. 63), Z = 4

0.71073

200(2)
4.5047(14) 4.4756(5) 4.4494(15)
16.638(5) 16.5640(18) 16.510(6)
9.104(3) 9.0747(10) 9.066(3)
682.3(4) 672.74(13) 666.0(4)
7.065 7.181 7.320
337.7 352.1 365.2
1.147 1.117 1.082
0.0153 0.0154 0.0274
0.0300 0.0360 0.0596
0.0171 0.0184 0.0394
0.030S 0.0374 0.0648

“Ry = YNE| — IE|/XIE; wRy = [ X [w(Fy® — F2)*)/ X [w(F,2)?*1]% and w = 1/[6°F,> + (A-P)> + B-P], P = (Fy* + 2F2)/3; A and B are weight

coefficients.

Table 2. Crystallographic Data and Refinement Parameters of RE,Zn,Pb (RE = La—Nd)

La,ZnPb
fw, g mol ™" 811.86
crystal system
space group
A A
T, K
a A 4.5550(4)
b A 16.8373(15)
¢ A 9.1721(8)
v, A3 703.44(11)
Peseas & M~ 7.67
u (Mo Ka), cm™ 523.1
GOF on F* 1.104
R, [I > 20(1)]* 0.0251
wR, [I > 26(I)]% 0.0570
R, [all data]® 0.0259
wR, [all data]® 0.0575

Ce,ZnPb Pr,ZnPb Nd,ZnsPb
814.28 815.86 822.52
orthorhombic
Cmem (No. 63), Z = 4

0.71073

200(2)
4.5140(12) 4.4636(8) 4.4594(8)
16.751(4) 16.632(3) 16.622(3)
9.159(2) 9.1240(16) 9.1187(17)
692.6(3) 677.4(2) 675.9(2)
7.81 8.00 8.08
539.5 561.0 571.7
1.112 1.156 1.126
0.0204 0.0204 0.0254
0.0392 0.0361 0.0513
0.0250 0.0223 0.0298
0.0404 0.0365 0.0525

“Ry = Y|yl = IE|I/IFy; wRy = [Y[w(Es2 — E2?]/ Y [w(E,2)*1]Y2 and w = 1/[6°Fy* + (A-P)* + B-P], P = (F* + 2F.2)/3; A and B are weight

coefficients.

relationships with the EuIn4,8b La,Al,,,” and YIrGe,'¢ structure
types are also discussed.

B EXPERIMENTAL SECTION

Synthesis. The starting materials were purchased from common
chemical vendors, and then they were stored and handled inside an
argon-filled glovebox in order to prevent their deterioration from
moisture and oxygen. Rare-earth metals (ingots, 99.9% from Ames
Laboratory) and Sn (shot), Pb (ingot), and Zn (shot)—all from Alfa-
Aesar or Acros with stated purities of >99.99%—were used as-
received. The title compounds were first synthesized by fusing
together the respective elements in Nb containers, which had been
sealed in both ends with an arc-welder. To avoid oxidation, the Nb
containers were enclosed in evacuated fused silica jackets (ca. 107
Torr). The reactions were carried out at 1173 K (heating rate of 200
K/h) for 12 h, followed by cooling to 1073 K over a period of 20 h,
after which they cooled to room temperature by taking them out of the
furnace. RE,Zn;Tt (RE = La—Nd; Tt = Sn and Pb) formed as irregular
crystals that were brittle and had a metallic luster. They were mixed
with some binary or ternary compounds such as RE;Zn,;,"
RE,3Zngs,"® RE;Zn,,,"" and/or REZnSn (YPtAs structure type).>
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After the structure and composition of RE,Zn Tt (RE = La—Nd; Tt
= Sn and Pb) were established by single-crystal X-ray diffraction
(XRD) data, new reactions with the correct stoichiometry were carried
out. Although the desired phases were the major products, minor
impurity phases were still apparent from the powder XRD patterns.
This prompted us to explore different synthetic approaches, and one of
them—a two-step route at lower temperature offered the highest
purity samples. For this purpose, a pellet of the respective elements (in
powder form, ground to a homogeneous mixture) was pressed and
transferred into a silica tube, which was then connected to a vacuum
line. After evacuation and flame sealing, the ampule was placed in a
tube furnace and heated to 773 K at a rate of 200 K/h and kept for 24
h. Following this initial process, the pellet was air-cooled, ground into
fine powder (in the glovebox), and pressed into a pellet again. Then,
the new sample was equilibrated at 1073 K for 4 days. Powder XRD
patterns revealed the final product to be almost-phase-pure RE,Zn Tt
(RE = La—Nd; Tt = Sn and Pb) with small amount of Sn or Pb left
over. Growing crystals from Zn, Sn, or Pb fluxes was also attempted,
and although small crystals could be obtained, the reactions’” products
were always contaminated with crystals from other phases.

Subsequent to the work on the stannide and plumbide compounds,
we then moved to the corresponding germanide and silicide systems.
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We also looked at reactions with the heavier rare-earth metals. These
synthetic efforts were not successful and we could not produce the
targeted phases. Instead, mixtures of RE(Zn,_,Ge,), (a-ThSi,
structure type) and another, yet unidentified phase were the main
products, combined with the typical binary RE;Zn,;,'” RE;;Zng,,"® and
RE3Zn2219 impurities.

Powder X-ray Diffraction. Powder XRD data were taken at room
temperature on a Rigaku MiniFlex powder diffractometer with Cu Ko
radiation. The powder XRD patterns of RE,Zn;Tt (RE = La—Nd; Tt
= Sn and Pb) can be readily indexed and the peak positions/intensities
matched the simulations (on the basis of the single-crystal X-ray
work). The powder XRD patterns also indicated that the title
compounds are stable in air for at least one month. A representative
powder XRD pattern of La,ZnsSn showing the calculated and the
observed intensities is provided in the Supporting Information.

Single-Crystal X-ray Diffraction. Single-crystal XRD data were
collected on a Bruker SMART CCD-based diffractometer equipped
with a monochromated Mo Ka sealed-tube source. Crystals were
selected under an optical microscope, cut to desired dimensions (<ca.
100 pm), and mounted on glass fibers with Paratone-N oil.
Preliminary rotation images were acquired to access the crystal
quality. After that, full spheres of data were collected in four batch runs
with a frame width of 0.4° for w and 6. Data collection and data
integration were done using SMART?' and SAINTplus*> programs,
respectively. Semiempirical absorption correction based on equivalent
reflections was applied using SADABS.>® The structures were solved
by direct methods and refined to convergence by full matrix least-
squares on F?, as implemented in SHELXL.”* Refined parameters
include the scale factors, extinction coefficients, and the atomic
positions (Structure TIDY standardized®®) with the corresponding
anisotropic displacement parameters. Relevant details of the crystallo-
graphic work for La,ZnsSn, Ce,ZnsSn, Pr,ZnsSn, and Nd,ZnsSn are
summarized in Table 1; the structure solution and refinement
parameters for La,ZnPb, Ce,Zn Pb, Pr,ZnPb, and Nd,ZnPb are
listed in Table 2, respectively. Final positional and equivalent isotropic
displacement parameters are listed in Tables 3 and 4. Selected
interatomic distances for La,Zn Sn and La,Zn Pb are tabulated in
Table S. The crystallographic information file (CIF) has also been
deposited with Fachinformationszentrum Karlsruhe, 76344 Eggen-
stein, Leopoldshafen, Germany; fax: (49) 7247-808-666; E-mail:
crysdata@fiz.karlsruhe.de; with depository numbers CSD-426183 for
La,ZniSn, CSD-426182 for Ce,ZnsSn, CSD-426181 for Pr,ZngSn,
CSD-426180 for Nd,ZnsSn, CSD-426179 for La,ZnPb, CSD-426178
for Ce,ZnsPb, CSD-426177 for Pr,ZnsPb, CSD-426176 for
Nd,ZnPb.

Magnetic Susceptibility Measurements. Field-cooled (FC)
direct current (DC) magnetic susceptibility measurements were
carried out using a Physical Property Measurement System (PPMS).
The magnetization (M) measurements were performed in the interval
from S K to 300 K in an applied magnetic field (H) of 3 kOe. The
RE,Zn;Sn samples (polycrystalline form, typically ca. 100 mg) were
loaded in gel caps and secured with cotton to prevent them from
moving under the magnetic field. The raw magnetization data were
corrected for the holder contribution and converted to molar
susceptibility (y,, = M/H). The net effective moments and Weiss
temperatures were calculated from linear fit of the inversed magnetic
susceptibility versus temperature. For the La,ZnSn sample, the
measurements data were also acquired under a low applied field of 100
Oe to test the material for possible superconductivity.

Electronic Structure Calculations. To interrogate the chemical
bonding, the electronic band structures of La,ZnsSn and La,ZnPb
were computed with the Stuttgart TB-LMTO 4.7 program.26 The total
and partial density of states (DOS and PDOS, respectively) and
Crystal Orbital Hamiltonian Populations (COHP)*" of selected
atomic interactions are presented herein. The local density
approximation (LDA) was used to treat exchange and correlation.”®
No empty spheres were needed to meet the minimum overlapping
criteria. The symmetry of the potential was considered spherical inside
each Wigner—Seitz (WS) sphere,”® and a combined correction was
used to take into account the overlapping part. The radii of WS
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Table 3. Atomic Coordinates and Equivalent Isotropic
Displacement Parameters (U,,“) for RE,ZnsSn (RE = La—
Nd)

atom  Wyckoff site  « y & U, (&%)
La,Zn Sn
Lal 4c 0 0.79365(5) 1/4 0.006(1)
La2 4a 0 0 0 0.009(1)
Snl 4c 0 0.44323(7) 1/4 0.008(1)
Znl 8f 0 0.18519(8) 0.1087(1) 0.010(1)
Zn2 8f 0 0.34410(8) 0.0152(1) 0.010(1)
Zn3 4c 0 0.6021(1) 1/4 0.014(1)
Ce,Zn Sn
Cel 4c 0 0.79454(3) 1/4 0.005(1)
Ce2 4a 0 0 0 0.007(1)
Snl 4c 0 0.44396(3) 1/4 0.006(1)
Znl 8f 0 0.18546(4) 0.10810(7) 0.007(1)
Zn2 8f 0 0.34409(4) 0.01622(7) 0.008(1)
Zn3 4c 0 0.60342(6) 1/4 0.012(1)
PryZnSn
Prl 4c 0 0.79501(3) 1/4 0.006(1)
Pr2 4a 0 0 0 0.008(1)
Snl 4c 0 0.44456(3) 1/4 0.007(1)
Znl 8f 0 0.18568(4) 0.10857(8) 0.009(1)
Zn2 8f 0 0.34375(4) 0.01666(8) 0.009(1)
Zn3 4c 0 0.60430(6) 1/4 0.012(1)
Nd,ZnSn
Ndl1 4c 0 0.79598(5) 1/4 0.007(1)
Nd2 4a 0 0 0 0.009(1)
Snl 4c 0 0.44534(7) 1/4 0.008(1)
Znl 8f 0 0.18592(9) 0.1085(2) 0.009(1)
Zn2 8f 0 0.34439(9) 0.0174(4) 0.010(1)
Zn3 4c 0 0.6051(1) 1/4 0.015(1)

“U,q is defined as one-third of the trace of the orthogonalized Ul
tensor.

spheres were determined by an automatic procedure and were as
follows: La = 2.19—-2.22 A, Zn = 1.41—-1.49 A, Sn = 1.66 A, and Pb =
1.69 A. The basis sets included 6s, 6p, 5d, and 4f orbitals for La; 4s, 4p,
and 3d orbitals for Zn; and Ss, Sp, and Sd orbitals for Sn (6s, 6p and
6d, and Sf orbitals for Pb). The La 6p, Zn 3d, Sn Sd, and Pb 6d and 5f
orbitals were treated by the Lowdin downfolding technique.”” The k-
space integrations were made using the tetrahedron method, and the
self-consistent charge density was obtained with 172 irreducible k-
points in the Brillouin zone.

B RESULTS AND DISCUSSION

Structure. All title compounds are isoelectronic and
isostructural, crystallizing in the orthorhombic space group
Cmcm (Pearson symbol 0C32; see Tables 1 and 2), and a
schematic representation of the structure is shown in Figure 1.
For the sake of conciseness, the detailed discussion of the
crystal and the electronic structure will be focused on La,ZnSn
and La,ZnPb as representatives of the entire RE,Zn Tt (RE =
La—Nd; Tt = Sn and Pb) family.

There are six crystallographic sites in the asymmetric unit
(Tables 3 and 4): two for the rare-earth metals, three for the Zn
atoms, and one for the tetrel atom (Sn or Pb). The structure is
devoid of disorder and all atom sites are fully occupied. Based
on the crystallographic notations, this structure should be
described with the LaRhSn, structure type,’ where the
positions of two rare-earth metals are the same for La,Zn;Sn
and LaRhSn, (equivalent to La,Rh,Sn,), while the Rh site in
the latter is taken by Zn2 in the former (see Figure Sl in the
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Table 4. Atomic Coordinates and Equivalent Isotropic
Displacement Parameters (U,,)“ for RE,ZnsPb (RE = La—
Nd)

atom  Wyckoft Site x y z Uy (A%)
La,Zn,Pb
Lal 4c 0 0.79410(5) 1/4 0.007(1)
La2 4q 0 0 0 0.010(1)
Pbl 4c 0 0.44414(3) 1/4 0.012(1)
Znl 8f 0 0.18537(8) 0.1085(1) 0.011(1)
Zn2 8f 0 0.34295(8) 0.0139(1) 0.011(1)
Zn3 4c 0 0.6041(1) 1/4 0.016(1)
Ce,Zn,Pb
Cel 4c 0 0.79491(5) 1/4 0.008(1)
Ce2 4q 0 0 0 0.011(1)
Pbl 4c 0 0.44513(3) 1/4 0.009(1)
Znl 8f 0 0.18485(7) 0.1090(1) 0.009(1)
Zn2 8f 0 0.34224(8) 0.0146(1) 0.012(1)
Zn3 4c 0 0.6061(1) 1/4 0.020(1)
Pr,Zn;Pb
Prl 4c 0 0.79629(5) 1/4 0.006(1)
Pr2 4q 0 0 0 0.008(1)
Pbl 4c 0 0.44644(3) 1/4 0.008(1)
Znl 8f 0 0.18528(7) 0.1091(1) 0.008(1)
Zn2 8f 0 0.34219(7) 0.0160(1) 0.011(1)
Zn3 4c 0 0.6078(1) 1/4 0.017(1)
Nd,Zn,Pb
Ndl1 4c 0 0.79623(6) 1/4 0.007(1)
Nd2 4a 0 0 0 0.009(1)
Pbl 4c 0 0.44645(4) 1/4 0.008(1)
Znl 8f 0 0.18524(9) 0.1089(1) 0.008(1)
Zn2 8f 0 0.34238(9) 0.0157(1) 0.011(1)
Zn3 4c 0 0.6077(1) 1/4 0.016(1)

“U,q is defined as one-third of the trace of the orthogonalized Ul
tensor.

Supporting Information). The La,ZnSn structure (Figure 1)
can be viewed as a 3D framework of Zn and Sn atoms and La

Figure 1. Schematic representation of the orthorhombic structure of
La,ZnSn approximately along the [100] direction. The La atoms are
shown as green spheres, and the Zn atoms are drawn as orange
spheres, respectively. The Sn atoms are colored in purple.

atoms occupying the channels within it. The polyanionic
substructure is composed of corrugated Zn slabs, stacked in a
direction of the crystallographic b-axis. They are “stitched”
together via Sn or Pb atoms in nearly-perfect trigonal-planar
fashion, which is a highly unusual coordination mode for a
tetrel element.

Each Zn-only fragment features six-membered Zng rings
(Figure 2a), which have the “boat” shape instead of being
planar. The corresponding Zn—Zn distances fall into very
narrow ranges: 2.582(3)—2.5881(9) A in La,ZnSn, and
2.5834(9)—2.596(3) A in La,ZnPb (see Table 5). The six-

Table 5. Important Interatomic Distances and Their Integrated COHP Values (—iCOHP) in La,Zn;Sn and La,ZnPb

La,ZnsSn
atom pair distance (A) —iCOHP (Ry)
Snl-Zn2 (2X) 2.713(2) 0.1329
Snl-Zn3 2.661(2) 0.1628
Znl-Znl 2.582(3) 0.1111
Znl1—Z7Zn2 (2X) 2.5881(9) 0.1111
Znl-Zn2 2.796(2) 0.0846
Zn2—7Znl (2X) 2.5881(9) 0.1111
Zn2-Znl 2.796(2) 0.0846
Zn2—Zn3 2.585(2) 0.1121
Zn3—7Znl (4x) 2.964(1) 0.0546
Zn3—Zn2 (2X) 2.585(2) 0.1121
Lal—Znl (4X) 3.185(1) 0.0533
Lal—Znl (2X) 3.295(1) 0.0490
Lal—Zn2 (4X) 3.239(1) 0.0514
Lal—Zn2 (2X) 3.345(1) 0.0377
Lal—Zn3 3.210(2) 0.0474
Lal-Snl (2X) 3.385(2) 0.0672
La2—Znl (2X) 3.257(1) 0.0552
La2—Zn2 (4X) 3.467(1) 0.0400
La2—Snl (4X) 3.3610(5) 0.0775
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La,ZnsPb
atom pair distance (A) —iCOHP (Ry)
Pbl—Zn2 (2x) 2.756(1) 0.1193
Pb1-Zn3 2.694(2) 0.1478
Znl-Znl 2.596(3) 0.1079
Znl1—Zn2 (2X) 2.5834(9) 0.1116
Znl—Zn2 2.792(2) 0.0851
Zn2—Znl (2X) 2.5834(9) 0.1116
Zn2—Znl 2.792(2) 0.0851
Zn2—7Zn3 2.579(2) 0.1134
Zn3—Znl (4x) 2.957(1) 0.0556
Zn3—Zn2 (2X) 2.579(2) 0.1134
Lal—Znl (4X) 3.197(1) 0.0506
Lal—Znl (2X) 3.306(1) 0.0476
Lal—Zn2 (4X) 3249(1) 0.0502
Lal—Zn2 (2X) 3.344(1) 0.0365
Lal—Zn3 3.199(2) 0.0469
Lal—Pbl (2x) 3.401(2) 0.0618
La2—Znl (2X) 3276(1) 0.0551
La2—Zn2 (4X) 3.492(1) 0.0390
La2—Pb1 (4x) 3.3660(3) 0.0747
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(&  Zn3 (b
' Zn2 N Zn2
Sn

Figure 2. (a) Close view of the zinc “clusters” and the manner in
which they are interconnected. Also shown are close views of the local
coordination environments of (b) Sn, (c) Lal, and (d) La2. La2 is
shown with its 10 closest neighbors (<3.5 A), along with the four Zn3
atoms 3.65 A away. For all other corresponding distances, the reader is
referred to Table S.

membered Zng rings are capped on the top by another Zn atom
(Zn3), forming “Zn; cups” with Zn—Zn distances ranging from
2.585(2) A to 2.964(1) A in La,Zn,Sn, and from 2.579(2) A to
2.957(1) A in La,ZnPb (see Table S). Notice that the Zn—Zn
distances do not appear to correlate in any way with the
increased unit-cell volume of La,ZnsPb, compared to that of
La,ZnSn (unlike the La—Zn distances). Also, one should
notice that the Zn2—Zn3 bonds, which anchor the Zn,
fragments into layers, extending in the ac-plane, are even
longer than the Zn1—Zn2 bonds; the latter measure 2.796(2) A
in La,ZnSn (2.792(2) A in La,ZnPn). For reference, the
shorter Zn—Zn contacts are close to the double the radii of the
Zn atoms (Pauling covalent radius r,, = 1.22 A),'* while the
other ones are substantially longer. The above suggests that
there are regions in the Zn substructure with vastly different
Zn—Zn bonding. These are known traits of the Zn—Zn

interactions in related Zn-rich compounds,31 such as N::\an,32
CeyZn, ;> Nay,ZngSny,>* and RE,ZnGe; (RE = La—Nd),*
among others. As mentioned in those earlier papers, the Zn—
Zn interactions have flexibility, which can lead to the
coexistence of two-center, two-electron, and multicenter
configurations within the same structure; judging from the
Zn—Zn distances, this must also be the case in the RE,Zn Tt
(RE = La—Nd; Tt = Sn and Pb) structures.

The Sn and Pb atoms in RE,Zn Tt are found at the centers
of trigonal prisms made of rare-earth atoms (see Figure 2b), a
building unit that is the hallmark of the AIB, structure type.>®
The Zn—Sn and Zn—Pb bonds measure from 2.661(2) A to
2.713(2) A, and from 2.694(2) A to 2.756(1) A, respectively
(see Table S). These values compare well with the sum of the
corresponding Pauling radii (r;, + r, = 2.61 A; 1, + rpp = 2.68
A)" and also match the distances reported for other ternary
compounds such as AeZnSn (ZrBeSi structure type),’’
REZnSn,”* and CeZnPb (YPtAs structure type),”” to name
a few. On the basis of the distances, it could be suggested that
the bonding interactions between Zn and the tetrel element are
most likely covalent in nature.

There are two crystallographic sites for the La atoms, as
shown in Figures 2¢ and 2d. Lal is 15-coordinated and resides
within the Zn layers. This atom has 13 next-nearest Zn and 2
next-nearest Sn/Pb atoms (Table 5, cutoff distance 3.5 A). The
La2 atoms have 6 next-nearest Zn and 4 next-nearest Sn/Pb
atoms, with 4 additional Zn atoms at ca. 3.65 A away.
Regardless of the lower coordination number of La2 compared
to Lal, Lal appears to be more tightly coordinated, as judged
by the shortest distances to its neighboring atoms. These
arguments also support the observation that the isoelectronic
substitution of La with a spatially smaller rare-earth element,
such as Tm in LaTmlr,Ge,,*® will take place, preferably at the
Lal site.

A brief comment on some analogous structures is also
warranted. The La,ZnsSn structure is closely related to the
Euln, structure,® which is a monodlinically distorted derivate
of the well-known BaAl, structure type.* A schematic

Figure 3. (a) Schematic drawing showing the isolated Zn (colored in orange) layer from the La,ZnsSn structure. (b) Ball-and-stick representation of
the monoclinic structure of Euln,. (c) Ball-and-stick representation of La,ZnSn. A similar structural fragment is highlighted in light blue to guide the
eye. The structural relationship between Euln, and La,Zn;Sn can be easily recognized by removing the Sn atoms (shown in purple in panel (c)) and
moving the next layer (enclosed in the box) in a direction indicated by the arrow.
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Figure 4. Schematic representations of the LaRhSn,, YIrGe,, and La;Al,, structures types. La,Zn;Sn (shown here) and LaRhSn, are isotypic and the
diagram showing them side-by-side is provided as Supporting Information. One immediately notices that in all three structures, similar layers can be
found. They are stacked differently, which influences the way rare-earth metal atoms fill the space between the layers.
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Figure S. (a) Calculated total density of states (DOS) and partial density of states (PDOS) curves for La,Zn;Sn. The Fermi level is the energy
reference at 0 V. The PDOS shows the s, p, and d bands contribution for (b) La, (c) Zn, and (d) Sn. Also shown are the COHP curves for (e) the
La—Sn and La—Zn interactions and (f) the Zn—Zn and Zn—Sn interactions. In the —COHP curves, the positive and negative signs represent

bonding and antibonding states, respectively.

representation of the structural relationship between Euln, and
La,ZngSn is shown in Figure 3. By simply removing the Sn
atoms in La,ZnSn and by shifting the Zn layers in the b- and ¢-
directions, the topology of the framework of the Euln, structure
can be obtained. Besides the similarities with Euln,, we can also
draw structural parallels between La,ZniSn and the LajAl;;*
and YIrGe, structure types.'® These are shown in Figure 4. As
seen from the figure, neighboring Zn layers in La,ZnsSn are not
mirror images of each other and the stacking sequence is
different than that of the IrGe layers in YIrGe,. For La;Al,,, the
layers (without the capping atom) also stack alternately and
connect through Al square nets. The “net result” of this is that
the manner in which the rare-earth metals fill the space
between the layers in each of the three structures is markedly
different. For instance, as shown in Figure 4, eight Y atoms
encapsulate the Ge, dumbbell in AIB,-like manner (colored in
pink) in YIrGe,, while there are only six La atoms in trigonal
prismatic fashion (colored in light blue) around the trigonal-
planar Sn atom in La,Zn;Sn (vide supra). We can speculate
that among the most likely reasons for such variations are the
crystal packing requirements—Ge has a smaller radius than Sn
(rGe = 120 A, rg, = 129 A)" and the corresponding Ge—Ge
distance is significantly shorter than the Zn—Sn distance, which
influences what type (ie, size) of rare-earth atoms can be
enclosed between the layers, and ultimately determines their
arrangement for most efficient space-filling. Further evidence
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for this line of thinking is the fact that there are no stannides
adopting the YIrGe, structure type,'® which also appears to be
favored by the late rare-earth metals. In contrast, all the
compounds discovered so far with the LaRhSn, structure type*°
are with the early rare-earth metals and there are no germanides
among them. The fact that the series RE,Zn;Tt (RE = La—Nd;
Tt = Sn and Pb) exist only for the stannide and plumbide
analogues, and cannot be extended over Ge or Si, also
corroborates this reasoning.

Electronic Structure. In order to understand the chemical
bonding, electronic structure calculations of La,ZnSn and
La,ZnsPb were performed using the ti%ht-binding linear mufhin-
tin orbital (TB-LMTO-ASA) method.”® The DOS and COHP
curves for La,ZnsSn are plotted in Figure S. As seen from
Figure Sa, there is a significant overlap of the valence bands of
La, Zn, and Sn throughout the entire energy range, which
indicates the strong bonding interactions between all three
elements. Figures Sb—d show that, just below the Fermi level,
the valence bands arise mainly from the La 5d, Zn 4p, and Sn
Sp bands. The 4s and 4p bands of Zn are highly dispersive,
whereas the Ss band for Sn (Figure 5d) is highly localized deep
below the Fermi level (at ca. —7 eV to —9 eV). This is
especially true for the 6s states of Pb in La,ZnPb, which are
found at even lower energy below the Fermi level, as expected
for such a heavy element synonymous with the “lone pair”
effect. Also, there is insignificant overlapping between the Sn Ss
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and Sp bands, and between the Pb 6s and 6p bands, confirming
the expected lack of s-p hybridization—again, this is seen very
clearly in the case of La,ZnPb.

No band gaps exist, which is suggestive of the metallic
properties of the title compounds. One should also notice that
the Fermi level is located slightly above (ca. 0.2 eV) a region
with a relatively low DOS (i.e., a pseudo-gap). According to the
COHP curves (see Figures Se and 5f), the bonding interactions
at the Fermi level are all in the bonding state, except for the
Zn—Sn interactions, which are nearly optimized. The —iCOHP
values in Table S indicate that the strongest bonding
interactions are indeed the Zn—Sn/Zn—Pb bonds. Regardless
of the low content of Sn/Pb in the structure, it appears that the
tetrel atoms are critical to its electronic stability. Bonding
interactions between La and Zn also exist, albeit weaker, as
evident from both the DOS and COHP curves, and they also
contribute to the electronic stability of this structure.

On this note, it is useful to compare crystal and electronic
structures between the archetype LaRhSn, and La,Zn Sn in a
wider context. First, to rationalize the bonding in both
compounds, we invoke the Zintl—Klemm concept” as a starting
point. Following the rules for simple electron counting, in
LaRhSn,, the Sn atoms that are dimerized will require three
additional electrons/each to satisfy their octets. Since the Rh
atoms do not make any contribution to the magnetization
(based on the magnetic susceptibility measurements),*® a Rh**
with low-spin d® electron configuration can be inferred. Hence,
the LaRhSn, formula can be broken down to [La**][Rh3*]-
[Sn®7],, and although this idea has already been put forward in
a prior publication,30 we must note that Rh is more
electronegative than Sn (g, = 2.2; s, = 1.8)."°> Based on
that, considering Rh*" cations alongside Sn®” anions in the
same structure is unrealistic, regardless of the seemingly
successful application of the Zintl—Klemm concept.” The latter
approach clearly fails to achieve a meaningful result for
La,ZnsSn, with Zn** and Sn*~ being the plausible closed-shell
configurations of Zn and Sn (e.g, [La*"],[Zn*"]s[Sn*"]).

Arguably, the electron count in La,ZnsSn cannot be
straightforward, since the Zn atoms are not involved in simple
two-center, two-electron bonds (vide supra). With emphasis on
the covalent bonding within the polyanionic framework, then,
the La,Zn,Sn formula should be best rationalized as
[La**],[Zn,Sn]®7, i.e., the Zn atoms will receive some electrons
from the La and fill their p-orbitals. This is further supported by
the fact that, in the result of LMTO calculation, part of the p-
bands of Zn atoms is indeed below the Fermi level, similar to
many other late d-block metals in intermetallics, which receive
electrons from the less-electronegative constituents and behave
similar to the p-block elements.” For LaRhSn,, the electrons
provided by the La atoms are not sufficient to fill completely
the Rh d-subshell and we should expect major d orbital
contribution to the bonding scheme in the polyanionic
framework [RhSn,]>". These differences in the chemical
bonding notwithstanding, the valence electron count per
formula LaRhSn, and La,Zn(Sn is the same: LaRhSn, = 3
(La) +9 (Rh) + 4 (Sn) X 2 =20, and La,ZnSn = 3 (La) X 2 +
2 (Zn) X S + 4 (Sn) = 20).%

Magnetism. The temperature-dependent DC magnetiza-
tion measurements were performed on samples of RE,Zn;Sn
(RE = La—Nd) within the temperature range from S K to 300
K in field-cooling mode. La,ZnsSn displays a Pauli-like
paramagnetic ground state (temperature—independent), as
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expected for the La’* ion with no 4f electrons. La,ZnsSn is
not superconducting at S K.

As seen from the Figure 6, the magnetic response for
Ce,ZnsSn, Pr,ZnsSn, and Nd,ZniSn agrees with the local-
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Figure 6. Field-cooled magnetic susceptibility versus temperature of
RE,Zn;Sn (RE Ce—Nd). The insets show the temperature
dependence of the inverse magnetic susceptibility. The red solid
lines are the linear fits of the data, according to the Curie—Weiss law.

moment 4f-magnetism expected for Ce®* (4f'), Pr** (4f"), and
Nd** (4f). In the high-temperature regime, all three samples
follow the Curie—Weiss law:*'

C
T—6’p

x2(T) =

where C is the Curie constant (C = N/ (3kg)) and 0, is the
Weiss temperature. The effective magnetic moments derived
from the Curie constants are close to the theoretical values of
the free ion RE***' However, at very low temperatures, the
inverse susceptibilities deviate from the linear fits, suggesting
the presence of short-range magnetic correlations, although
there are no obvious magnetic orderings down to 5 K. The low
Weiss constants in this series indicate that the magnetic
interactions are weak, which likely is a consequence of the
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relatively long RE-RE distances (>4 A, which is longer than
those in the rare-earth elemental form*?). Attention should be
drawn to the fact that, for Ce,Zn Sn, the deviation from the
Curie—Weiss behavior occurs at higher temperature than in
Pr,ZnsSn and Nd,ZniSn, which also yields a much higher
Weiss constant. This anomaly is not fully understood at the
current stage. It may be attributed to a Kondo effect™ or crystal
field splitting of the ground state of the Ce**.* Similar
phenomena are also observed in Celny,* CeCo,P,,* and
CeRhSn,.*

H CONCLUSION

The discovery of the title compounds has again proven the rich
“phase space” in these systems, which is worthy of further
exploration. Thus, our next target will be the systematic
exploration of the RE—Zn—Ge systems (RE = La—Nd), where,
until now, we have been unsuccessful in our attempts to
synthesize the germanide analogues (RE,Zn;Ge). This suggests
that there is an intricate interplay between the electronegativity
and the atomic sizes in this structure, which warrants further
investigation.
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