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ABSTRACT: Three new rare-earth (RE) niobium stannides, namely, Sc,Nb,_ Sn
(x = 0.37, 0.52), YNbeSn,, and ErNb,Sn;, have been obtained by reacting the mixture
of corresponding pure elements at high temperature and structurally characterized by
single-crystal X-ray diffraction studies. Sc,Nb,_,Sny crystallizes in the orthorhombic
space group Ibam (No. 72) and belongs to the V,Sis type. Its structure features a
three-dimensional (3D) network composed of two-dimensionally (2D) corrugated
[Nb,Sn,] and [Nb,Sn,] layers interconnected via Nb—Sn bonds, forming one type of
one-dimensional (1D) narrow tunnels along the ¢ axis occupied by Sc atoms.
YNbSn crystallizes in the hexagonal space group P6/mmm (No. 191) and adopts
the HfFe,Ge, type, and ErNb,Sn; crystallizes in the trigonal space group R3m (No.
166) and belongs to the LiFe,Ges type. Their structures both feature 3D networks
based on 2D [Nb,Sn], [Sn,], and [RESn,] layers (RE =Y, Er). In YNb¢Sny, one type
of [Nb;Sn] layer is interconnected by [Sn,] and [YSn,] layers via Nb—Sn bonds to
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form a 3D network. However, in ErNbySns, two types of [Nb,;Sn] layers are interlinked by [Sn,] and [ErSn,] layers via Nb—Sn
bonds into a 3D framework. Electronic structure calculations and magnetic property measurements for “Sc,Nb,Sn;” and
YNb¢Sny indicate that both compounds show semimetallic and temperature-independent diamagnetic behavior.

B INTRODUCTION

The binary intermetallics of the Sn element with one
electropositive alkali (or alkaline-earth metal) have been
investigated intensively in the past several decades because of
their remarkable structural diversity, novel chemical bonding,
and manifold physical properties.' > Many types of anionic Sn
oligomers, chains, clusters, and nets have been found in these
binary phases. Furthermore, ternary Sn-rich phases containing
two types of cations with different sizes or charges exhibit
various unusual anionic clusters or clathrate cages and possess
interesting physical properties.* ¢

In recent years, systematic research efforts in this area have
resulted in the extension of these systems to include all rare-
earth elements as well as most of the transition metals.” "
Such a design strategy has led to a very large family of ternary
stannides with various structural types.'>”'” Especially,
Pauling’s electronegativities of transition metals are close to
that of Sn, which always enable strong covalent bonding
interactions between these elements. Hence, the introduction
of transition metals in the binary phases can dramatically
change their bonding character and structural type."®~*' For
example, the equiatomic ScTSn (T = Cu, Ag, Au) phases adopt
LiGaGe (P6ymc), TiFeSi (I2cm), and MgAgAs (F43m) type
structures, respectively.”” Similarly, ScNiSn crystallizes in the
orthorhombic space group Pnma and adopts TiNiSi-type
structure,® whereas ScPdSn and ScPtSn belong to the HfRhSn
type (P62c).>* Besides structural decoration, the abundant d
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orbital electrons of transition metals are also capable of greatly
regulating the electronic and physical properties of the resultant
compounds as well as improving their thermal stabilities. For
instance, Ce,T,Sn;3 and La;T,Sn;; (T = Co, Rh, Ir) phases
feature multifarious physical properties in spite of the same type
of structure.”* >

Among these ternary stannides, those containing a late
transition metal (such as Mn, Co, Ni, Cu, and Zn) are now
relatively well-known; however, reports on those containing Nb
metal are still comparatively scarce. Phase diagram studies
indicate that the binary Nb—Sn system exhibits three
intermediate phases, namely, Nb;Sn, NbgSn;, and NbSn,,
which show diversiform chemical-bonding character and
intriguing physical properties.””® Especially, the cubic AlS-
type Nb;Sn is considered to be one of the best candidates for
superconducting wires because of its high critical temperature
of 18.3 K and possibility to carry very large current densities far
beyond the limits of the commonly used NbTi.*”" Intrigued by
the rich structural types and novel physical properties of these
binary Nb—Sn phases, we undertook systematic studies in the
ternary RE—~Nb—Sn phases (RE = rare-earth metals), and so far
only one compound of TbNbeSng has been reported.”® Our
exploratory studies led to a series of new rare-earth niobium
stannides, Sc,Nb,_.Sn; (x = 0.37, 0.52), YNb¢Sns and
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ErNbeSn;. They all feature three-dimensional (3D) networks
based on Nb—Nb, Nb—Sn, and Sn—Sn bonds. Herein, we
report their syntheses, crystal structures, band structures, and
physical properties.

B EXPERIMENTAL SECTION

Materials and Instruments. All manipulations were performed
within an argon-filled glovebox with a moisture level below 1 ppm,
although the title compounds were subsequently found to be stable in
moist air for several months. All elements for the syntheses were used
as received: rare-earth (RE) blocks (Acros, 99.99%), Nb powder
(Tianjin Fuchen chemical reagent company, 99.99%), and Sn granules
(Acros, 99.99%). Semiquantitative elemental analyses for RE, Nb, and
Sn atoms were performed on a JSM-6700F scanning electron
microscope equipped with an energy-dispersive spectroscopy detector.
Powder X-ray diffraction (XRD) patterns were collected at room
temperature on a XPert-Pro diffractometer using Cu Ka radiation (4
= 1.5406 A) in the 20 range of S—85° with a step size of 0.04° and a 10
s/step counting time. Magnetic susceptibility measurements were
performed on a Quantum Design PPMS-9T magnetometer at a field
of 5000 Oe in the temperature range of S—300 K.

Preparation of Sc;Nb,_,Sns (x = 0.37, 0.52). A single crystal of
Sc,Nb,_,Sng (x = 0.52) was initially obtained by the reaction of Sc,
Nb, and Sn metals with a molar ratio of 1:2:10, and the large excess of
Sn metal was used as the flux. The mixture was loaded into a Ta tube,
which was subsequently arc-welded under an Ar atmosphere and
sealed in a quartz tube under vacuum (~107* Torr). The quartz tube
was then put into a high-temperature furnace, allowed to react at 980
°C for 10 days, and annealed at 800 °C for 6 days. Then it was cooled
to room temperature at a rate of 0.1 °C/min. Prism-shaped single
crystals were selected from the reaction products for structural
analysis. To increase the yield of Sc,Nb,_,Sng (x = 0.52), a reaction
using the loading composition of 2:3.5:5 (Sc/Nb/Sn) was set up in
other Ta tubes under the same reaction conditions, which led to
another phase of Sc,Nb,_.Sng (x = 0.37) besides Sc,Nb,_.Sng (x =
0.52). Microprobe elemental analysis on clean surfaces of the single
crystal indicated the presence of Sc, Nb, and Sn elements in molar
ratios of 2.0(2):3.5(4):5.1(9) and 2.0(5):3.7(3):5.2(2) for
Sc,Nb,_,Sn; (x = 0.52) and Sc,Nb,_,Sng (x = 0.37), respectively,
which were in agreement with the results from single-crystal XRD
studies. After the proper structural and composition analyses, the
compound was prepared rationally in a high yield and high purity by
reacting the mixture of the pure metals according to the loading
composition of “Sc,Nb,Sn;”. A successful temperature profile entailed
heating at 1000 °C for 8 days, annealing at 850 °C for 10 days, and
slowly cooling to room temperature. The purity of the sample was
confirmed by the powder XRD studies (see the Supporting
Information).

Preparation of YNbsSng. Single crystals of YNbeSn, were first
synthesized by reacting the mixture of Y, Nb, and Sn metals in a molar
ratio of 2:4:5 during our attempts to prepare the Y analogue of
Sc,Nb,_,Sn;. The sample was reacted at 980 °C for 10 days and
annealed at 800 °C for 6 days. Prism-shaped silvery white single
crystals of YNbsSngs were selected from the reaction products for
structural analysis. Microprobe elemental analyses on several single
crystals indicated the presence of Y, Nb, and Sn elements in a molar
ratio of 1.1(3):5.9(5):6.1(2), which was in agreement with the results
derived from single-crystal XRD refinement. Subsequently, the
reactions were carried out with a stoichiometric mixture of the
corresponding elements in a Ta tube. The sample was heated at 1050
°C for 8 days and annealed at 770 °C for 8 days, and then it was
allowed to slowly cool to room temperature. The measured powder
XRD pattern agreed well with that simulated from the single-crystal X-
ray structural analysis (see the Supporting Information).

Preparation of ErNbgSns. The ErNb¢Sn; compound was initially
obtained by the direct combination of Er, Nb, and Sn metals in a molar
ratio of 2:4:S in our attempts to prepare Er analogue of Sc,Nb,_,Sng
under similar conditions. After the reaction, a small amount of the
prism-shaped silvery white single crystals of ErNbeSns were selected
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for structural and microprobe elemental analyses. The measured
chemical composition, Ergg(;)Nbsg7)Sns (), is in good agreement
with those determined by single-crystal XRD studies. After the
structure of ErNbgSng was established, many efforts were subsequently
made to prepare the single phase by reacting the stoichiometric
mixtures of the pure elements in Ta tubes. The samples were heated at
1000 °C for 8 days, annealed at different temperatures (700, 800, 850,
900, and 950 °C, respectively, for each reaction) for 10 days, and then
slowly cooled to room temperature. However, only a small amount of
the prism-shaped crystals of ErNbsSn were found, and powder XRD
patterns revealed the presence of many impurity phases, such as
ScsSn;, Sc, or Nb elements. The highest yield of about 30% for
ErNb¢Sng was obtained by annealing the sample at 850 °C. A number
of attempts to synthesize other rare-earth analogues of the
Sc,Nb,_,Sn;, YNbsSng and ErNbSng phases were also tried but
were unsuccessful.

Crystal Structure Determination. Single crystals of Sc,Nb,_,Sn;
(x = 0.37, 0.52), YNbgSng and ErNbSng were selected from the
reaction products and sealed into thin-walled glass capillaries within
the glovebox. Data collections for all compounds were performed on
the Rigaku Mercury CCD (Mo Ka radiation, graphite monochroma-
tor) at 293(2) K. All of the data sets were corrected for Lorentz factor,
polarization, air absorption, and absorption because of variations in the
path length through the detector faceplate. Absorption corrections
based on the multiscan method were also applied.*”*

All of the structures were solved using direct methods (SHELXTL)
and refined by full-matrix least squares with atomic coordinates and
anisotropic thermal parameters.29b For Sc,Nb,_,Sn; (x = 0.37, 0.52),
inspection of the systematic absences for the full data sets indicated the
possible space group to be Ibam (No. 72) or Iba2 (No. 45). The mean
IE> — 1l value of 0.883 was suggestive of a centrosymmetric space
group; hence, Ibam was used for structural refinement and gave a
satisfactory result. Site-occupancy refinements indicated that all sites
were fully occupied except the Nb2 site with occupancy factors of
0.81(7) and 0.73(9) for Sc,Nb,_Sng (x = 0.37, 0.52), respectively.
Final difference Fourier maps showed featureless residual peaks of 0.46
e A7 (0.76 A from the Nb1 atom) and —0.47 e A=* (1.18 A from the
Snl atom) for Sc,Nb,_.Sn; (x = 0.37) and 2.09 e A= (1.42 A from the
Sn3 atom) and —091 e A™® (090 A from the Sn3 atom) for
Sc,Nb,_,Sng (x = 0.52). The space groups for YNbeSng and ErNb,Sn;
were determined to be P6/mmm (No. 191) and R3m (No. 166),
respectively, based on systematic absences, E-value statistics, and
satisfactory refinements. Site-occupancy refinements for these
compounds indicated that all sites were fully occupied. Final difference
Fourier maps showed featureless residual peaks of 1.45 e A= (1.62 A
from the Snl atom) and —1.26 e A~ (0.94 A from the Y1 atom) for
YNbSng and 2.16 e A= (1.42 A from the Erl atom) and —1.57 e A3
(0.86 A from the Snl atom) for ErNbSn;. Data collection and
refinement parameters are summarized in Table 1. Atomic coordinates
and important bond lengths are listed in Tables 2 and 3, respectively.
More details about crystallographic studies and atomic displacement
parameters are given in the Supporting Information.

Computational Details. To better understand the electronic
structures of the title compounds, ab initio electronic structure
calculations were carried out for YNb¢Sny and idealized “Sc,Nb,Sny”
models as representatives; in the latter, all of the Nb sites were
assumed to be fully occupied. The calculations were performed with
both the full-potential linearized augmented plane wave plus local basis
(FPLAPW+lo) method (WIEN2K) and tight-binding linear muffin-tin
orbital method (TB-LMTO).

WIEN2K. The WIEN2K program is based on the density functional
theory and the highly accurate FPLAPW+lo method, using the
generalized gradient approximation (GGA-PBE) to treat the exchange
and correlation potential.>** Within the FPLAPW method, the space is
divided into nonoverlapping muffin-tin (MT) spheres and an
interstitial region. In order to obtain results as precise as possible,
we expanded the basis function up to RyrKysx = 7, where Ry is the
smallest MT spherical radius present in the system and Ky, is the
maximum modulus for the reciprocal lattice vector. We adopted the
values of 2.5, 2.5, and 2.42 au for RE, Nb, and Sn atoms, respectively,
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Table 1. Crystal Data and Structure Refinements for
Sc,Nb,_,Sn; (x = 0.37), YNbSng, and ErNbgSng

chemical formula Sc,Nb; 63Sng YNb4Sng ErNb¢Sng

fw 1021.10 1358.51 1318.17

space group Ibam (No. 72) P6/m;nm (No. R3m (No. 166)

191

a () 8.672(3) 5.7498(6) 5.7730(17)

b (A) 18.719(6) 5.7498(6) 5.7730(17)

¢ (A) 5.6645(16) 9.5003(15) 51.05(2)

v (&%) 919.6(5) 272.00(6) 1473.5(9)

z 4 1 6

Dy (g em™) 7.376 8.294 8.913

temp (K) 293(2) 293(2) 293(2)

u (mm™) 18.963 24.757 27.538

GOF on P 1171 1.013 1.259

R1, wR2 [I > 0.0094/0.0180  0.0156/0.0333 0.0228/0.0527
20(1)]*

R1, wR2 (all data) ~ 0.0105/0.0187  0.0176/0.0341 0.0249/0.0536

“Rl = MIIE] IEN/YIEl, wR2 = {¥w[(F,)* — (F)’]*/

Ywl(F,)* P}

Table 2. Atomic Coordinates and Equivalent Isotropic
Displacement Parameters (A> X 10%) for Sc,Nb,_.Sn, (x =
0.37), YNbSng, and ErNbySn;

atom  Wyckoff x y z U(eq)”
Sc,Nb,_,Sns (x = 0.37)
Scl 8j 0.1104(1) 0.3541(1) ', 8(1)
Nb1 8g 0 0.1896(1) Y4 5(1)
Nb2 8j 0.2605(1) 0.4335(1) 0 7(1)
Snl 8j 0.2016(1) 0.2871(1) 0 6(1)
Sn2 8 0.1024(1) 0.0673(1) 0 7(1)
Sn3 4a 0 ', 4 8(1)
YNb¢Sng
Y1 1b 0 0 /s 10(1)
Nbl 6i 1, 0 0.2507(1) 4(1)
Snl 2e 0 0 0.1705(1) 8(1)
Sn2 2¢ /s 1, 0 6(1)
Sn3 2d Y, A '/, 5(1)
ErNb4Sng
Erl 6¢ 0 0 0.0894(1) 4(1)
Nb1 18h 0.1716(1) 0.3431(2) 0.1931(1) 5(1)
Nb2 18h 0.5003(1) 0.4997(1) 0.0469(1) 2(1)
Snl 6¢c 0 0 0.1476(1) 3(1)
Sn2 6¢c 0 0 0.0295(1) 3(1)
Sn3 6¢c 0 0 0.3333(1) 3(1)
Sn4 6¢ 0 0 0.2398(1) 3(1)
Sns 6¢ 0 0 0.5737(1) 3(1)

“Uleq) is defined as one-third of the trace of the orthogonalized Uj
tensor.

as the Ry radii. In addition, we used a separate energy of —8.0 Ry
between the valence and core states. Thus, the Sc 3d4s, Y 4dSs, Nb
4dSs, and Sn SsSp orbitals were treated as valence states, while the Sc
3s3p, Y 4s4p, Nb 4s4p, and Sn 4p4d orbitals acted as semicore states
with other electrons as core states. We calculated the total energy and
magnetic moments with 100, 300, and 500 k points for both
compounds, and the results suggested that the calculated results did
not change much from 100 to 500 k points. Hence, in this study, we
used 300 k points in the complete Brillouin zone, in which the
integration was carried out with a modified tetrahedron method.’
Convergence of the self-consistency calculation of the electronic
structure was achieved when the total energy variation from iteration
to iteration converged to be 0.01 mRy accuracy or better. The Fermi
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Table 3. Selected Bond Lengths (A) for Sc,Nb,_.Sng (x =
0.37), YNbSng, and ErNbSn,

Sc,Nb,_,Sns (x = 0.37)

Sc1-Sc2 2.894(1) Scl1—Snl 3.1968(8) X 2
Sc1—Snl 2.982(1) Scl1—Sn3 3.2225(9) X2
Scl—Snl 3.105(1) Sc1-Nbl 3.521(1) x 2
Sc1—-Nb2 3.4539(8) X 2 Nb2—Sn2 2.7716(8)
Nb1-Nbl 2.8322(8) X 2 Nb2—Sn1 2.7879(9)
Nb1-Snl 2.8973(6) X 2 Nb2—Sn3 2.9426(7) X 2
Nb1-Snl 2.9820(8) X 2 Nb2—Sn2 2.965(1)
Nb1—Sn2 2.8349(7) X 2 Nb2—Sn2 3.0717(8) X 2
Snl1—Snl 3.2641(8) X2 Sn3—Sn3 2.8322(8) X 2
Sn2—Sn2 3.0815(8)

YNb¢Sng
Y1-Snl 3.131(1) x 2 Y1-Sn3 3.3196(4) X 4
Nb1-Nbl 2.8749(3) X 4 Y1-Sn3 3.3196(3) X2
Nb1-Sn3 2.8918(6) X 2 Snl—Snl 3.239(2)
Nb1-Sn2 2.9034(6) X 2 Sn2—Sn2 3.3197(3) X 3
Nb1-Snl 2.9744(4) X 2 Sn3—Sn3 3.3197(3) x 3

ErNbgSng
Er1—Snl 2.972(2) Erl—Sn4 3.340(1) x 3
Erl—Sn2 3.060(2) Erl-Nb2 3.611(1) X 6
Er1—Sn$ 3.338(1) x 3 Nb2—Nb2 2.882(1) X 2
Nb1-Nbl 2.802(2) X2 Nb2—Nb2 2.891(2) X2
Nbl—-Nbl 2.971(2) x 2 Nb2—Sn5 2.883(1)
Nb1-Snl 2.886(1) Nb2—Sn4 2.904(1)
Nb1-Sn5 2.906(1) Nb2—Sn3 2.916(1)
Nb1-Snl 2.9113(9) Nb2—-Sn3 2.920(1)
Nb1-Snl 2.9114(9) Nb2—Sn2 3.0205(9) x 2
Nb1-Sn4 2.938 (1) Sn2—Sn2 3.010(2)
Sn3—Sn3 3.333(1) Sn4—SnS 3.333(1)

level was selected as the energy reference (Eg = 0 eV). Furthermore, to
improve the description of the strongly correlated f and d electrons, we
also introduced the on-site Coulomb energy U correction, namely, the
GGA + U-type calculation.*?

Stuttgart LMTO Program. This program follows the TB-LMTO
method in the local density approximation.®® All relativistic effects
except for spin—orbit coupling were taken into account by the scalar
relativistic approximation.>* Interstitial spheres were introduced in the
latter to achieve space filling. The atomic sphere approximation radii as
well as the positions and radii of additional empty spheres were
calculated automatically. The basis set included the 4s, 4p, 3d, and 3f
orbitals for the Sc atom and the Ss, Sp, 4d, and 4f orbitals for the Y,
Nb, and Sn atoms. The Sc 3f, Y 4f, Nb 4f, and Sn 4d4f orbitals were
treated with the downfolding technique.’® In both cases, the k-space
integrations were performed by the tetrahedron method.”" The Fermi
level was selected as the energy reference (Ez = 0 eV).

B RESULTS AND DISCUSSION

Crystal Structures. Our exploratory studies in the ternary
RE—Nb—Sn system led to three new compounds, namely,
Sc,Nb,_.Sng (x = 0.37, 0.52), YNbeSng, and ErNbgSns. Their
structures all feature 3D networks based on Nb—Nb, Nb—Sn,
and Sn—Sn bonds.

The structure of Sc,Nb, ,Sng belongs to the V(Sis type,
which is also adopted by several ternary transition-metal
silicides, such as R,Cr,Sis (R = Sc, Ti, Zr, Hf, Nb, Ta), R,V,Si
(R = Nb, Ta), R,Mn,Sis (R = Ti, Nb, Ta), and Cr,Nb,Si.** In
these ternary phases, group 14 elements always occupy the Si
position of V¢Sis;, and two types of transition metals are
available to replace three different V sites of V1, V2, and V3
with various manners. Generally speaking, the earlier transition
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Figure 1. General view of the structure of Sc,Nb,_.Sn (x = 0.37)
along the ¢ axis. The Sc, Nb, and Sn atoms are drawn as yellow, purple,
and green spheres, respectively. The unit cell is outlined.
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metal of smaller Pauling’s electronegativity and larger atomic
size commonly occupies the V1 site, whereas the later transition
metal of larger Pauling’s electronegativity and smaller atomic
size currently replaces the V2 and V3 positions, such as
R,Cr,Sis (R = Sc, Ti, Zr, Hf, Nb) and Sc,Nb,_.Sn; with
compositions of R,[Cr,Cr,]Sis and Sc,[Nb,_,Nb,]Sn;, respec-
tively.> However, the larger atoms also tend to occupy the V3
site and the smaller atoms replace the V1 and V2 sites when
these transition metals have approximative Pauling’s electro-
negativities, such as R,V,Sis (R = Nb, Ta), R,Mn,Sis (R = Tj,
Nb, Ta), and Ta,Cr,Si; with compositions of V,[V,R,]Sis,
Mn,[Mn,R,]Sis, and Cr,[Cr,Ta,]Sis, respectively.

The general view of Sc,Nb,_,Sn,, in Figure 1, illustrates the
3D framework, which is composed of two-dimensionally (2D)
corrugated [Nb,Sn,] and [Nb,Sn;] layers interconnected via
Nb—Sn bonds, forming one-dimensional (1D) narrow tunnels
along the ¢ axis occupied by Sc atoms. Because both of the
Sc,Nb,_,Sng compounds are isostructural, the structure of
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Figure 3. General view of the hexagonal structure of YNbgSng along
the a axis. The Y, Nb, and Sn atoms are drawn as yellow, purple, and
green spheres, respectively.

c

Sc,Nb,_,Sng (x = 0.37) will be discussed in detail as a
representative.

As shown in Figure 2a, the 2D corrugated [Nb,Sn,] layer is
formed by a 1D linear Nb chain and a zigzag Sn chain
interconnected via Nb1—Sn1 bonds. In the linear Nb chain, the
Nb1-Nbl distance of 2.8322(8) A is slightly shorter than the
sum of the covalent radii of 2.834 A,%’ showing strong covalent
Nb—Nb bonding (Figure 2b). It should be noted that the 1D
zigzag Sn chain containing equal Sn1—Snl distances is slightly
different from that reported in Yb;CoSng, in which the zigzag
Sn chain features inequable Sn—Sn distances.*® A similar 2D
[Nb,Sn,] layer has also been reported in NbSn,, which is also
composed of a 1D linear Nb chain and a zigzag Sn chain.”’” In
Sc,Nb,_,Sng, the neighboring zigzag Sn chains are wavily
bridged by the Nb chain to form a corrugated [Nb,Sn,] layer,

Snl Snl
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Snl 2982
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a Nb1
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Figure 2. Closeup view of the section of the 2D [Nb,Sn,] layer in Sc,Nb,_.Sns (x = 0.37) along the ¢ axis (a) and the b axis (b) and the 2D

[Nb,Sn;] layer along the c axis (c) and the b axis (d).
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Figure 4. Detailed view of the 2D [Nb;Sn] layer (a), [Sn,] layer (b), and [YSn,] layer (c) along the ¢ axis in YNbySny.

whereas they are interconnected in a parallel manner to form a
flat [Nb,Sn,] layer in NbSn,.

The basic building blocks of the 2D [Nb,Sn;] layer are a
parallelogram-shaped [Nb,Sn,] unit and a 1D linear Sn chain,
as shown in Figure 2c. The parallel [Nb,Sn,] units of the Nb2
and Sn2 atoms are reversely interlinked via weak Nb2—Sn2
bonds [3.0717(8) A] to form a 1D [Nb,Sn,] chain along the ¢
axis and are bridged by a linear Sn chain of Sn3 atoms via
Nb2—Sn3 bonds into the 2D [Nb,Sn;] layer parallel to the ac
plane (Figure 2d).

The 2D [Nb,Sn,] and [Nb,Sn,] layers are further joined
together via Nb1—Sn2 and Nb2—Snl bonds to form a 3D
[Nb,Sn;] framework with long narrow tunnels composed of
[Nb;Sn;] six-membered rings along the ¢ axis, which are
occupied by the Scl atoms (Figure 1). The Scl atom is
surrounded by four Nb and seven Sn atoms with Sc—Nb and
Sc—Sn distances in the ranges of 3.4539(8)—3.521(1) and
2.894(1)—3.2225(9) A, respectively. The Nb1 atom is in close
contact with two Nbl, two Sn2, and four Snl atoms, whereas
the Nb2 atom is seven-coordinated by one Snl, four Sn2, and
two Sn3 atoms. Most of the Nb—Sn bonds have a rather
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narrow range of 2.7716(8)—2.965(1) A, which is comparable
with the sum of the covalent radii of 2.835 A% indicating
strong covalent Nb—Sn bonding (Figure S1 in the Supporting
Information). All of the Sn—Sn bond distances are in the range
of 2.8322(8)—3.2641(8) A, which is in accordance with those
repc;;ted in Yb;CoSng, Sm,NiSn,, YbNi,Sn;;,, Yb,;Ni,Sni;,
etc.

The structure of YNbsSnys belongs to the HfFesGe4 type,
which is also known for many other relevant ternary phases,
such as REMn¢Sng (RE = rare earth atoms), RFe,Geg (R = Ti,
Zr, Nb, Sc, Y, Lu), RCosGe, (R = Mg, Ti, Zr, Hf), RECrGe,
(RE = Tb, Dy, Ho, Er), etc.*>* Its structure features a 3D
network based on three types of 2D infinite layers: [Nb;Sn],
[Sn,], and [YSn,] layers, which are interconnected via Nb—Sn
and Sn—Sn bonds along the ¢ axis (Figure 3).

There are one Y, one Nb, and three Sn atoms in the
asymmetric unit of YNbeSn, In Figure 4a, all of the regular
[Nbg] hexagons of the Nbl atom are capped by Snl atoms on
one side and further condensed via corner sharing into a 2D
[Nb;Sn] layer. The Snl atom is 0.763 A off the plane formed
by the [Nbg] hexagon. Similar capped hexagonal sheets have

dx.doi.org/10.1021/ic202414h | Inorg. Chem. 2012, 51, 2461—2471
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Figure S. Perspective view of the part structure of ErNbgSn; viewed
down the a axis. The Er, Nb, and Sn atoms are shown as yellow,
purple, and green spheres, respectively.

also been reported for [Mn;Sn] layer in REMnSng and
[Co,Ge] layer in MgC06Ge6.39’4O The Sn2 atoms form a 2D
planar graphite-type [Sn,] layer arising from the condensation
of regular [Sny] hexagons via edge sharing, which is similar to
those in NbSn, and REMn¢Sn,.”"** The Sn2—Sn2 distance of
3.3197(3) A is longer than the corresponding Sn—Sn distances
(3.160—3.206 A) of [Sng] hexagons in REMngSn, (RE = Sc, Y,
Nd, Sm, Tb, Ho, Tm).*® Such a Sn—Sn distance is close to
those reported in the Sn square sheets of Yb;CoSng and
BaMg,Sn,, which could be considered as a weak bonding
interaction.*®*' The Sn3 atoms also form the same 2D planar
[Sn,] layer as that of the Sn2 atoms with a Sn3—Sn3 distance of
3.3197(3) A. 1t is different that all of the Y atoms are sitting in
the center of [Sny] hexagons of Sn3 atoms to form 2D [YSn,]
layers but not for Sn2 atoms (Figure 4c).

These 2D [Nb;Sn], [Sn,], and [YSn,] layers are further
joined together via Nb—Sn bonds along the ¢ axis into the 3D
YNbSn, network (Figure 3). Such connectivity also results in a
short interlayer Sn1—Snl distance of 3.239(2) A, which is
shorter than the intralayer Sn—Sn distance of 3.3197(3) A. The
Y1 atom is coordinated by two Snl and six Sn3 atoms with Y—
Sn distances in the range of 3.131(1)—3.3196(4) A, which are
comparable with those reported in Y,Co¢Sn,; and YMSn (M =
Cu, Ag, Au).'®**>* Its coordination geometry can be described
as a hexagonal bipyramid. The Nb1 atom is surrounded by four
Nb and six Sn atoms with Nb—Nb and Nb—Sn distances of
2.8749(3) and 2.8918(6)—2.9744(4) A, respectively, which are
comparable with those in Sc,Nb,_.Sny (Figure S3 in the
Supporting Information). It is found that most of the Nb—Nb,
Nb—Sn, and Sn—Sn bond lengths in YNbySns are slightly
shorter than those of TbNbSn,, which is in accordance with
the radii of RE ions.

ErNbgSng is isostructural to LiFe,Ge;, with the Er atom
filling the Li site, Nb atoms replacing Fe sites, and Sn atoms
corresponding to Ge pos.itions.43 Its structure features a 3D
network based on two types of 2D [Nb;Sn] layers as well as
planar [Sn,] and [ErSn,] layers interconnected via Nb—Sn and
Sn—Sn bonds (Figure S). Its structure contains one Er, two Nb,

2466

and five Sn atoms in the asymmetric unit. The Nb1l and Snl
atoms form the first type of [Nb;Sn] layer, and the Nb2 and
Sn2 atoms construct the second kind of [Nb;Sn] layer in a
manner similar to that of YNb¢Sn, (Figure 6a,b). The Snl and
Sn2 atoms are 0.376 and 0.889 A off the plane formed by [Nby]
hexagons, respectively. Within each type of [Nb;Sn] layer, two
types of Nb—Nb bonds are found: 2.802(2) and 2.971(2) A for
the first and 2.882(1) and 2.891(2) A for the second, which are
different from the [Nb;Sn] layer of YNbSns with an equal
Nb—Nb distance of 2.8749(3) A. The 2D planar [Sn,] layer is
formed by the Sn3 atom, and the [ErSn,] layer is made up of
Erl, Sn4, and SnS atoms, where the connecting manners are
also in accordance with those of YNbsSn. Both Sn3—Sn3 and
Sn4—Sn$ distances of 3.333 A are greatly close to those in
YNb¢Sn.

All of the 2D [Nb;Sn], [Sn,], and [ErSn,] layers are
interlinked via Nb—Sn bonds along the ¢ axis to form a 3D
ErNbgSn; network (Figure S). Such connectivity also leads to a
short interlayer Sn2—Sn2 distance of 3.010(2) A, which is
evidently shorter than the corresponding bond distance in
YNbSng [3.239(2) A]l. In ErNbgSns, the Erl atom is
surrounded by six Nb2, one Snl, one Sn2, three Sn4, and
three SnS atoms with Er—Nb and Er—Sn distances of 3.611(1)
and 2.972(2)—3.340(1) A, respectively. The Nb1 atom is nine-
coordinated by four Nb and five Sn atoms, whereas the Nb2
atom closely contacts with four Nb and six Sn atoms. The Nb—
Sn distances fall in the range of 2.883(1)—3.0205(9) A, which
is close to those in Sc,Nb,_,Sny and YNb4Sn,.

The most prominent features for YNbsSng and ErNbgSn; are
the manifold 2D layers as well as their connecting manners.
Their structures both feature 3D networks based on three types
of 2D layers: [Nb;Sn], [Sn,], and [RESn,] (RE =Y, Er) layers
with the same structural conformation. In YNbSng, there is
only one sort for each type of [Nb;Sn], [Sn,], and [YSn,] layer,
marked as A, B, and C types, respectively, for convenient
descriptions. However, in ErNbeSn;, there are two types of
similar [Nb,;Sn] layers and one sort for respective [Sn,] and
[ErSn,] layer, marked as A, A, B, and C types, respectively.
Furthermore, these 2D layers feature different stacking orders.
In YNbSng the A, B, and C layers are interconnected
according to ®[A—B—A—C] order along the ¢ axis to form a
3D network (Figure 7a), whereas the A, A’, B, and C layers are
interlinked according to the sequence of *[A—B—A—C—A'—
A'—C] along the c axis into a 3D network in ErNbSng (Figure
7b). Such structural characters of YNbSns and ErNbySng based
on 2D layers are also homologous to the structures of some
binary vanadium family element tetrelides. For example, the 3D
structure of MSn, (M = V, Nb, Ta) is composed of a 2D
[M,Sn,] layer and a graphite-type [Sn,] layer (B-type), and
MTt, (M =V, Nb, Ta; Tt = Si, Ge) features 3D networks based
on a transitional-metal-centered [MTt,] layer (C type). The
3D structures of YNbsSng and ErNbSn; can also be considered
as the intergrowth of different types of 2D slabs.** As shown in
Figure S4a in the Supporting Information, the structure of
YNbSng, referred to as the HfFesGe, type, is built up from an
alternating stacking of Zr,Al;- and CaCus-type slabs. The
structure of ErNb,Sn; (LiFe,Ges type) contains structural slabs,
characteristic of the HfFe,Ge4 type, in which each Zr,Al;-type
layer is surrounded by a CaCus-type layer on each side similar
to that in YNbgSns. The HfFe,Ges- and PuGaj-type slabs
further alternately stack along the ¢ axis to form a 3D
framework (Figure S4b in the Supporting Information).
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Figure 6. Fragments of two types of 2D [Nb;Sn] layers (a and b) and the [Sn,] layer (c) and [ErSn,] layer (d) viewed down the ¢ axis in ErNb¢Sn,.

Magnetic Properties. To assess the physical properties of
“Sc,Nb,Sns” and YNb4Sng, preliminary measurements of their
magnetic properties have been made. Further work is necessary
to understand how the level of Nb deficiency affects these
properties for Sc,Nb, .Sn;. Plots of the molar magnetic
susceptibility y,, of “Sc,Nb,Sns” and YNb4Sns as a function
of the temperature in the range of 5—300 K are presented in
Figure S5 (Supporting Information). Both compounds exhibit
essentially temperature-independent diamagnetic behavior over
10—300 K with susceptibilities of about —7.22 X 107* and
—493 x 107* emu mol™ for “Sc,Nb,Sn,” and YNbgSny,
respectively. The slight increase of the molar susceptibility
below 10 K probably arises from the presence of minor
amounts of paramagnetic impurities. The intrinsic diamagnetic
behaviors of the compounds are consistent with the non-
magnetic characters of all of the metallic constituents. Such
phenomena have also been observed in other phases containing
Sc and Y, such as ScAuSn and YAuSn.>?

Band Structure Calculations. To investigate the elec-
tronic properties of “Sc,Nb,Sns” and YNbSn,, we carried out
accurate band structure calculations by using the FPLAPW
method. The spin polarization was properly taken into account
by considering the d-electron effect of the Nb atom, but no
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obvious spin splitting was observed in both compounds. The
calculated total density of states (DOS) and partial DOS
(PDOS) from each element with no spin polarization are
shown in Figure 8. It is seen that their Fermi levels both fall in
the pseudogap, in a region with low density of states, which
indicates that the compounds show semimetallic behaviors. In
both cases, the outer s and d states of RE atoms mainly locate
above the Fermi level. Furthermore, the calculations converge
to theoretical saturation moments of almost 0 yy for all of the
RE atoms. Hence, all of the RE cations are most likely in
oxidation states of 3+ in two compounds, which are in
accordance with the results of magnetic measurements. In both
cases, the Nb 4d bands are partially occupied and mostly
localized in the range of —5 to +6 eV, and the PDOS of all of
the Sn atoms spread over the whole energy range (Ss, —10 to
—6 eV; Sp, =S to 0 eV) with larger dispersion. It is found that
the strong Sn p/Nb d hybridization just below the Fermi level
indicates the strong covalent character of the Nb—Sn bonds.
Furthermore, considering the local d and f electrons in these
compounds, we further perform GGA + U (on-site Coulombic
energy correction) type calculations to examine the correlation
of d or f electrons. It is found that the DOS is unchanged
except small quantitative changes for two compounds. Namely,
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Inorganic Chemistry

LT

E

AlA B A A' A’ A B A

Figure 7. Schematic representation of the stacking manners of
YNbgSng (left) and ErNbeSn; (right) based on different types of 2D
layers. The [Nb;Sn] layer (A and A’ types), [Sn,] layer (B type), and
[RESn,] layer (C type) are represented using purple, red, yellow, and
green slabs, respectively. The Nb—Sn and Sn—Sn bonds among the
2D layers are deleted for clarity.

the U parameter does not influence the energy and DOS of
both d and f electrons. Thus, the GGA exchange correlation
formation can give sufficient and reliable results.

To further interpret the chemical bonding, the results of the
TB-LMTO calculations have been utilized through crystal
orbital Hamilton population (COHP) analyses because the
WIEN2K code does not support such analyses (Figure 9).
Furthermore, to quantify the interaction between atoms,
integrated COHP (ICOHP) analyses were also determined,
and the calculated values are listed in Tables S3 (Supporting
Information). Such a calculation strategy has been effectively
used in many cases.”” In both cases, the Nb—Nb bonds
[2.8322(8)—2.8749(3) A] and Nb—Sn bonds [2.7716(8)—
2.9744(4) A] are effectively optimized at the Fermi level with

large ICOHP values of 2.02—2.08 and 1.0-1.69 eV bond~,
respectively, which indicate strong covalent Nb—Nb and Nb—
Sn bonding interactions. However, in “Sc,Nb,Sn,”, the ICOHP
value of 0.47 eV for the longer Nb—Sn bond [3.0717(8) A] is
relatively small, as expected, indicating that such a bond is
much weaker than the shorter Nb—Sn bonds [2.7716(8)—
2.9744(4) A]. The Sn—Sn contacts show various bonding
character depending on the different bond distances. The
shorter Sn—Sn bond of 2.8322(8) A in “Sc,Nb,Sny” with a
ICOHP value of 1.03 eV is much stronger than the Sn—Sn
bonds of 3.0815(8)—3.2641(8) A in “Sc,Nb,Sny” and
3.3197(3) A in YNbSns with ICOHP values of 0.36—0.58
and 0.28 eV bond ™!, respectively. It should be noted that some
antibonding states below the Fermi level lead to a weakening of
Sn—Sn bondlng 1nteract10ns, which has been investigated in
detail elsewhere.*® As expected, the Sc—Nb, Sc—Sn, and Y—Sn
bonds are weakly bonding with small ICOHP values of about
0.11-0.19, 0.22—0.41, and 0.36—0.46 eV bond™’, respectively.
Hence, in both compounds, the states just below the Fermi
level are mainly from the Nb—Nb and Nb—Sn bonds as well as
some Sn—Sn bonding interactions, which suggests that these
bonds are significantly contributing to the stability of the
compounds.

Both LAPW and LMTO calculations as well as the structural
analyses indicate that the covalent characters of Nb—Nb, Nb—
Sn, and Sn—Sn bonds are greater than those of RE-Nb and
RE-Sn (RE = Sc, Y) bonds. Relatively, the Sc and Y atoms
mainly act as spacers and show greater electron-donor
character, whereas the Nb atom mainly shows substantial
participation in the overall 3D network along with the Sn
atoms. Hence, the structures of “Sc,Nb,Sns” and YNb,Sn4 can
be considered as 3D [Nb,Sng] and [NbgSng] anionic
frameworks, with RE atoms mainly as cations, respectively.

B CONCLUSIONS

In summary, we have successfully obtained a series of new
ternary rare-earth niobium stannides, namely, Sc,Nb,_,Sn; (x =
0.37, 0.52), YNbeSng, and ErNbgSn; of VSis-, HfFe,Ges- and
LiFesGes-type structures, respectively. Their structures all
feature a 3D network based on Nb—Nb, Nb—Sn, and Sn—Sn
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Figure 8. Calculated total and partial DOS for “Sc,Nb,Sn;” (a) and YNbgSn, (b). Contributions from different atoms are color-coded. The Fermi
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bonds. These compounds further illustrate the effect of
transitional metals on the structure type formed. Further
research efforts will be devoted to other physical properties,
such as the transport and thermoelectric properties of these
compounds.
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