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a b s t r a c t

Two new ternary ytterbium transition metal stannides, namely, Yb3CoSn6 and Yb4Mn2Sn5, have been

obtained by solid-state reactions of the corresponding pure elements in welded tantalum tubes at high

temperature. Their crystal structures have been established by single-crystal X-ray diffraction studies.

Yb3CoSn6 crystallizes in the orthorhombic space group Cmcm (no. 63) with cell parameters of

a ¼ 4.662(2), b ¼ 15.964(6), c ¼ 13.140(5) Å, V ¼ 978.0(6) Å3, and Z ¼ 4. Its structure features a three-

dimensional (3D) open-framework composed of unusual [CoSn3] layers interconnected by zigzag Sn

chains, forming large tunnels along the c-axis which are occupied by the ytterbium cations. Yb4Mn2Sn5

is monoclinic space group C2/m (no. 12) with cell parameters of a ¼ 16.937(2), b ¼ 4.5949(3),

c ¼ 7.6489(7) Å, b ¼ 106.176(4)1, V ¼ 571.70(8) Å3, and Z ¼ 2. It belongs to the Mg5Si6 structure type

and its anionic substructure is composed of parallel [Mn2Sn2] ladders interconnected by unusual zigzag

[Sn3] chains, forming large tunnels along the c-axis, which are filled by the ytterbium cations.

Band structure calculations based on density function theory methods were also made for both

compounds.

& 2008 Elsevier Inc. All rights reserved.
1. Introduction

Polar intermetallics formed between alkali metal (or alkaline
earth metal or rare-earth metal) and tin element are of
considerable research interest in recent years, mainly due to their
richness in structural chemistry and tunable electronic properties
[1–10]. For example, SrSn3, BaSn3, SrSn4, and BaSn5 display
superconductivity below 5.4, 2.4, 4.8, and 4.4 K, respectively
[11–14]. Furthermore, various tin-rich phases containing two
types of cations with different sizes exhibit various unusual
anionic clusters or clathrate cages based on tin pentagons and
possess interesting thermoelectric properties [15–22].

Transition metals have abundant d orbital electrons, and their
Pauling’s electronegativities are close to that of tin, hence the
introduction of transition metals in these A-Sn (A represents alkali,
alkaline earth, or rare-earth metal) binary systems can dramati-
cally change their structures, electronic and magnetic properties
as well as improve their thermal stabilities [23,24]. Rare-earth
copper stannides have been widely investigated due to their
interesting physical properties, such as Yb3Cu6Sn5, Yb3Cu8Sn4,
Yb4Cu2Sn5, and Gd3Cu4Sn4 [25–27]. As for the A-Ni–Sn ternary
ll rights reserved.
system, a variety of reported phases include BaNiSn3, MgNi2Sn,
Ca7Ni4Sn13, Ce3Ni2Sn7, La4.87Ni12Sn24, and Sm2NiSn4 [28–33].
Several RE-Co(Mn)–Sn ternary phases have also been prepared
including Ce2CoSn2, RE3Co8Sn4 (RE ¼ Y, Pr, Nd, Sm, Gd–Lu),
RE3Co6Sn5 (RE ¼ Y, Nd, Sm, Gd, Tb, Ho–Tm) and YbMn6Sn6

[34–38]. In many of ternary phases, it is interesting to note that
Sn atoms tend to form Sn4 squares capped by transition metals,
resulting in various 2D layers which are interconnected by zigzag
Sn chains into various 3D open frameworks. For example,
compounds with the DyCoSn2 structure type display 2D [TMSn]
layers composed of tin square sheets capped by transition metal
atoms alternatively above and below which are further inter-
connected by 1D zigzag Sn chains into a 3D open framework
[39–41]. The structure of Sm2NiSn4 features a two-dimensional
(2D) corrugated [NiSn4] anionic layer composed of 2D [NiSn2]
layers attached by 1D zigzag Sn chains as side arms, half of the Sn
square sheets are capped by Ni atoms above and below. Packing of
such layers results in pseudo-tunnels occupied by Sm atoms [33].

However, much more systematic research works are needed to
understand the structures, chemical bonding and physical proper-
ties of these A-TM–Sn ternary phases. Our exploration of new
phases in Yb–Co(Mn)–Sn ternary systems led to two new
ytterbium transition metal stannides, namely, Yb3CoSn6 and
Yb4Mn2Sn5. Herein, we report their syntheses, crystal structures
and band structures.

www.sciencedirect.com/science/journal/yjssc
www.elsevier.com/locate/jssc
dx.doi.org/10.1016/j.jssc.2008.05.036
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Table 1
Summary of cell parameters, data collection, and structure refinements for

Yb3CoSn6 and Yb4Mn2Sn5

Chemical formula Yb3CoSn6 Yb4Mn2Sn5

Fw 1290.19 1395.49

Space group Cmcm (no. 63) C2/m (no. 12)

a (Å) 4.662(2) 16.937(2)

b (Å) 15.964(6) 4.5949(3)

c (Å) 13.140(5) 7.6489(7)

b (deg) 90 106.176(4)

V (Å3) 978.0(6) 571.70(8)

Z 4 2

Dcalcd (g/cm3) 8.762 8.107

Temp (K) 293(2) 293(2)

m (MoKa) mm�1 44.977 45.125

Crystal size (mm) 0.1�0.1�0.02 0.2�0.02�0.02

Color and habit Black, sheet Gray, prism

h k l range (�6, 5), (�15, 20), (�16, 17) (�19, 21), 75, 79

Reflections collected 3754 2207

Unique reflections 645 728

Reflections (I42s(I)) 529 589

GOF on F2 1.033 0.861

R1, wR2 (I42s(I))a 0.0442/0.0945 0.0340/0.0779

R1, wR2 (all data) 0.0478/0.0955 0.0385/0.0789

a R1 ¼
P

||Fo|–|Fc||/
P

|Fo|, wR2 ¼ {
P

w[(Fo)2–(Fc)
2]2/

P
w[(Fo)2]2}1/2.
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2. Experimental section

2.1. Materials and instrumentation

All manipulations were performed inside an argon-filled glove
box with moisture level below 1 ppm. The metals used were
ytterbium blocks (Acros, 99.99%), cobalt and manganese powder
(Tianjin Fuchen chemical reagent company, 99.99%), and tin
granules (Acros, 99.999%). Elemental analyses for Yb, Co, Mn, and
Sn were performed on an energy dispersive X-ray spectroscope
(EDS, Oxford INCA) attached to the FESEM. Data were acquired with
an accelerating voltage of 20 kV and SEM of 401. X-ray powder
diffraction patterns were collected on an X’Pert-Pro diffractometer
using CuKa radiation (l ¼ 1.5406 Å) in the 2y range of 5–851. The
generator voltage was 45 kV and the tube current was 40 mA.

2.2. Preparation of Yb3CoSn6

Single crystals of Yb3CoSn6 were initially obtained by the solid-
state reaction of the corresponding pure elements in a molar ratio
of 3:1:6 (Yb:Co:Sn). The mixture was loaded into a tantalum tube,
which was subsequently arc-welded under an argon atmosphere
and sealed into an evacuated quartz tube (�10�4 Torr). The sample
was heated at 300 1C for 1 day and then 1000 1C for 7 days, and
then it was allowed to cool slowly (6 1C/h) to room temperature.
Silver sheet-like crystals of Yb3CoSn6 were selected and used for
structure determination. Microprobe analyses on several single
crystals indicated the presence of Yb, Co, and Sn in a molar ratio of
3.2(3): 1.0(3): 6.4(6), which was in good agreement with the
results from single crystal X-ray diffraction studies. The crystals of
Yb3CoSn6 were very brittle and slightly sensitive to air and
hydrosphere. After the structural analyses, attempts were made to
prepare a mono phase of Yb3CoSn6 by the reactions of the
stoichiometric mixture of the pure metals in Ta tubes under
different temperatures. The highest yields of about 90% were
obtained by heating samples at 1000 1C for 2 days, quenched in
water and then annealed at 650 1C for 2 weeks. The impurity
phases included YbSn (P4/mmm) and YbSn3 ðPm3̄mÞ.

2.3. Preparation of Yb4Mn2Sn5

Single crystals of Yb4Mn2Sn5 were initially obtained in our
attempt to prepare the Mn analog of Yb3CoSn6. The sample was
first heated at 300 1C for 1 day and then at 980 1C for 7 days, then it
was allowed to cool slowly (6 1C/h) to room temperature. The silver
gray, prism-shaped crystals of Yb4Mn2Sn5 were selected and used
for structural determination. Microprobe elemental analyses on
several single crystals gave a chemical composition of
Yb4.1(4)Mn2.0(3)Sn5.4(5), which was close to that from single crystal
structural determination. After the structural analyses, a lot of
efforts were made to synthesize the mono-phase product of
Yb4Mn2Sn5 by reacting a stoichiometric mixture of the pure metals
in welded Ta tubes under various temperatures such as 1000, 950,
900, 850, and 700 1C. However, the measured X-ray powder
patterns of the resultant products revealed the presence of several
impurity phases, such as YbSn (P4/mmm), YbSn3 ðPm3mÞ as well as
other unidentified compounds. The highest purity of about 85% was
obtained by heating sample at 1000 1C for 2 days, quenching in cold
water and then annealed at 570 1C for 2 weeks. Attempts to prepare
Ca4Mn2Sn5 and Yb4Co2Sn5 analogies were tried but unsuccessful.

2.4. Crystal structure determination

Single crystals of Yb3CoSn6 and Yb4Mn2Sn5 were selected from
the bulk reaction products and sealed into the thin-walled glass
capillaries. Data collection for both compounds was performed on
a Rigaku Mercury CCD (CCD stands for Charge-Coupled Device,
MoKa radiation, graphite monochromator) at 293(2) K. Both data
sets were corrected for Lorentz factor, polarization, air absorption
and absorption due to variations in the path length through the
detector faceplate. Absorption corrections based on Multi-scan
method were also applied [42]. A total of 645 and 728
independent reflections for Yb3CoSn6 and Yb4Mn2Sn5, respec-
tively, were measured, of which 529 and 589 reflections with
I42s(I) were considered observed.

Both structures were solved by using direct methods
(SHELXTL) and refined by least-squares methods with atomic
coordinates and anisotropic thermal parameters [43]. All atomic
sites in both compounds were fully occupied according to the site
occupancy refinements. Final difference Fourier maps showed
featureless residual peaks of 3.82 and �3.65 e Å�3 (0.71 and 1.04 Å
from Yb(1) and Yb(2), respectively) for Yb3CoSn6, and 3.58 and
�3.51 e Å�3 (0.82 and 0.97 Å, respectively, away from Yb(1)) for
Yb4Mn2Sn5. Some of the data collection and refinement para-
meters are summarized in Table 1. Atomic coordinates and
important bond lengths and angles are listed in Tables 2 and 3,
respectively.

Crystallographic data in CIF format for Yb3CoSn6 and
Yb4Mn2Sn5 have been given as Supporting Materials. These
data can also be obtained from the Fachinformationszentrum
Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax:
+49 7247 808 666; e-mail: crysdata@fiz-karlsruhe.de) on quoting
the depository numbers CSD 419133 and 419134.
2.5. Electronic structure calculations

Band structure calculations for Yb3CoSn6 and Yb4Mn2Sn5 were
performed using the highly accurate full-potential linearized-
augmented plane wave plus local basis (FLAPW+lo) method
within density functional theory (DFT), using the general gradient
approximation (GGA) of Perdew–Burke–Ernzerhof (PBE) version
to treat the exchange and correlation potential [44–46]. The
calculations were implemented using the WIEN2k code [47].

The calculation sets were based on the primitive cell for
Yb3CoSn6 (Z ¼ 2) and Yb4Mn2Sn5 (Z ¼ 1). In order to obtain as

mailto:crysdata@fiz-karlsruhe.de
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Table 2
Atomic coordinates and equivalent thermal parameters (�103 Å2) for Yb3CoSn6

and Yb4Mn2Sn5

Atom Wyck x y z U(eq)a

Yb3CoSn6

Yb(1) 4c 1/2 0.4022(1) 3/4 10(1)

Yb(2) 8f 1/2 0.5978(1) 0.5962(1) 11(1)

Co(1) 4c 1/2 0.2040(2) 3/4 9(1)

Sn(1) 8f 1/2 0.2545(1) 0.5699(1) 14(1)

Sn(2) 4c 0 0.2688(1) 3/4 11(1)

Sn(3) 8f 0 0.4277(1) 0.5771(1) 12(1)

Sn(4) 4c 0 0.5451(1) 3/4 9(1)

Yb4Mn2Sn5

Yb(1) 4i 0.1501(1) 0 0.4313(1) 12(1)

Yb(2) 4i 0.0771(1) 0 0.8570(1) 12(1)

Mn(1) 4i 0. 2767(2) 0 0. 8885(4) 10(1)

Sn(1) 4i 0.0666(1) 1
2

0. 1590(2) 10(1)

Sn(2) 2c 0 1
2

1/2 13(1)

Sn(3) 4i 0.3077(1) 0 0. 2665(2) 10(1)

a U(eq) is defined as one-third of the trace of the orthogonalized Uij tensor.

Table 3
Selected bond lengths (Å) and angles (deg) for Yb3CoSn6 and Yb4Mn2Sn5

Yb3CoSn6

Yb(1)–Sn(2) 3.157(2)�2 Yb(1)–Co(1) 3.164(3)

Yb(1)–Sn(4) 3.263(2)�2 Yb(1)–Sn(3) 3.281(1)�4

Yb(1)–Sn(1) 3.340(2)�2 Yb(2)–Sn(4) 3.197(1)�2

Yb(2)-Sn(1) 3.214(2) Yb(2)–Sn(3) 3.284(1)�2

Yb(2)–Sn(2) 3.397(2) Yb(2)–Sn(1) 3.437(1)�2

Yb(2)–Co(1) 3.520(2)�2 Yb(2)–Sn(3) 3.587(1)�2

Co(1)–Sn(1) 2.500(2)�2 Co(1)–Sn(4) 2.536(4)

Co(1)–Sn(2) 2.550(2)�2 Sn(1)–Sn(1) 2.972(2)�2

Sn(3)–Sn(4) 2.945(2) Sn(3)–Sn(3) 3.071(3)

Sn(1)–Co(1)–Sn(1) 142.4(2) Sn(1)–Co(1)–Sn(4) 108.81(8)�2

Sn(1)–Co(1)–Sn(2) 82.48(5)�4 Sn(4)–Co(1)–Sn(2) 113.94(7)�2

Sn(2)–Co(1)–Sn(2) 132.1(2) Sn(1)–Sn(1)–Sn(1) 103.34(8)

Co(1)–Sn(2)–Co(1) 132.1(2) Co(1)–Sn(4)–Sn(3) 129.52(4)�2

Sn(3)–Sn(4)–Sn(3) 100.96(8) Sn(4)–Sn(3)–Sn(3) 91.77(7)

Yb4Mn2Sn5

Yb(1)–Sn(1) 3.158(1)�2 Yb(1)–Sn(3) 3.196(1)�2

Yb(1)–Sn(3) 3.254(2) Yb(1)–Mn(1) 3.557(3)

Yb(1)–Sn(2) 3.572(7)�2 Yb(1)–Mn(1) 3.806(2)�2

Yb(2)–Sn(1) 3.298(1)�2 Yb(2)–Sn(3) 3.318(1)�2

Yb(2)–Mn(1) 3.322(3) Yb(2)–Sn(1) 3.324(1)�2

Yb(2)–Sn(2) 3.529(7)�2 Yb(2)–Mn(1) 3.537(2)�2

Mn(1)–Sn(1) 2.777(3) Mn(1)–Sn(3) 2.790(2)�2

Mn(1)–Sn(3) 2.791(3) Mn(1)–Mn(1) 3.142(4)�2

Sn(1)––Sn(1) 2.819(3) Sn(1)–Sn(2) 3.117(1)

Sn(2)–Sn(3) 3.250(1)�2

Sn(1)–Mn(1)–Sn(3) 109.86(7)�2 Sn(3)–Mn(1)–Sn(3) 110.9(1)

Sn(1)–Mn(1)–Sn(3) 103.0(1) Sn(3)–Mn(1)–Sn(3) 111.47(7)�2

Sn(1)–Sn(1)–Sn(2) 109.46(6) Sn(1)–Sn(2)–Sn(1) 180.00(4)

Sn(1)–Sn(2)–Sn(3) 94.64(3)�2 Sn(1)–Sn(2)–Sn(3) 85.36(3)�2

Sn(3)–Sn(2)–Sn(3) 180.0 Mn(1)–Sn(3)–Mn(1) 110.9(1)

Mn(1)–Sn(3)–Mn(1) 68.53(7)�2

Fig. 1. View of the structure of Yb3CoSn6 down the c-axis (b). Yb, Co, and Sn atoms

are drawn as open, crossed, and black circles, respectively. The unit cell edges are

drawn as dashed lines.

Fig. 2. A [CoSn3] layer parallel to the ac plane (a) and a 1D zigzag chain of tin along

the c-axis (b) in Yb3CoSn6.
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precise calculation results as possible, we have set RMTKMAX ¼ 7,
where KMAX is the maximum modulus for the reciprocal lattice
vector, and RMT is the muffin-tin (MT) spherical radius present in
the system. These values of 2.5, 2.49, 2.45, and 2.21 Å for Yb, Co,
Mn, and Sn are used as the MT radii, respectively. Integrations in
the irreducible Brillouin zone have been performed using the
standard tetrahedron-method. The charge convergence of the self-
consistent iterations is to 0.0001 with a cutoff energy of �8.0 Ry
between the valence and the core states. The 4f, 5d, 6s orbitals for
Yb, 3d, 4s orbitals for Co and Mn, and 5s, 5p orbitals for Sn atoms
are regarded as valence states, respectively.
3. Results and discussion

3.1. Structural descriptions

Exploratory syntheses in the RE-Co(Mn)–Sn ternary systems
led to two new polar intermetallic compounds, Yb3CoSn6 and
Yb4Mn2Sn5. Both compounds feature three-dimensional (3D)
anionic open-frameworks.

Yb3CoSn6 features a 3D anionic open framework built by
[CoSn3] layers interconnected by 1D zigzag Sn chains, forming
large tunnels along the c-axis, which are occupied by the Yb
cations (Fig. 1)

The [CoSn3] layer is formed by square sheet of Sn(1) and Sn(2)
atoms with one-third of the Sn4 squares being capped by Co(1)
atoms alternatively on both sides. Co(1) is 0.92 Å off the plane
formed by two Sn(1) and two Sn(2) atoms (Fig. 2a). It is noted that
the tin squares are severely distorted and exhibit two types of
Sn–Sn distances: Sn(1)–Sn(1) bond of 2.972(2) Å and Sn(1)–Sn(2)
bond of 3.330(2) Å. The former is slightly longer than the Sn–Sn
single bond distance of 2.810 Å observed in element a-tin [48]
whereas the latter is close to that reported for the tin square
sheets in BaMg2Sn2, which could be considered as a weak bonding
interaction [49]. The Co–Sn distances fall in the range of
2.500(2)–2.550(2) Å, which are comparable with those reported
in RE4Co2Sn5 (RE ¼ La, Ce), Ca7Co8Sn25, RE3Co4Sn13 (RE ¼ La, Ce,
Yb), Mg2Co3Sn10+x (0pxp0.15) and YbCo6Sn6, but significantly
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Fig. 3. Comparison of the [CoSn] layer in DyCoSn2 with the [Co2Sn3] layer in

Ce4Co2Sn5, and the [CoSn3] layer in Yb3CoSn6.

Fig. 4. View of the structure of Yb4Mn2Sn5 along the c-axis (a) and the b-axis (b)

and its comparison with that of Mg5Si6 (c).
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shorter than those reported in the Co–Sn binary phases
(2.618–2.737 Å) [50–58]. It is interesting to compare the [CoSn3]
layer in Yb3CoSn6 with the [CoSn] layer in DyCoSn2 and the
[Co2Sn3] layer in Ce4Co2Sn5 (Fig. 3) [39,50]. All of them feature Sn
square sheets capped by Co atoms alternatively above and below.
The Sn squares are completely capped by Co atoms for the [CoSn]
layer in DyCoSn2, whereas only two-thirds and one-third of the Sn
squares are capped by Co atoms for the [Co2Sn3] layer in
Ce4Co2Sn5 and the [CoSn3] layer in Yb3CoSn6, respectively.

The zigzag Sn chain formed by Sn(3) and Sn(4) atoms is similar
to those in Sm2NiSn4 and EuSn (Fig. 2b) [33,59]. Within the chain,
the Sn(3)–Sn(3) bond of 3.071(3) Å is little longer than the
Sn(3)–Sn(4) bond of 2.945(2) Å, and the Sn(3)–Sn(4)–Sn(3) angle
of 100.96(8)1 is significantly larger than that of Sn(4)–Sn(3)–Sn(3)
(91.77(7)1).

The [CoSn3] layers and zigzag [Sn3] chains are further
interconnected via Co(1)–Sn(4) bonds (2.536(4) Å) into a novel
3D open framework with long large tunnels along the c-axis. The
ytterbium cations are located at the above tunnels (Fig. 1). Yb(1) is
11-coordinated by one Co and 10 Sn atoms whereas Yb(2) is
surrounded by two Co and 10 Sn atoms. The Yb–Co and Yb–Sn
distances are in the ranges of 3.164(3)–3.520(2) Å and
3.157(2)–3.587(1) Å, respectively, which are comparable with
those in Yb3Co4Sn13 and YbCo6Sn6 [53,55]. The Co(1) atom is in
a distorted [Sn5] square pyramidal geometry as in DyCoSn2 and
Ce4Co2Sn5 [39,50].

Yb4Mn2Sn5 crystallizes in the monoclinic space group C2/m

with the Mg5Si6 structure type [60]. Its anionic substructure can
be described as a 3D open framework built by parallel [Mn2Sn2]
ladders interconnected by novel zigzag [Sn3] chains, forming large
tunnels along the c-axis (Fig. 4a). To the best of our knowledge,
Yb4Mn2Sn5 represents the first ordered ternary variant of Mg5Si6

with one Si site (4i) replaced by Mn, one Mg site (2a) substituted
by Sn and the remaining Mg sites replaced by Yb atoms (Fig. 4c).
Their structural formula can be written as Yb4[MnSn]2[Sn3] and
Mg4Si4[MgSi2], respectively. RE4Ni2InGe4 (RE ¼ Dy, Ho, Er, Tm) can
be considered the first quaternary ordered variant of Mg5Si6

where RE and In atoms occupy the Mg sites, and Ni and Ge atoms
fill the Si sites [61].

The [Mn2Sn2] ladder is formed by Mn(1) and Sn(3) atoms (Fig.
5a). The Mn–Sn distances of 2.790(2) and 2.791(3) Å are very close
to those reported in YbMn6Sn6 [16]. The shortest Mn–Mn bond
distances within the [Mn2Sn2] ladders are 3.142(4) Å, which is
significantly longer than the sum of Pauling’s single bond radii of
2.50 Å [62].

The unique [Sn3] chain can be viewed as the linear [Sn3]
trimers being interconnected in the head to tail fashion (Fig. 5b).
The linear [Sn3] trimer is formed by one Sn(2) atom as the center
and two Sn(1) atoms with Sn(1)–Sn(2) distance of 3.117(1) Å,
which is slightly longer than those of the Sn–Sn bonds in the
zigzag Sn chains in Yb3CoSn6 (2.945(2) Å and 3.071(3) Å). The
Sn(1)–Sn(1) bond (2.819(2) Å) is significantly shorter than
Sn(1)–Sn(2) bond. So the zigzag [Sn3] chain can also be considered
as the Sn(2) atoms serving as bridges for the [Sn(1)2] dimeric units
with Sn(1)–Sn(1)–Sn(2) angle of 109.46(6)1. Such [Sn3] chain is
different from the zigzag tin chains in Yb3CoSn6 and Lu2NiSn6, but
is similar to the [MgSi2] chain in Mg5Si6 and the [InGe2] chain in
Ho4Ni2InGe4 [60,61].

The parallel [Mn2Sn2] ladders and zigzag [Sn3] chains are
further interconnected via Mn(1)–Sn(1) and Sn(2)–Sn(3) bonds
into a novel 3D [Mn2Sn5] open framework, forming long-narrow-
shaped tunnels along the c-axis which are occupied by the Yb
cations (Fig. 4a). Viewing down the b-axis, two types of tunnels
are observed, the smaller one is formed by [MnSn4] 5-membered
rings and the larger one is formed by [Mn2Sn6] 8-membered rings.
Yb(1) atoms are located at larger tunnels whereas Yb(2) atoms
occupy the smaller ones (Fig. 4b). Yb(1) is 10-coordinated by two
Sn(1), two Sn(2), three Sn(3) atoms and three Mn(1) atoms,
whereas Yb(2) is 11-coordinated by four Sn(1), two Sn(2), two
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Fig. 5. The [Mn2Sn2] ladder along the b-axis (a) and unusual [Sn3] chain along the

c-axis (b) in Yb4Mn2Sn5.
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Sn(3) atoms and three Mn(1) atoms. The Yb–Sn bond lengths are
in the range of 3.158(1)–3.5724(7) Å, which are comparable with
those in Yb3CoSn6. The Yb–Mn distances fall in the range of
3.322(3)–3.806(2) Å. The Mn atom in Yb4Mn2Sn5 has a slightly
distorted tetrahedral coordination environment, such type of
coordination geometry can also be found in PrMn0.5Sn1.83 [63].

3.2. Structural relationships

It is interesting to compare the structure of Yb3CoSn6 with that
of DyCoSn2 [39]. Both compounds crystallize in the orthorhombic
space group Cmcm (no. 63). Comparing their cell parameters, it is
noticed that aDyCoSn2 � aYb3CoSn6 and bDyCoSn2 � bYb3CoSn6,
but 3cDyCoSn2 � cYb3CoSn6. The differences between their cell
parameters are comparable with their structural characters. All
Sn4 square sheets in DyCoSn2 are capped by Co atoms to form a
[CoSn] layer, and such layers are interconnected by the zigzag Sn
chains into a 3D open framework. Furthermore, a series of
RETM0.33Sn2 (or RE3CoSn6) phases (TM ¼Mn, Fe, Co) of CeNiSi2

structure type have been previously determined by photographic
powder method, in which transition metal site is disordered and
displays defects [64,65]. Yb3CoSn6 can be viewed as the three-fold
superstructure of CeNiSi2 type, in which two thirds of Co atoms
capping the Sn square-nets are vacant.

It is also interesting to compare the structure of Yb4Mn2Sn5

with Ce4Co2Sn5 [50]. These compounds crystallize in the same
monoclinic space group and have a similar chemical composition,
however, their unit cell dimension and structural characters are
completely different. Ce4Co2Sn5 and Yb4Mn2Sn5 all contain
[TM2Sn2] ladder and [Sn2] dimeric units. For Ce4Co2Sn5, the
[Co2Sn2] ladders are connected by other Sn atoms form 2D
[Co2Sn3] layers, which are further linked by [Sn2] dimer to form a
3D [Co2Sn5] framework. Whereas for Yb4Mn2Sn5, the [Mn2Sn2]
ladders are parallel to each other and are interconnected by
unusual [Sn3] chains made of [Sn3] trimers.

3.3. Band structure calculations

The electronic band structures of Yb3CoSn6 and Yb4Mn2Sn5 are
also investigated by using the FP-LAPW+lo method with the PBE-
GGA approximation. The calculated total and partial density of
states (DOS) as well as the band structures along high symmetry
directions in the first Brillouin zone are given in Figs. 6 and 7,
respectively.

It is seen that the valence band crosses the Fermi level with no
visible band gap from the band structure, which means that
Yb3CoSn6 exhibits the metallic character (Fig. 6a). The spin
splitting has not occurred in Yb3CoSn6. From the calculated total
and partial DOS with no spin-polarization (Fig. 7a), the states in
the energy range of �10 to �6 eV are essentially dominated by Sn
5s electrons, the states just below the Fermi level are mainly
contributed by the Yb 4f, Co 3d and Sn 5p electrons as well as a
small amount of s electrons of Sn and Yb, and the states above the
Fermi level mainly result from 5d of Yb. The acute peak of DOS
just below the Fermi level is induced by the very local Yb 4f

electrons. A strong hybridization between Co 3d and Sn 5p states
is formed in the range of �4.5�1.0 eV, and the DOS of three
crystallographically different Sn atoms completely overlap be-
tween each other in the range of �10 to 0 eV, suggesting these two
sorts of orbitals mixing should have a strong effect on the
electronic properties of the compound. These specifics have been
analyzed in detail and shown to play an important role and
account for the metallicity of some intermetallics [66,67].

The electronic band structure of Yb4Mn2Sn5 is different from
that of Yb3CoSn6. From the band structure (Fig. 6b and c) and DOS
(Fig. 7b), the electronic states of Yb 4f shift towards high energy
level in Yb4Mn2Sn5. There is a higher and more local peak of DOS
(mainly resulted from Yb 4f states) at the Fermi level, appears more
evident metallic characteristic than Yb3CoSn6. The contributions of
Yb and Sn atoms for the total DOS are similar to those of Yb3CoSn6,
whereas the Mn 3d orbitals show the large spin splitting, which is
induced by the different symmetry and occupancy of electrons. The
states with spin up are completely occupied while the states with
spin down are almost emptied, which indicates a big spin magnetic
moment in Yb4Mn2Sn5. Similar to Yb3CoSn6, the Mn 3d states are
also hybridized with Sn 5p states in the energy range of �4.5 to
1.5 eV. This characteristic, as well as the mixing between Yb 4f and
Sn 5p orbitals near the Fermi level imply the itinerant behavior on
the part of the electrons, which results in the metallic character of
Yb4Mn2Sn5. In addition, the covalent bonding interaction exists
between the Sn atoms.

To visualize the nature of the bond character and to explain the
charge transfer of Yb3CoSn6 and Yb4Mn2Sn5, we have investigated
the effect of the Co (Mn) and Sn states on the difference electron
density Dr maps. Dr represents the difference between the
crystalline electron density and the superposition of electron
densities form the neutral atoms. In these figures, the curve lines
around the atoms indicate those regions where the electron
density is higher in the crystal than the superposition of neutral
atoms [68]. The difference electron densities distribution for the
bc plane (x ¼ 0) in Yb3CoSn6 shows strong covalent contributions
for all the Co–Sn interactions and nearest Sn–Sn contacts, which is
greatly consistent with the calculated results of the DOS (Fig. 8a).
It should be noted that three Co–Sn bonds are on the same
charge density consistent with their similar bond lengths, and
delocalized molecular orbitals exist among Sn atoms along the
zigzag Sn chains. We also find that there are no evident bonds
existing between Sn(3) atoms and Sn(1), Sn(2) atoms, which are in
accord with their bond distances (Sn(3)–Sn(1): 3.492(1) Å and
Sn(3)–Sn(2): 3.406(1) Å).

The Mn–Sn and Sn–Sn bonds also show the strong interactions
in Yb4Mn2Sn5 according to the calculated difference electron
densities distribution along the ac plane (y ¼ 0), which is similar
to those in Yb3CoSn6 (Fig. 8b). It should be noted that the
difference electron density distribution also shows the presence of
lone pairs for the Sn(1) atoms, which is consistent with their
coordination environments. These characters have been analyzed
in detail and shown to play an important role and account for the
electrical conductivities of some intermetallics, such as SrSn3,
SrSn4, BaSn5 and so on [11–14]. Comparing with the Sn–Sn bonds
and Co (Mn)–Sn bonds, there is a little difference electron density
around Yb atom in the directions toward Co (Mn) and Sn atoms.
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Fig. 6. Calculated band structures for Yb3CoSn6 (a), and the spin up (b) and spin

down (c) of the band structures of Yb4Mn2Sn5. G (0, 0, 0); H (1, 0, 0); N (0.5, 0.5, 0);

P (0.5, 0.5, 0.5). The Fermi level is set at 0 eV.

Fig. 7. Calculated total and partial density of states (DOS) of Yb3CoSn6 (a) and

Yb4Mn2Sn5 (b). The Fermi level is represented by the dotted line and is set at 0 eV.
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This confirms the less covalent character between Yb and Sn, Co
(Mn) atoms for Yb3CoSn6 and Yb4Mn2Sn5, respectively. Such bond
character is consistent with the results of the calculated DOS.
Furthermore, considering the local 3d and 4f electrons in these
two compounds, we further perform the GGA+U (on-site cou-
lombic energy correction)-type calculations to examine the
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Fig. 8. Representation of the difference electron density (Dr) for bc plane with

x ¼ 0 cuts through the zigzag Sn chains in Yb3CoSn6 (a) and for ac plane with y ¼ 0

cuts through the zigzag [Sn3] chains in Yb4Mn2Sn5 (b). The contour intervals are in

the units of 0.025 e Å�3.
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correlation of d or f electrons. As a result, we find that besides
small quantitative changes, the qualitative picture described in
this paper is unchanged. Namely, the U parameter does not
influence the energy and DOS of both 3d and 4f electrons. It is
shown that the correlation effect of 3d and 4f electrons is not
strong in these two systems. Thus, the GGA exchange correlation
formation can give sufficient and reliable results.
4. Concluding remarks

In summary, we have successfully obtained two new tin-rich
ternary phases, Yb3CoSn6 and Yb4Mn2Sn5. Their structures feature
two types of 3D open frameworks: one is built from [CoSn3] layers
interconnected by zigzag Sn chains whereas the other one is
formed by the [Mn2Sn2] interconnected by the unusual Sn chains
made of linear Sn3 trimers. The Co atom in Yb3CoSn6 adopts the
distorted square pyramid coordination geometry whereas the Mn
atom in Yb4Mn2Sn5 is tetrahedrally coordinated. Both compounds
are metallic based on electronic band structure calculations. Spin
polarized DFT calculations also indicate that Yb3CoSn6 exhibits no
spin splitting whereas Yb4Mn2Sn5 is expected to be ferromag-
netic. Future research efforts will be devoted to the syntheses,
crystal and electronic structures as well as physical properties of
the related phases of other lanthanide metals.
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