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The structure of a new stannide, NhV1dNigSnyg, Was refined from X-ray single-crystal diffraction data

(P6/mmc, a = 4.9433(5)c = 17.935(3) A). It appeared to be formed by two &istructures: NbsNig gV o165 54

and V;,Sn, in the approximate ratio 9:1. The first substricture, NbgNig(NiggVo.19SNss IS an ordering

variant of the CsK-; type and belongs to the family of tetrahedrally dse-packed structures, in which the
atoms are surrounded by P- (16 vertices), Q- (15 m&ees), R- (14 vertices), and X- (12 vertices) Frik-Kasper

polyhedra. The second substructure, ¥Sn, is built from Q-polyhedra and 20-vertex pseudd-rank-Kasper

polyhedra and reveals similarities with the BeTi type. The list of known structures with Frank-Kasper

polyhedra was updated and new features governing i family of compounds were discovered. It was fouh
that, among the number of possible hypothetical strctures, only one combination derived from the
Yarmolyuk-Kripyakevich criterion, is observed for a particular number of icosahedra.

Intermetallics / Tetrahedrally close-packed structwe / Frank-Kasper polyhedra / Yarmolyuk-Kripyakevic h

criterion

Introduction

Phases with structures that are built from Frank-
Kasper polyhedra represent a broad class: 203&phas
(polytypes of Friauf-Laves phases not included) are
compiled in[1]. The crystal chemical features of these
compounds have been thoroughly described and
interpreted (see for exampl@-6]). An important
observation is the linear dependence between the
weight-averaged coordination number and the
icosahedron content, known as the “Yarmolyuk-
Kripyakevich criterion”[4]. From a genealogical point
of view, the structure belonging to this family ¢ak
their origin in the simple structure types ;8ir
(Pearson symbotP8, space grougPm-3n), MgZn,
(hP12,P65/mmg, and ZyAl; (hP7, P6/mmn).

All the atoms in these structures are surrounded b
Frank-Kasper polyhedra, of which there exist four
kinds: P- (16 vertices), Q- (15 vertices), R-
(14 vertices), and X- (12 vertices) polyhedra. The
Frank-Kasper polyhedra have only triangular faces
and surface coordination numbers 5 (for the 12ewert
icosahedron), or 5 and 6. The space is filled by
interpenetrating centered Frank-Kasper polyhedma in
way so that each atom at the vertex of a polyhe@ron
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itself the central atom of another polyhedron. The
interstices are exclusively tetrahedral (the tetdah

are moderately distorted, with ratios between the
longest and the shortest edges of at most ~4/3ghwh

is at the origin of the term “tetrahedrally close-
packed structures” (t.c.p.). The structural formafa
any of the structures can be presented as
(RaX)i(PX2);(Q-RX3)k, i.e. as a combination of the
Cr3Si (RgX), Manz (PXz), and ZﬁAlg (QszX3)
prototypes, mentioned above.

No compounds were so far known in the
quaternary system Nb-V-Ni-Sn and only one
compound, NbNiSn, has been reported in the ternary
system Nb-Ni-Sn[7]. Its structure belongs to the
MnCwAl type (cF12, Fm-3m), like the structure of
the compound VNBnN [8], reported in the ternary
system V-Ni-Sn. In the latter system we also
observed the existence of a compound with
approximate composition VNiSn and Mi-type
structure (P6, P6s/mmqg [9]. In the ternary system
Nb-V-Ni the following compounds form: NbVNi,
Nbs 3V37Nis, and NRsVosNis [10]. The structures of
the two first compounds belong to the types MgZn
(hP12, P6i/mmg and WFe, (hR39, R-3m),
respectively, which are members of the family of
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tetrahedrally close-packed structures. Thg N sNis
compound has TiGttype structuredP8, Pmmi).

The aim of this work was to determine the
structure of a new stannide found in the quaternary
system Nb-V-Ni-Sn. The discovery of a t.c.p
substructure motivated us to update the list ofwkmo
structure types with Frank-Kasper polyhedra and to
have a closer look at the structural features &f th
family and the validity of the Yarmolyuk-
Kripyakevich criterion.

Experiment and results

Starting materials for the intended synthesis ofagy
V-Ni-Sn alloys were ingots of vanadium, nickel, and
tin, with purities better than 99.85 %. Sampleshveit
mass of ~1 g were synthesized in an arc furnade avit
copper water-cooled hearth, using a tungsten elgetr
under argon atmosphere. A sample of equiatomic
composition VNiSn was sealed in a niobium container
and placed into the water-cooled chamber of an
induction furnace (Huttinger Elektronik, Freiburg,
TIG 2.5/300). It was first heated under flowing @ng

up to 1300 K and held at this temperature for 0.5 h
(the temperature was controlled through a Sensor
Therm Metis MS06 pyrometer with an accuracy of
15 K). Then the sample was slowly cooled to 1170 K
and held at that temperature for 1 h. After thatais
cooled by regulating the frequency with a resulting
average cooling rate of 10 K/min, maintained utid
furnace was switched off. It became clear that a

reaction had taken place between the ternary sample

and the niobium container. Single crystals were
selected for further examinations. The EDX analyses
(performed by means of a JEOL 5900LV scanning
electron microscope) of the single crystals rewkale
the following composition (in at.%): Nb 33(5),
V 17(3), Ni 46(7), Sn 4(2).

Single-crystal diffraction data were collected at
room temperature on an Oxford Xcalibur 3 CCD
diffractometer (graphite monochromator, Kto
radiation, 1 = 0.71073 A). An empirical absorption
correction was applied to the dafal]. Relevant
experimental details and crystallographic datatifer
Nby, 4V 1 gNigShy g are listed infablel.

Analysis of the diffraction data revealed hexadona
Laue symmetry. The systematic absences and the
E-value statistics indicated the centrosymmetriccepa
group P6s/mm¢ which was used for the structure
solution. Starting atomic coordinates were deduced
from an interpretation of direct methods (program
SHELXS-97[12]); the atoms were distributed among
six atom sites occupying the following Wyckoff
positions: Nb atoms in two positionfahd one B, Ni
atoms in 1R and &, Sn atoms in @ (Table2). The
refinement revealed significant electron density
residuals on the difference Fourier map, which were
taken into consideration by “splitting” three sit@s,
2b, and 1X). As a consequence three additional
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positions, partly occupied by V atoms, were
introduced (4, 2d, and 1X). The refinement was
further improved by considering a statistical migtu
Nb/V on the remaining site in positionf 4nd a
mixture Ni/V in 2a, whereas the positiorc2vas found
to be partly occupied by Sn atoms. The atom ratio
Nb/V of the sites in position f4and in the split-
positions 4/4e, 2b/2d, and the atom ratio Ni/V in the
split-position 1&/12k refined to similar values
(~0.9/0.1), and were constrained to identical valune
the last cycles of the refinement. The elemenbrati
the statistical mixture Ni/V in position a2 was
different (~0.7/0.3), therefore it was refined
separately. The final refinement of the structursw
performed with anisotropic displacement parameters
for all the sites (constraining the values of tipdits
sites).

The structure of NkuV 1 ¢NigSrny g can be described
in terms of two substructures: BMiggVo165M 84
(88 %) and \,Sn (12 %) (ables 3and 4). The ideal
formula of the former substructure is MNb,Sn.
Partial substitution of “five-valent” V for Ni
(represented in the site Ni5/V5) is compensatedi by
decrease of the content of “four-valent” Sn (va@asc
on site Sn6), according to the apparent formula
NbsNi7,V,Sn, (x=0.16). Both substructures are
described by Pearson symbaP26 and space group
P6s/mmc The structure of NINi-Sn
(NbsNiggVo.165Mn89 IS a ternary ordering variant of
the type CgK; [13] and the structure of MSn is a
deformation variant of the type TiBe (hP13,
P6/mmn) [14] with two-fold cell volume.

Interatomic distances within the two substructures
in Nb4.4V1.6Ni6Sn0.9 are presented ifable 5
Considered independently, both substructures presen
distances in good agreement with expected values.
The Nb atoms in the substructure
Nb5Ni6.84V0.16Sn0.84 are surrounded by 14-, 15-,
and 16-vertex Frank-Kasper coordination polyhedra,
the Sn atoms are located inside 15-vertex Frank-
Kasper polyhedra, and the Ni and Ni/V atoms at the
centers of 12-vertex polyhedra (icosahedra). In the
V12Sn substructure the V atoms are surrounded by
12-, 14-, and 15-vertex Frank-Kasper polyhedra, and
by 20-vertex polyhedra; the Sn atoms are inside
15-vertex Frank-Kasper polyhedra.

Discussion

The four kinds of Frank-Kasper polyhedron,
P- (16 vertices), Q- (15 vertices), R- (14 vertjcasid

X- (12 vertices, icosahedron), which appear in the
members of the family of tetrahedrally close-packed
structures, are shown ffig. 1. 38 structure types built
from Frank-Kasper polyhedra (as mentioned above,
polytypes of the Friauf-Laves phases, represenyed b
only PX2 fragments, are not included) and their
structural formulas (R3X)i(PX2)j(Q2R2X3)k are
listed inTable 6

Chem. Met. Alloyg (2014)
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Table 1 Experimental details and crystallographic dataNby ;V 1 gNigSh o

Refined composition
Formula weightv,
Pearson symbol
Space group

Cell parameters:

Cell volumeV, A®

Formula units per cell

DensityD,, g cm®

F(000)

Absorption coefficieny(MoKa), mmi*
Crystal shape

Crystal size, mm

Color

Number of reflections: measured
independent
with | > 25(1)
Reliability factorR
Range oh, k, |
Range o#, °©
Reliability factors: R
wR
S

Number of reflections used in the refinement

Number of refined parameters

Weighting schemeR(= (F2 + 2FA)/3)

Extinction coefficient

Residual electron density:  Apmay, € A3
Apmin, € K3

N b4.42(1)V 1.54(7J\l [ 6.04(6)Srb.855(2)
945.18
hP26
P6s/mmc(#194)
4.9433(5)
17.935(3)
379.54(9)
2
8.271
854
25.30
hexagonal plate
0.06x 0.05x 0.01
metallic grey
6607
310
188
0.0794
-7<h<7,
-6<k<7,
-26<1<26
4.55-32.62
0.0692 (0.0279)
0.0489 (0.0457)
0.948
31881
26
W= 1/[(oF,)* + (0.018%)7
0.0011(3)
2.775
-1.904

The general formula @X);(PX);(Q:R.X3)x can be
rewritten as RxRsi:aXitg+3 Which allows better
understanding the linear dependence between the
average coordination number and the icosahedron
content.

Let us consider the general case of a tetrahgdrall
close-packed structure witk atoms in the unit cell.
The atoms are distributed over different atom sites
where m; is the multiplicity of the first atom site,

m, of the second atom site, ... amy of then™ atom
site:
m+mp+...+m,=N. D)

Considering the different atomic environments of

the sites:

Mpy + Mpy + ... +Mp, = N(P), 2
M1 + Mgz + ... +Mon = N(Q), 3
Mgy + Mgz + ... + Mgy = N(R), (4)
My + Myo + ... +Myxn = N(X), 5)

whereme,, Mq,, Mgy, @andmy, are the multiplicities of
the atom sites, which are at the centers of P-R9-,
and X-polyhedra, respectively; alN{P), N(Q), N(R),
andN(X) are the total numbers of atoms centering P-,
Q-, R-, and X-polyhedra in the unit cell.
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Obviously:

N(P) +N(Q) +N(R) +N(X) = N. (6)

These numbers are related to the numbers used
above by the number of formula units per czill,

Nig + Nis + Nig + Nio = N/Z, (7
whereZ is the largest common divisor, ablde, Nis,
N, and N, are the number of corresponding
polyhedra.

Each t.c.p. structure is characterized by a aertai
number of X- (12 vertices) polyhedrae. the case
when P- (16 vertices) and/or Q- (15 vertices),
R- (14 vertices) polyhedra are present without
X-polyhedra does not exist. The valugg, Nis, Nig,
andNj, are not independent at, = f(Nig, Nis, Nyg).
This dependence can be determined from the
correlation between the coefficients j, and k in
(R3X)i(PX2);(Q2R2X )k = BQaRsi+2Xi+2j+3c-

Ni2 = p-Nig + -Nis + "Ny, 8
where p is the number of;Npolyhedra “provided” by
one 16-vertex P-polyhedroetc

i+ +X=pj+oX+r(3+X). 9)

As can be seen frofaq. 9 2 = pj andi = r-3.
Thusp=2,r=1/3,and q = 7/6.
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Table 2 Atomic coordinates, displacement parameter?s 6hd site occupancies for NV gNigSry.o (WP26,
P6s/mmg a = 4.9433(5)¢ = 17.935(3) AR = 0.0279).

. Wyckoff Site
Site position X y z Uy occupancy
Nb1 7 1 ) 0.884(2)

Vi y v 2 052253(6) | 0.0119(3) | ")
Nb2 V; A % 0.67866(7) | 0.0122(3) 0.884(2)
V2 4e 0 0 0.1781(11) | 0.0122(3) 0.116(2)
ND3 Y 0 0 Ya 0.0088(4) 0.884(2)
V3 2d v, % Y, 0.0088(4) 0.116(2)
Ni4 1% 0.1673(2) 0.3346(4) 0.11353(5) | 0.0097(2) 0.884(2)
Va 1% 0.505(2) 0.010(4) 0.6157(6) 0.0097(2) 0.116(2)
Ni5 2a 0.74(5)

e ~ 0 0 0 0.0181(10) | g'5e )
Sné z A % Vs 0.0106(3) 0.855(2)
Site Up U, Uss U, Uiz Uzs
':‘/bll 0.0085(4) 0.0085(4) 0.0187(6) 0.0042(2) 0 0
I\\l/b22 0.0125(4) 0.0125(4) 0.0115(6) 0.0063(2) 0 0
’:'/%3 0.0098(6) 0.0098(6) 0.0069(8) 0.0049(3) 0 0
':'/f 0.0092(3) 0.0081(5) 0.0116(4) 0.0040(2) 0.0000(3) | .0000(5)
':'/'g’ 0.0079(11) | 0.0079(11) | 0.038(2) 0.0039(5) 0 0
Sn6 0.0089(5) 0.00829(5) | 0.0139(6) 0.0044(2) 0 0

Table 3 Atomic coordinates, displacement parameter$) (@nd site occupancies for the substructure

Site Wyc_kpff Polyhedron x y . Uq Site
position type occupancy

Nbl 4 P e % 0.52253(6) | 0.0119(3) 1
Nb2 4 R e % 0.67866(7) | 0.0122(3) 1
Nb3 pis) Q 0 0 Ya 0.0088(4) 1

Ni4 1X X 0.1673(2) 0.3346(4) 0.11353(5 0.0097(2 1
Ni5 2a X 0.84(5)

V5 23 X 0 0 0 0.0181(10) 0.16(5)
Sn6 z Q s % Ya 0.0106(3) 0.84(2)

Table 4 Atomic coordinates and displacement parametef} fgk the substructure ¥Sn (P26, P6s/mmg
a=4.9433(5)¢c = 17.935(3) A).

. Wyckoff Polyhedron
Site position type X y z Uy
V1 4 X Y5 % 0.52253(6) 0.0119(3)
V2 de R 0 0 0.1781(11) 0.0122(3)
V3 2d Q Y5 % Ya 0.0088(4)
V4 12 X 0.505(2) 0.010(4) 0.6157(6) 0.0097(2)
V5 2a 20-vertex 0 0 0 0.0181(10)
Sn6 z Q 2 % Yy 0.0106(3)
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Table 5 Selected interatomic distances for the two subsiras in NB 4,V NigShy o

NbsNis .4V 0.165M.54 V1,5n
Atoms 5, A Atoms o, A
Nb1 —1Nb2 2.8002(18) Vi -3V4 2.227(13)
— 3 Ni4 2.8240(16) -3Vv4 2.837(12)
— 3 Ni5/V5 2.8825(3) -3V5 2.8825(3)
— 6 Ni4 2.9620(9) -3Vv1 2.9662(7)
— 3Nbl 2.9662(7)
Nb2 —1Nb2 2.559(2) V2 —1Vv2 2.58(4)
— 6 Ni4 2.7337(7) -6V4 2.714(8)
—1Nbl 2.8002(18) -3V3 3.132(8)
—3Sn6 3.1277(6) —3Sn6 3.132(8)
— 3Nb3 3.1277(6) ~1V5 3.194(19)
Nb3 —6 Ni4 2.8359(13) V3 —6V4 2.824(12)
—33n6 2.8540(3) —-35n6 2.8540(3)
— 6 Nb2 3.1277(6) —6V2 3.132(8)
Ni4 — 2 Ni4 2.462(3) V4 —2V1 2.227(13)
— 2 Ni4 2.481(3) —2V4 2.39(3)
— 1 Ni5/V5 2.4897(14) -2Vv4 2.55(3)
— 2 Nb2 2.7337(7) —1V2 2.714(8)
—1Nb1 2.8240(16) —-1Sn6 2.777(12)
—1Sn6 2.8303(13) ~1V3 2.824(12)
—1Nb3 2.8359(13) -1Vv1 2.837(12)
— 2 Nbl 2.9620(9) —2V5 3.227(6)
Ni5/V5 — 6 Ni4 2.4897(14) V5 —6V1 2.8825(3)
—6Nbl 2.8825(3) —2V2 3.194(19)
— 12 V4 3.227(6)
Sné — 6 Ni4 2.8303(13) Sné —6V4 2.777(12)
— 3Nb3 2.8540(3) -3V3 2.8540(3)
— 6 Nb2 3.1277(6) —6V2 3.132(8)

R

Fig. 1 The four Frank-Kasper polyhedra.
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Table 6 Structure types built from Frank-Kasper polyheanamber of formula units (Z), number ofvertex
polyhedra per formula unit\g), coefficients of the formula @X)i(PX,);(Q-R-X3),, average coordination
number (<N>).

Structure typ2 Zjﬁ]rg&” S%icpe 7% [ Noe® | Nus | No [ oot |1 (RsX) [ (PXo) [K(QuRoX5) fo?ﬁsdf;d <CN>®
Crtf, CrSi cP8 |Pm3n|2| 0| 0| 3| 1| 1 0 0 & |13.500
W(ALW) (Ge cP8 | Pm3 [2] 0| of 3| 1| 1 0 0 X [13.500
B-Ta It P30 | P4 |2| 0| 2| 8| 5| 2 0 1 X |13.466
B-Ta rt tP30 | Paym |2| 0| 2| 8| 5| 2 0 1 A |13.466
U, NbAl, CrgFe; tP30 |P4/mnm 2| O 2 8 5 2 0 1 A [13.466
(Mo,Cr)(Fe,.CrNi)is | mP30 | P2 |2| o| 2| 8| 5| 2 0 1 X |13.466
(Cr,Fe,Ni) 080 | Cmmm| 2| 0| 2| 8| 5| 2 0 1 A |13.466
K comp. oP82 | Pmmm|2| 0| 6| 21| 14 5 0 3 AXo7 |13.463
Feomp hP52 |P6/mmm 2| 0| 4| 13| 9| 3 0 2 &7 |13.462
Joomp. oP22 | Pmmm|2| 0] 2| 5| 4| 1 0 1 X, |13.455
Zr4Al5 hP7 [P6/mmm 1| O 2 2 3 0 0 1 A3 [13.428

Mos(Mo,Cns(Cr,Ni)s | oP56 | Pnma|4| 1| 2| 5| 6| 1 1 1 X, |13.428

MOg(MO,Ni)5Ni6 oP56 P2:2:2, | 4 1 2 5 6 1 1 1 A3 13.428

Mns(Mn,Si,Fe) msl10| c2 | 2| 7| 4| 19/ 25 5 7 2 Xs |13.418

Mn.o(Mn,Si,FexSis | m®20| C2 | 4| 7| 4| 19| 258 5 7 2 Xs |13.418

Mog(Mo,Cr,Co)s(Cr,Co)e| hRI5S9 | R3 | 3| 8| 6| 12| 27 2 8 3 | AXy |13.396
Cf\lﬁ*;57['\l'i‘6'.;‘§/‘:i(§r’§;33' hP26 |Pesmmd 2| 2| 2| 2| 7| o 2 1 &, [13.385
TheCdy, We(Fe,Si,\W) | oP26 | Pbam | 2| 2| 2| 2| 7| o 2 1 X, |13.385

WeFe, hR39 | R3m 3| 2| 2| 2| 7| o 2 1 X, |13.385

Nbg(Ni,Al,Nb); oP52 | Phmal4| 2| 2| 2| 7| o 2 1 &, |13.385

Be;5(Be,Rh}LRh,,

Méi(an(sz AI)22 hP1o | Pem2 1| 4| 2| 2| 11/ o 4 1 X1 |13.369
Vg(Ni,Si)11 m28| Cc |12 4| 2| 2] 11| o 4 1 &1, |13.369
MogFess mB8 | c2m | 4| 5| 2| 2| 13 o0 5 1 &3 |13.364
V,(Co,Si) m$0 | c2m | 2| 6| 2| 2| 15 o0 6 1 X |13.360

Nai{'ﬁ:f&ﬁ&“:;%u cl162 | Im3 | 2| 20| 6| 6| 49 0] 20 3 | Xy |13.358

Mn14(C0,Si,Mn)s oP74 | Pnnm | 2| 10| 2| 2| 23] o 10 1 | AXy|13.351
MgaZn; mSl10| C2im | 2| 16| 2| 2| 35 o 16 1 X, |13.345
MgZn, hP12 [P6ymmd 4| 1| 0| o| 2| o 1 0 AX |13.333
MgCu, cF24 | Fd3am|8| 1| o| o| 2| o 1 0 AX |13.333

2 Structure types not mentioned[#] are marked in bold.Z is the largest common divisdrNye Nys, Ny, andNy,

are the numbers of respectively 16-, 15-, 14-, d@dvertex polyhedra in the unit cell normalized By

YA =R+ Q + P?®Weight-averaged coordination numbefhe phases were found in a multicomponent Ni-based
alloy containing Cr, Mo, W, Fe, Si, Al, Ti, Mn, ZGe, C, and B15]; EDX analysis of the phas&,m, revealed the
following composition (in at.%): Mo 45.1, Cr 23.Wi 19.9, and W 11.3% Substructure of the compound
Nb, V1 NigSrp o

Eq. 8can be rewritten in the following way: where <CN> is the average coordination number
Nis = 2Nig + 7/6 Nys + 1/3 Ny, (10) (KCN> = 16Cyg+ 15Cy5+ 14 Cyy + 12Cy5), Cyg, Cos,
Yarmolyuk and KripyakevicH4] established the Cus, and Cy, are the fractions of the corresponding
following equations: polyhedra in the structuréC{s + Cis + C;4 + C, = 1
<CN>=13.6 - 0.@12 (11) N12
and andeg. C, = ).
Cia—Cis= 1.4 — 2.6C, (12) Nig+Nis+Nyg+Npp

174 Chem. Met. Alloyg (2014)
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13.554
13.50 1
13.45

13.40 4

<CN>

13.354
13.30 4

13.25

13.20 4——————1—

<CN> = 13.6- 0.4C,

00 01 02 03 04
C

12
Fig. 2 Average coordination numbeersusicosahedron
Fig. 2 shows a plot oEq. 11including all t.c.p.

structures known so far. It is possible to transfor
Eqg. 10into

N, _ 2[N,q .
N16 + N15 + Nl4 + N12 N16 + N15 + Nl4 + N12
76N, Y3IN,,

+

N16 + N15 + N14 + N12 N16 + N15 + N14 + N12

or
C12 = 2'C16 + 7/6C15 + 1/3'C14 (13)

WhenCs is replaced byCis =1 —Cig — C14 — Co>
thenCyp = 2:Ci+ 7/6- (1 -C16— C14— Cip) + 1/3Cyy
andCy;—Cis= 1.4 — 2.6C; (i.e. EqQ. 19. Subtracting
the latter equation from the equatiGgy + Ci5 + C14 =
1 —Cy, multiplied by 15-one obtains: G + 15Ci5
+15C14—Ciy+Cig=15-15C,— 1.4 + 2.6Cy» and
16'C16 + 15C15 + 14'C14 + 12C12 = 13.6 — 0.@12
and <CN> = 13.6 — 0.4C, (i.e. Eq. 1).

Recently Sikirt et al [16], using special software,
derived hypothetical structures with Frank-Kasper
polyhedra. They confirmed 22 known structures and
obtained 71 new structures witN;;<11. Among
them are three combinations of polyhedrgQJR,X,
PoQ:R3X3, and BQ.,R;X3 which are not allowed
according to the Yarmolyuk-Kripyakevich criterion,
and two combinations, BoR:X; and BQuR:Xs,
which do not follow the condition (if both>1 and
j=>1, then alsok>1) formulated by Hellner and
Pearsonl7].

Let us look at the “Yarmolyuk-Kripyakevich
criterion” in a slightly different way. As can been
from Table6, 18 different combinations ofsR, PX,,
and QR,X3 prototypes are known as of today and
some of them are represented by several structure
types. The combination®oRsX; (N;, = 1) appears
twice: with the space group®m3n and Pm3
(ordering variant with lower symmetry),;@RoX,

Chem. Met. Alloyg (2014)
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(N1, = 2) appears twic?6;/mmcandFd-3m (stacking
variants), BQ.RgXs5 (N1, = 5) appears five time§-4,
P4,/m, P4,/mnm P2, andCmmm P,Q,RsXg (N> = 6)
appears twice:Pnma and P2;2,2;, and BQ,RX;
(N2 =7) four times: P6s/mm¢ Pbam R-3m, and
Pnma P;Q.RxX;; (N2 =11) appears twiceP-6m2
and Cc, and RQ4R19X25 (N12 = 25) twice: both times
with space groupC2. The other combinations have
only one representative. As can be seen fiale 7

for each value ofNy, (except forN;, =1, 2, and 4),
theoretically there exist several possible comldmat

of RsX, PX,, and QR,Xs; however, only one
combination is observed hus, a question arises: why
does a particular combination form among a number
of different possible variants. Let us returngq. 10

N12 = 2'N16 + 7/6'N15 + 1/3N141 the number of
solutions increases with increasiig,. Considering
thatNyge Nis, Nig, Nio are integers, at least one of them
is odd, andN;4> N;5, for the limiting valuesN;s, Nis,

N4 Nz = 50 we found 3475 solutions, part of which
are presented ifiable7. As can be seen, fod;, =1
and 2 one single combination is foundsQpRsX1
(Cr3Si) and RQuReX, (MgZny), but for N, = 3 two
variants are possible: ®,R:X3; = QR,X; and
P.QoRsX3 = PX + ReX, combining different parent
structures, but having the same average coordmatio
number <CN>=13.429. The prototype &
belongs to the first variant, ;,Xs, i.e. represents the
combination that contains Q-polyhedra. The next
known structures infable7 (shaded rows) are also
combinations of (BX)i(PXy);(Q:R2X3)« including
Q.RX3 fragments. This fact was observed by Hellner
and Pearsoifil7] (if bothi>1 andj> 1, thenk> 1).
When Hellner and Pearson considered different
possible cases of generating hypothetical strusture
containing P-, R- and X-polyhedra without
Q-polyhedra, they found that the resulting struesur
contained not only Frank-Kasper polyhedra,
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Table 7 Solutions td=q. 1Q ordered according to increasing number of icodetieoordination per formula
unit (N,). Polyhedron distributions observed in known dtntes are shadowed (s€eble 6for explanations

of codes).

Ni2 | Nag | Nis | Nig | i(RsX) | j(PX3) | K(QR2X3) | <CN> | Nip | Nig | Nis | Nig | i(RaX) | j(PX2) | k(Q2R2X3) | <CN>
1(3|0]|O0 1 0 0 13.500| 13| 18/ 6| O 4 0 3 13.459
2 0 0 1 0 1 0 13.333| 13| 19 4 1 5 1 2 13.459
3|12|2]|0 0 0 1 13.429| 13| 20 2| 2 6 2 1 13.459
3 3 0 1 1 1 0 13429 18 26 4 0 7 0 2 13.476
4 5 2 0 1 0 1 13.455| 13| 26| 2 1 8 1 1 13.476
5121 2| 1 0 1 1 13400 18 32 2 0 10 0 1 13.489
5 8 2 0 2 0 1 13.467| 14| 5 2 5 1 5 1 13.385
6 5 2 1 1 1 1 13.429| 14| 8 8 1 0 1 4 13.419
6 | 11| 2| O 3 0 1 1347414 9| 6| 2 1 2 3 13.419
7 2 2 2 0 2 1 13.385| 14 | 10| 4 3 2 3 2 13.419
7171 4| 0 1 0 2 13444 14| 11| 2| 4 3 4 1 13.419
7 8 2 1 2 1 1 13.444 14 | 15| 6 1 3 1 3 13.444
7 |14 2 0 4 0 1 1347814 | 17| 2 3 5 3 1 13.444
8| 4| 4| 1 0 1 2 13411 14| 21| 6 | O 5 0 3 13.463
8 5 2 2 1 2 1 1341214 | 22| 4 1 6 1 2 13.463
8 [ 11| 2 1 3 1 1 13.45514 | 23| 2 2 7 2 1 13.463
8 | 17| 2 0 5 0 1 1348114 | 29| 2 1 9 1 1 13.478
91 2| 2| 3 0 3 1 1337514 | 35| 2| O 11 0 1 13.490
9 7 4 1 1 1 2 13424 15| 2 2 6 0 6 1 13.360
9 8 2 2 2 2 1 13.429 ..

9 13| 4 | 0O 3 0 2 13.462| 15| 38 2| O 12 0 1 13.491
9 | 14| 2 1 4 1 1 13.462 .| .| .| .l .
9 |20 2 0 6 0 1 13.484 23 | 2 2 | 10 0 10 1 13.351

10| 5| 2| 3 1 3 1 13.400

10| 9 6 0 1 0 3 13.440 28 50 P P 16 2 1 13.481

10| 10| 4 1 2 1 2 13.440

10| 11| 2| 2 3 2 1 13440 26 2 P11 0 1 1 13.350

10| 17| 2 1 5 1 1 13.46f .. .. o L. .. . ..

10| 23| 2 0 7 0 1 13481 25| 19| 4 7 5 7 2 13.418

11| 2| 2 | 4 0 4 1 13.368| ...| ... . . .

11| 6 6 1 0 1 3 1341y 2b 50 P B 16 3 1 13.475

11| 7 4 2 1 2 2 13.41y .|

11| 8| 2| 3 2 3 1 13.417 2 3 p 12 0 12 1 13.349

11| 12| 6 0 2 0 3 13.448 .. .. 0. . .. . ..

11| 13| 4 1 3 1 2 13441 27 | 12| 6 8 2 8 3 13.396

11| 14| 2 2 4 2 1 13.448 .. .. .| .|

11| 19| 4 0 5 0 2 134710 2 1§50 P 4 16 4 1 13.470

11| 20| 2 1 6 1 1 13470 .. .. o Ll .. ..

11| 26| 2| 0 8 0 1 1348/ 35| 2 | 2 | 16 0 16 1 13.345

12| 4 4 3 0 3 2 13.391

12| 5 2 4 1 4 1 13391 3b 50 14 (1 12 1 7 13.460

12| 9| 6| 1 1 1 3 13.429

12| 11| 2 3 3 3 1 13429 37 2 P 17 0 1 1 13.345

12| 16| 4 1 4 1 2 13.455 .. .. o L. . ..

12| 17| 2 2 5 2 1 13451 37 | 40| 10| 6 10 6 5 13.441

12| 23| 2 1 7 1 1 13.474

12| 29| 2 0 9 0 1 13.488 37 150 P 9 16 9 1 13.449

13| 2| 2| 5 0 5 1 13.364| ... ol . . .

13| 6 6 2 0 2 3 13.40Y 49 2 p 23 0 2] 1 13.342

13| 7 4 3 1 3 2 13.401 49 | 6 6 | 20 0 20 3 13.358

13| 8 2 4 2 4 1 13.407 .| .|

13| 11| 8 0 1 0 4 13438 49 50 26 (1 8 1 13 13.444

13| 12| 6 1 2 1 3 13438 50 b p 23 1 2 1 13.350

13| 13| 4| 2 3 2 2 13.438 .. .|

13| 14| 2 3 4 3 1 13438 50 49 22 (4 9 4 11 13.440
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but also other types of polyhedron occurred, or the
ratios of the longest and shortest edges exceefsed 4
etc, i.e. not all the requirements for a t.c.p. structure
were obeyed. In other words, hypothetical structure
built by combination of RsX; (CrSi) and
P1QoRoX> (MgZn,) fragments alone are not realistic
and QRyX3 (ZrAlg) fragments are needed to
“stabilize” the structures. Taking into considevati
the condition that gR,X5 fragments must always be
present, the set of solutions is reduced to 316&ge(j
structures not included).

Counterexamples to the Yarmolyuk-Kripyakevich
(P2Q2R4X7, POQ2R3X3, POQ2R4X3) and Hellner-
Pearson (R),R:X3 and BQyR3X5s) rules were found in
[16], which indicates that these rules express not all
geometrical principles allowing the distribution 18-,
15-, 14-, and 12-vertex polyhedra in space, buy onl
part of them.

As can be seen fronTable7, the simplest
combinations deduced from the Yarmolyuk-
Kripyakevich criterion, having the lowest average
coordination number and number of fragments
(i +j +k), are in most cases observed.

The simplest solutions dfq. 10 considering the
above-mentioned conditions are compiledTable8.
Some likely “genealogical code” (repetition) is peat
after N, > 4: (2,5,2,4) folNy4, (2,2,2,4) forNgs, and
(1+2n,1+2n,1+2n+1,1+) wheren=0, 1, 2, ... for
Nig. The formulas to find the ;®xRaiacXisg+a
combinations can be expressed ag:»R:RXs.4n,
P1ianQoReX64an, Praont1QoRoX 7440, PreonQuRaXgian:

It may be noted that no structure with, has so
far been observed, even if this icosahedron content
corresponds to various alternative variant(s), sofne
them with the same GN>. This occurs for
P1:nQsR4Xg+4n, SO this formula may not have a sense.
Moreover, in the majority of the cases the simplest
combinations without g fragments are observed for
odd Ni, (P1Q.RsXs constitutes an exception). They

always contain equal numbers of @ R-polyhedra,
and can be found from the formulas,fQ:R>X5:4
and R.2u1Q2RoX7.44n.

In the cases wherbl;; =5 and 25 the simplest
combinations FQ,R,Xs (AX) and R;1Q:R:X55 (AsXs)
have not been observed, but instead the combirgation
PoQoReX5s (A2X) and RQ4R10X25 (AeXs) have been
found. ForN;, = 49 the second simplest combination
has been observed, whereas fgs = 14, 27, 37 the
hitherto observed combinations are located in the
middle of the list. It hence appears that additiona
factors act, together with the Yarmolyuk-
Kripyakevich criterion, to determine the preferred
combinations.

All  experimentally observed combinations of
(RaX)i(PX2);(QzRX3) reported so far are compiled in
Table 9 They have been subdivided into four groups,
according to the fragments they contain. In groapel
located combinations without BXfragments (only
12-, 14-, 15-vertex polyhedra are present) andrihe
(Cr3Si) parent structure. Groups Il and IIl contain
combinations without X fragment (equal numbers
of Q- and R-polyhedra) and the ,R:Xsz (ZrAls)
parent structure. Combinations of all three kinds o
fragment are listed in group 1V, together with P,
(MgZn,) parent structure. Combinations that do not
correspond to the simplest solutions k. 10 for a
particular value ofNy,, i.e. which have larger average
coordination number and/or not the minimal number
of fragments i(+ j + k), are marked in italic. Such
situations occur for groups I, Ill, and IV, whil@ i
group Il all the observed structure types corredpon
the simplest combinations deduced from the formula
Pria1QoRoX 7440 (S€ETADIE §. It may be noted that in
each group only certain values ofj, and k are
allowed. These numbers form a series where every
next number is the sum of the two preceding ongs:
k=0, 1, 1, 2, 3,5, 8, ..., known as the Fibonacci
sequence.

Table 8 The simplest solutions t&qg. 10 Distributions of polyhedra observed in known stuwies are

shadowed.
Ni» Nig Nis Nig Ni» Nig Nis Nig Ni» N4 Nis Nig
1 3 0 0 17 2 2 7 33 2 2 15
2 0 0 1 18 5 2 7 34 5 2 15
3 2 2 0 19 2 2 8 35 2 2 16
4 5 2 0 20 4 4 7 36 4 4 15
5 2 2 1 21 2 2 9 37 2 2 17
6 5 2 1 22 5 2 9 38 5 2 17
7 2 2 2 23 2 2 10 39 2 2 18
8 4 4 1 24 4 4 9 40 4 4 17
9 2 2 3 25 2 2 11 41 2 2 19
10 5 2 3 26 5 2 11 42 5 2 19
11 2 2 4 27 2 2 12 43 2 2 20
12 4 4 3 28 4 4 11 44 4 4 19
13 2 2 5 29 2 2 13 45 2 2 21
14 5 2 5 30 5 2 13 46 5 2 21
15 2 2 6 31 2 2 14 47 2 2 22
16 4 4 5 32 4 4 13 48 4 4 21
Chem. Met. Alloyg (2014) 177
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Table 9 Experimentally observed combinations;XR(PX:);(Q-R2X3)k, sorted according to the number of
different fragments. Combinations that do not cepmnd to the simplest possible solutions are iteit#n

italics.
Group | { = 0): (RX)i(Q:R:X5) Group I ( = 0): (PX)i(Q:R2X3)k
N1z | Nig | Nis | Nag | i(ReX) | j(PX2) | k(QR2X3) | Nip | Nag | Nis | Nig | i(RaX) | j(PXg) | K(QaR:X3)
1 3 0 0 1 0 0 3 2 2 0 0 208 2
4 5 2 0 1 0 1 49 6 6 20 0 20xL 3
5 8 2 0 2 0 1 11 2 2 4 0 20% 5
9 13 4 0 3 0 2 13 2 2 5 0 202 8
14 | 21 6 0 5 0 3
Group Il [ = 0): (PX%);(Q:RoX3)x Group IV: (RX)i(PX2)i(Q2R2X3)k
Niz | Nig | Nis | Nig | i(ReX) | j(PX3) | k(QoR2X3) | Niz | Nig | Nis | Nig | i(RsX) | J(PXp) | K(QaRoX5)
3 2 2 0 0 28 1 2 0 0 1 0 1 0
7 2 2 2 0 2% 1 ? ? ? ? ? ? 1
7 2 2 2 0 2% 1 6 5 2 1 1 1 1
11 2 2 4 0 22 1 25 19 4 7 5 7 2
15 2 2 6 0 28 1 27 12 6 8 2 8 3
23 2 2 10 0 25 1 37 40 10 6 10 6 5
35 2 2 16 0 28 1

Fig. 3NbsNig g4V .165M .84 SUbStructurel(P26, P6s/mmq of the new stannide, compared with the structafes
CsK7 (hP26, P6:/mmg and WiFe, (hR39, R-3m). Similar structural features are emphasized.

The NBNiggVo16Snhes Substructure HP26,
P6s/mmq@ of the new stannide can be written as
(P.RQ)X/Q = (PX%)-(Q.R>X3); and, consequently, it
belongs to the family of tetrahedrally close-packed
structures. It is a ternary ordering variant of @gK-,
type[13] and four more structure types with the same
type of coordination are known: £&s (hP26,
P6s/mmqg, WgFe, (hR39, R-3m) (u phase),
We(Fe,Si,W} (0P26, Pbanm) (p-o phase), TiCd;
(oP26, Pbam), and NR(Ni,Al,Nb); (oP52, Pnmg (M
phase). Drawings of these structures are presénted
Figs. 3and4, where alike structure details are marked
in a similar way.Fig. 5 shows the decomposition of
the NBNiggVo16SMhes Substructure into fragments
characteristic of the prototypes MgZ(PX,, hP12,
P6s/mm@Q and ZpAl; (Q.RX3, hP7, P6/mmm).

The V;,Sn substructurehP26, P6;/mmq can be
considered as built up by polyhedra with 20 (V5) an
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15 (Sn) vertices, which share atoms to form a
3D-framework. A similar description applies to the
structure type BgTi (hP13, P6/mmn), for which only
one binary representative is knoyiv], that is built
up by 15-vertex (Be) and 20-vertex (Ti) polyhedra.
The two structures are comparedFrog. 6.

Conclusions

The structure a new multicomponent

stannide

Nb; V1 eNigSnpe was refined from X-ray single-
crystal diffraction data. It was found to be formieg
two substructures: NBiggVo16Sh s and Vi,Sn, in
approximate

the

ratio

9:1.

The

substructure

NbsNig g4V 0.165M.84 IS @ ternary ordering variant of the
CsK7 type and belongs to the family of tetrahedrally
close-packed structures, also known as Frank-Kasper

Chem. Met. Alloyg (2014)
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Fig. 4 Crystal structures of WFe,Si,W) (oP26, Pban), Th,Cd;, (0P26, Pban) and NR(Ni,Al,Nb); (oP52,
Pnm3g. Similar structural features are emphasized.
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Fig. 5 The t.c.p. substructure N¥ig gV o.165M g4 (NP26, P6/mmQ presented as a combination of MgZn
(hP12,P65/mmq and ZgAls- (hP7, P6/mmn) type fragments.

Fig. 6 V1,Sn substructurenP26, P6s/mmgq of the new stannide and structure of Be(hP13, P6/mmn).
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phases. The Nb atoms center 14-, 15-, and 16-vertex No. 0112U001279 and No. 0112U001280, and by a

Frank-Kasper polyhedra, the Sn atoms 15-vertex
Frank-Kasper polyhedra, and the Ni or V atoms
icosahedra (12-vertes Frank-Kasper polyhedra)hén t
minority substructure MSn, the V atoms are
surrounded by 12-, 14-, and 15-vertex Frank-Kasper
polyhedra and by 20-vertex polyhedra, and the Sn
atoms by 15-vertex Frank-Kasper polyhedra. Similar
polyhedra are observed for B&i (hP13, P6/mmn).

One of the crystal chemical features of structures
built from Frank-Kasper polyhedra is the linear
dependence of the weight-averaged coordination
number on the icosahedron content, known as the
Yarmolyuk-Kripyakevich criterion. The atoms in
these structures are surrounded by P- (16 vertices)
Q- (15 vertices), R- (14 vertices), and X-type
(12 vertices) Frank-Kasper polyhedra. The struttura
formula of any of the compounds can be written
as  (RX)i(PX2)j(Q:RX3), which represents a
combination of the prototypes £&i (cP8, Pm-3n),
MgZn, (hP12, P6s/mmg, and ZzAl s (hP7, P6/mmn).

Considering the Yarmolyuk-Kripyakevich
criterion, rewritten as jRaRaiaXisz+a0 Solutions of
the equation that relates the numbers of different
polyhedra Ny, = 2N + 7/6N;5 + 1/3Ny,) were
derived, limited to values dfl;g, Ni5, N4, Ni2 < 50. It
was found that, among the different possible
combinations obeying the Yarmolyuk-Kripyakevich
rule, only one combination has been experimentally
observed for a particular number of icosahedra. In
most cases the simplest combination, with minimal
average coordination number and lowest number of
fragmentsite. i + ] + k) is preferred. In the general
case, such simple solutions can be found using the
fOIIOWing formulas: R+mQ2R2X5+4n, P1+mQ2R5X6+4n,
P142nt1Q2RoX 7440, @aNd R42nQaRaXg44n.

In addition to the observation made by Hellner and
Pearson that ®,X3 (ZrAlz) fragments are needed
[to stabilize the structures, new features were
found. Distributing all known combinations
(RsX)i(PX2);(Q2R2X3)« into groups according to the
number of different fragments, some regularitieseve
observed. The values of j, and k revealed series,
where every number is the sum of the two preceding
ones: 0, 1, 1, 2, 3, 5, 8, ..., known as the Fibonacc
sequence.
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