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A simple structural model is proposed on the basis of an ideal
hexagonal close-packing (4B)* of the metal atoms M. The
metalloid atoms X, located in an ordered manner in the metallic
planes with the stacking sequence ..(4)“.. or .. (B)®.., generate
two types of elementary units called units U; and Uy;. These units
are hexagonal prisms with the fundamental vectors a,, by, ¢, and
the elementary volume ¥;. When the exclusive occurrence of
U, (or Uy) only yields 6-prismatic and triangular sites of metal-
loid atoms X, additional tetrahedral and pyramidal sites of
X atoms are present when units U; and Uy, exist simultaneously.
The structures of compounds with the general formula M, X
(M=3d, 4d, 5d and (or) 4f, 5f elements, X=B, P, As, Sb, Si,
Ge,...) are described in terms of intergrowth mechanisms. Bi-
nary, ternary, or even quaternary structures of compounds, with
Mi/X ratios equal or close to two, appear as superstructures of the
elementary units. Insofar as no ordering is considered along the
stacking direction, the vectorial combinations of the fundamental
vectors in the form A = h.ay+s.by, B=k.a,+1.b,, C=c, result in
supercells with the volume V= (h.t— k.s).V,. The attainable sym-
metry (hexagonal, tetragonal, orthorhombic, monoclinic, ...)
strongly depends on the particular values of the integers A, s, k, t.
The criteria of occurrence of various series of compounds are
presented together with their crystallographic features and struc-
tural relationships are emphasized. Moreover, the model demon-
strates that numerous compounds with the predicted unit cell
parameters should be obtained in each crystal system. © 1998

Academic Press

INTRODUCTION

Numerous binary, ternary, and even quaternary inter-
metallic compounds have been reported recently with the
general chemical formula M, X or (M, M’), X (M and M’ are
specified precisely below in the text) (1) and a short stacking
vector within the range 3.3—4 A. The main characteristics of
these compounds are:

!To whom correspondence should be addressed.
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— The M subset consists of transition elements with
rather small Goldschmidt metallic radius for 12-coordina-
tion (r < 1.5 A) (2) and Pauling electronegativity higher
than 1.5. They are mainly 3d elements (V to Ni) and more
infrequently 4d or 5d elements (Nb, Mo, Ru, Rh, Ta, Pd, Pt).
The M elements typically occupy pyramidal (5SM — X
bonds) tetrahedral (4M — X bonds), and (or) triangular
(3M - X bonds) sites of metalloid atoms X. Numerous
three-dimensional M—M bondings occur with bond distan-
ces slightly longer than those found in pure metals so that
these compounds are metallic conductors with resistivity
values ca. 107> Q cm or higher.

— The M’ subset consists of less electronegative elements
(x values <1.5) with Goldschmidt metallic radius larger
than 1.5 A, typically scandium, zirconium, hafnium, lan-
thanoid elements, and uranium. In relation to their elec-
tronegativity and their atomic size, the M’ elements occupy
the largest sites available, i.e., 6-prismatic (6M — X bonds)
and (or) pyramidal (5M — X bonds) X sites. In a general
way, the magnetic properties only depend on the nature of
the M’ elements and as no M'—M’ distances shorter than,
say 3.3 A, occur in the structures, the (M, M), X compounds
are Pauli paramagnets (M’ = Sc, Zr, Hf, ... ) or Curie—Weiss
paramagnets (M’ with localized f electrons) with ordering
temperature below 10K.

— The electronegativity values (Pauling’s scale) of
X atoms range from 2.1 (phosphorus) to 1.8 (silicon) and the
X atoms solely occupy tricapped trigonal prismatic sites of
metal atoms (9X — (M, M’) bonds). No X—X bondings oc-
cur in the structures reported up to now. When the elec-
tronegativity values of the X subset (P, As, Si,...) are
compared to those of the M and M’ subsets, the M>X and
(M, M'),X compounds are actually intermetallic in charac-
ter. Hereafter, M and M’ atoms will not be distinguished
and the (M, M’),X compounds will be named for reason of
simplification M, X.

The different structures will be discussed by considering
that the metal atom arrangement is very close to the ideal
h.c. stacking, that is the structures will be described without
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taking into account the slight atomic displacements that
actually occur in the true structures.

Different authors have previously underlined the struc-
tural homogeneity of this wide family of M, X intermetallics
through various models (3-8). A few years ago, we reported
on a classification scheme (3) to describe and predict struc-
ture types in pnictide and silicide chemistry which was built
from fundamental units found in the hexagonal Fe,P set of
structures, namely (1:0), (1:6:3), (3:10:6), and (6:15:10)
units.

A new crystal chemical approach is given in the present
paper by considering that the preceding units result from
a special distribution of the X atoms in the planes of the
metallic h.c.-like packing. Indeed, the nonmetal X atoms are
exclusively located either in the A or the B metallic planes
and this distribution of the metal M and nonmetal X atoms
generates hexagonal slabs with the composition M,X and
the thickness c¢,. The slabs are stacked along ¢, and the
stacking sequence depends on how they are piled up. In the
model presented hereafter, only compounds with identical
slabs will be discussed, that is, compounds with stacking
vector ¢, and the X atoms piled up with the sequence (A4)~
or (B)~.

GENERAL FEATURES OF THE MODEL

The metal atoms M are packed together with the
..(AB)*.. sequence (h.c.p.) and the X atoms are located in an
ordered manner either in the 4 or B plane. This peculiar
ordering leads to the fundamental units named units Uy and
Uy (Fig. 1). These elementary units, which are differentiated
from each other by the location of the X atoms, consist of
hexagonal prisms with the fundamental vectors ag, by, ¢,>
7o = 120°, and the volume V, = (a, A by).c, whatever the
location of X atoms. Each unit contains two M and one
X atom so that the elementary volume Vj is associated with
the formula M,X.

M, X and related compounds with a M/X ratio close to 2,
the coordination polyhedra and crystallographic features of
which are given in the preceding section, can be described
from an infinite number of combinations of the U; and
Uy units and explained as superstructures with the lattice
vectors A, B, and C.? The vectors A, B, and C are combina-
tions of the fundamental vectors a,, by, and ¢, expressed as
A = fi(ay, by, ¢p), B =f3(ay, by, ¢p), and C = f3(ay, by, ¢y)
(Table 1, Part 1). The magnitudes of the vectors a,, by, ¢, A,
B, and C are denoted below by ay, by, ¢y, A, B, and C and

2Bold ay, by, ¢y, A, B, and C represent vector quantity a,, by, ¢y, A, B, and
C while the corresponding ay, by, ¢y, A, B, and C represent vectorial
magnitudes. This will be the rule hereafter in the paper.
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FIG. 1. Different views of the fundamental hexagonal units U; and Uy
3D view (a), view along [001] (b), and view along [010] (c). Large circles are
metal atoms, small circles are nonmetal atoms.

the interaxial angles by oy, fo, 70, @ f, and 7y with
oy = fo =90° 7y = 120°. It is worth noting from the crys-
tallographic data reported in literature that the ratio ay/c is
near unity.

However, given the structural features reported for M, X
and related compounds (A and B only depend on a, and
b, while C is a straightforward function of ¢,), it is most
convenient to consider A = f;(a,, by), B =f>(ay, by), and
C = f3(c,) with the C vector parallel with ¢,. When consider-
ing superstructures along c¢,, the fi, f,, and f; functions
reduce to the vectorial combinations A = h.a, + s.by,, B =
kay+ tby, C=1Llc),, with the corresponding volume
V =1(ht. — k.s).V, (Table 1, Part 2, section 2,). If no super-
structures occur along ¢,, the linear combinations limit to
A = ha, + s.by, B=ka,+ tb,, C=c, (Table 1, Part 2,
section 2,). The only structures to be discussed herein are
such as C = ¢, with the unit cell volume V = (h.t — k.s).V,
and when we recall that the volume V), is associated with
one elementary unit M, X, it is easily proved that (h.t — k.s)
units are present in a structure with the volume V. The
corresponding compound is therefore My, —k.oX s —k.s)
with (h.t — k.s) ranging from 1 to oo. Particular values of the
coefficients h, k, s, and t impose the symmetry (Table 2)
which will be hexagonal, monoclinic, orthorhombic, and
(or) tetragonal depending on the y angle between the vectors
A and B and their relative lengths.
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TABLE 1
Vectorial Relations to Describe M;X Compounds from the Hexagonal Prism with Fundamental Vectors a,, b, and ¢,

Part 1, General case: A = fi(ay, by, ¢y), B = f3(ay, by, ¢,), C = f3(ay, by, ¢)
A = h.ay + s.by + u.cy with 4 = [(h? + s? — h.s).ag + u?.cg]'?,

B = k.a, + t.by + v.c, with B = [(k* + > — k.t).ag + v.c3]*/?,

C = m.ay + nby + Ley with C = [(m* + n? — m.n).ag + 12.c3]'?,

o, f, and y are obtained from the analysis of the scalar products A.B, C.A, and B.C together with the vector products AAB, CA A, and BAC.
V =(AAB).C = [L(ht — s.k) + 2/3'?[n(uk — hv) + m.(s.0 — u.t)]. Vo with Vi = (ay A bp).¢y

Part 2, Particular cases (o« = f = 90°) with C along ¢,
Section 2, A = f(ay, by), B = f3(ay, by), C = f3(co)

A = hay + sby, A = (h* 4+ 5? — h.s)*?.a0, B = kay + tby, B = (k* + t*> — k.t)"%.ay, C = L.¢y, C = lLco
A.B = A.B.cos(y) = (h.k + s.t — 3(h.t + s.k)).ag, AAB = A.B.sin(y) = (h.t — s.k).sin(y,).a3

V = (AAB).C = L(ht — s.k).V,

Section 2,, A = f(ay, by), B = f>(ay, by), C = f3(co)
A =hay+ sby, A= (h? + s> — hs)'.a9, B=kay + thy, B=(k* + > — k.t)"%.ay, C=¢y, C =g
A.B = A.B.cos(y) = (h.k + s.t — 3(h.t + s.k)).ag, AAB = A.B.sin(y) = (h.t — s.k).sin(ye).a3

V =(AAB).C

= (ht — s.k).V,

Note. 0y, Po, 70, % f,and y are defined as in the “International Tables for Crystallography” (8) relative to the vectors ay, by, ¢y, A, B, and C. The vectorial
magnitudes are denoted by ag, by, and ¢, with ay = by ~ ¢o, 4, B, and C and h, k, [, m, n, s, t, u, v are integers.

STRUCTURAL EXAMPLES

(a) Structures with 6-Prismatic and 3-Triangular Sites
of X-Atoms Exclusively

If only U; (or Uy) units are present in a structure, that
means that the X atoms are exclusively located in one
plane and the metal atoms are solely in 6-prismatic and
3-triangular sites of X atoms. The corresponding compound
M,X is formulated as M5 MY X with a unit cell volume
exactly V. If so, the different sites of metalloid atoms are so
different in size that they cannot accomodate only one kind
of metal atoms. Indeed, the only compounds reported today
which show such a special ordering are ternary hexagonal
MM'’X compounds with M and M’ very different in size and
electronegativity. Representatives are the phosphide YbPtP
(unit cell parameters a = 4.077 A and ¢ = 3.777 A, space
group P6m2) (10) and its isostructural compounds. The
h.c.-like packing of the (Yb, Pt) atoms is readily seen from
the projections onto the (001) and (100) planes in Fig. 2. In
this structure, the metallic distribution is actually of h.c.
type: the exclusive location of the P atoms in the Pt planes
only yields polyhedra with 3-fold symmetry along the stack-
ing direction. The more electronegative and smaller Pt
atoms are in the triangular sites (3M — X bonds) while the
less electronegative and larger Yb atoms are in the 6-pris-
matic sites (6M — X bonds). The P atoms are surrounded
by 6 Yb and 3 Pt atoms in a tricapped trigonal prismatic
coordination (9X — M bonds).

(b) Structures with 5-Pyramidal and 4-Tetrahedral Sites
of X-Atoms Exclusively

When U; and Uy units occur together in a structure,
boundary zones are observed in which the X atoms are
located at the same time in the A and B metallic planes.
Such an ordering of the X atoms generates tetrahedral
and pyramidal sites within the boundary zone as can be
seen from Fig. 3. The tetrahedral and pyramidal sites do
not possess 3-fold symmetry according to the stacking dir-
ection, so slight displacements from the ideal h.c. location
are found within the zone. These atomic displacements
result purely and simply from energetical arguments in
that the metal atoms are stabilized when placed at the center
of gravity of the sites. Accordingly, as observed for most
of the structures reported today, the main deviations from
the ideal h.c. packing strongly depend on the presence of
tetrahedral and pyramidal sites. These deviations are in-
volved sometimes in the formation of metallic clusters, e.g.,
ZrRuP (11).

Particular orderings of U; and Uy units result in the
exclusive occurrence of pyramidal and tetrahedral sites. The
corresponding compounds are formulated as M5 M*"X
and binary structures are attainable in that the available
sites are not very different in size. The structures of binaries
Fe,P (12), Fe,As (13), and Co,P (14) (Fig. 4) result from
such special distribution. Nevertheless, numerous isostruc-
tural ternary compounds MM'X (M and M’ as transition
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TABLE 2
Vectorial Relations to Describe M,X without Superstructures along c,

Linear combinations in consideration. A = h.a, + s.b,, B
= (h® + 5% — h.s).aq,

AB=

= k.ay + t.by, C=c¢,

B=(k+1—

k.)2.aq, C = co

(hk + st — 3(ht + s.k)).a3, AAB = (ht — s.k).sin(yo).a3
—(AAB).C =

(ht — s.k).V,

The integers h, k, s, and ¢ are obtained from analysis of the scalar and vector products.

(a) Hexagonal symmetry, o = f§ = 90°, y = 120°.

cos(y) = — 3, sin(y)

= (ht — s.k).Vy = (h* + s* — h.s).V, =

=322 and 4 = B # C implies that (h* + s> — h.s) =

(k* + 12 — k.1).

(k* + 12 — k). V.

The integers h, k, s, t must satisfy the condition k.(s — h) = s.t.

(b) Orthorhombic and (or) tetragonal symmetry. o = ff =y = 90°.

cos(y) = 0, sin(y) = 1. The 4-fold axis along A or B for tetragonal symmetry.

AB=0,AAB=

(h.t)sin(yo).a3,

V = (ht).V,

The integers h, k, s, and t must satisfy the condition 2.s = h with k =0, t > 0.

(c) Monoclinic symmetry. « = f§ = 90°, y = any value.

2-fold axis along A, B, or C. (more likely along C)

The integers h, k, s, and t do not verify the conditions (a) and (b).

elements) are known, which have been intensively studied
by Fruchart et al. (7). These authors showed that the metal
site preference over the 5-pyramidal and 4-tetrahedral sites
depend on the relative atomic sizes and electronegativity
values of the metal.
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FIG. 2. Structure of the ternary phosphide YbPtP with its h.c.-like
packing of metal atoms: view along [001] (a) and along [010] direction (b).
The unit cell is emphasized. The stacking sequence of the P atoms is (B)®.

is (A)*

(c) Structures with 6-Prismatic, 5-Pyramidal,
4-Tetrahedral, and 3-Triangular Sites of X-Atoms

The ordering of the X atoms in the A or B metallic planes
governs the number and the distribution of the prismatic,
pyramidal, tetrahedral, and triangular sites of metalloid
atoms. According to the preceding sections, the structures
undergo localized deformations all the more because pyr-
amidal and tetrahedral sites are present. A great number of
structures for M,X compounds (M = 3d, 4d, 5d, and (or)
4f, 5f elements, X = B, P, As, Sb, Si, Bi, Ge, ...) reported

Co

FIG. 3. Boundary zone resulting from the intergrowth of units U; and
Uy viewed along the [010] direction. The stacking sequence of the X atoms
on the left-hand side and (B)* on the right-hand side. Pyramidal
and tetrahedral X sites can exist only within the zone emphasized by the

vertical lines.
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(¢) Co”PCo™*P : Uy’

FIG. 4. Structures of the binaries Fe,P (a), Fe,As (b), and Co,P (c)
in projection onto the (001) plane. Large circles are metal atoms (Fe, Co);
small circles are nonmetal atoms (As, P). For each figure, the number
of Uy and Uy units per unit cell and the distribution of metal atoms
in the different X sites are given (6-p., 5-p., 4-t., and 3-t. hold for trigonal
prismatic, pyramidal, tetrahedral, and triangular coordination, respective-
ly). Full and open circles are translated from each other by half a transla-
tion period of the projection direction. The different unit cells are
emphasized.

up to now appear therefore as intermediate between
that of YbPtP (6-prismatic and triangular sites, formula
MS“MY"X)and those of Fe, P, Fe,As, and Co,P (pyramidal
and tetrahedral sites, formula MY M""X). The general
formula of these intermediate structures is Mpy Mty

PIVAN AND GUERIN

MstivyMin X, where m(V1), m(V), m(IV), and m(IlI) are
the respective number of metal atoms in 6-prismatic, 5-
pyramidal, 4-tetrahedral, and 3-triangular sites of X atoms
and n is the number of X atoms per cell. By considering
there are as many M — X as X — M bonds, the geometric
rule 6. m(VI) + 5. m(V) + 4. m(IV) + 3. m(II1) = 9.n together
with 2.n = m(VI) + m(V) + m(IV) + m(I1I) allows us to
count the metal atoms in the different X sites (15).

M, X compounds with hexagonal symmetry. The y angle is
120° and the coefficients h, k, s, and t must satisfy the
condition k.(s — h) = s.t from simple scalar and vector prod-
ucts analysis (Table 2). Various vectorial combinations
which satisfy this criterion are listed in Table 3. The ratio
V/V, indicates how many elementary units M,X are ex-
pected for the different members. When the vectorial combi-
nations involved are analyzed more accurately, one can see
that structures are described by combinations of the same
kind (see, for example, the strongest reflection (hk1)). These
structures are members of common subsets as we have
previously reported (3).

So, the structures with A = h.a, —b,, B =a, + t.b,,
C=c¢y(t=h+1, h > 1) constitute the Fe,P set with the
general formula My 1,4 1) X2 41 1 1)» the structures defined
by A = h.ay, B=1tb,, C =c¢, (t = h, h > 1) are the limiting
terms (WC, o-UCrgP,, Zr,Coy3Siy,...) described pre-
viously and so on.

The first members in the series are given in projection on
the (001) plane in Fig. 5 and the validity of the model is
readily seen from the curves in Fig. 6. The model confirms
the rule A = ay.K''? (4) by putting K = (h.t — s.k). However,
the V vs (h.t. — s.k) curves show that the different members
in the hexagonal series divide into two groups with different
elementary volumes V. The first group has an elementary
volume V,, of about 44 A3 while the smaller value Vo of
about 36 A3 is found for the second group. This elementary
volume decrease between the two groups can be explained
by considering either that the atomic volumes of the ele-
ments are on average smaller or that the number of atoms
per elementary unit is lower. If so, the metal/nonmetal ratio
will be M/X =2 in the first case (stoichiometric com-
pounds) and M/X # 2 in the second case (defective com-
pounds). This involves that the volume V, is associated with
the stoichiometric elementary formula M, X in the first case
and the defective formula (M; _,[1,),X (metal deficit) or
M, X, _, (nonmetal deficit) in the second. From careful ex-
amination of the structure types reported in literature,
it appears that a volume V,, of about 36 A3 corresponds
to metal defective compounds (M;_,[1,),X. As a con-
sequence, metal vacancies are present in the structures
of the second group (e.g, COWC: elementary formula
(Wo.50.5)2C, ¢=0.5; O,Cry,P; (6 =1/7), OLiCocPy
(e =1/8), 0Zr,Co43Sio (¢ = 1/18), (IeRh,0Si;3 (¢ = 3/13),
Oe¢UsMo3oP1o (6 = 3/19), ...) and the deviations from the
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TABLE 3
Series of M,X Compounds with Hexagonal Symmetry

h—s A = hay + s.by B = k.a, + t.b, (hk1)*e V/Vy Structure type
1 a, b, 101 1 YbPtP (9), MoP (16), WC (17)
ag— b, ag + 2.b, 111 3 Fe,P (12)
2.a, 2.by 201 4 LiCo4P, (18)
3 2.y — b, ay + 3.b, 211 7 Cry,P5 (19), Zr,Fey, P, (20)
3.a, 3.b, 301 9 Zr4Co45Sis (21)
4 2.y — 2.b, 2.2y + 4.b, 221 12 Hf,Co4P3 (22), HosNi o Py, (23)
3.2y — b, a, + 4.b, 311 13 Rh,(Si;3 (24), ZrgNi,y 0Py 3 (25)
4.a, 4.b, 401 16 “LngNiyeP,” (26)
5 3.9 — 2.b, 2.a) + 5.b, 321 19 UCosSi; (27), U;Mo3Pyo (28)
4., — b, ag + 5.b, 411 21 Ln;,Rh;3,P5; (29)
5.2, 5.by 501 25 UoyCo3-Siss (21)
6 3.9 — 3.b, 3.ay + 6.b, 331 27 ?
4.2, — 2b, 2.2y + 6.b, 421 28 ?
5.9 — by ay + 6.b, 511 31 Sm,Niy,P3; (30)
6.a, 6.y 601 36 ?
7 4.a, — 3.by 3.ay + 7.b, 431 37 ?
5.a9 — 2.b, 2.2y + 7.b, 521 39 UsCo30Siy9 (31)
6.2 — b, ay + 7.b, 611 43 Ho,0NiggP43 (32), Tb3oNisePy43 (30)
7.a, 7.y 701 49 ?
8 4., — 4.b, 4.2y + 8.by 441 48 ?
5.9 — 3.b, 3.a, + 8.b, 531 49 UgMo,4P4o (33)
6.2y — 2.b, 2.2y + 8.b, 621 52 ?
T.ay — b, a, + 8.b, 711 57 La;gRhosPs; (34)
8.2, 8.by 801 64 ?
9 5.2y — 4.b, 4.2, + 9.by 541 61 ?
6.2y — 3.b, 3.a9 + 9.b, 631 63 ?
7.a9 — 2.b, 2.ay + 9.b, 721 67 U,0C0405Si66 (21)
8.a, — by a, + 9.b, 811 73 ?
9.a, 9.b, 901 81 ?

Note. A = h.a, + s.by, B = k.a,+ tb,, C =c¢,. The integers h, k, s, and ¢ conform to k.s —h) =s.t. The volume of the members is such as
V/Vy = (ht — s.k).
“The (hk1) plane is the strongest reflection from X-ray diffraction studies.

h.c. packing are all the less important because the ¢ value in  orthorhombic and (or) tetragonal symmetry are attainable if

the elementary formula decreases. Moreover, it is worth
noting that the lower the overall electronegativity of the
metallic sublattice, the smaller the volume V.

M,X compounds with tetragonal, orthorhombic, and mono-
clinic symmetry. Although possible orthorhombic, tetra-
gonal, and especially monoclinic structures are by far much
more numerous, few structural examples are reported today.
The interaxial angles are 90° for tetragonal and orthorhom-
bic symmetry which implies that the 6-fold axis along the
¢, direction does not hold. Since the 6-fold symmetry is
a manifold of 3- or 2-fold symmetry, only 2- or 3-fold axes
can exist along the ¢, direction. As a consequence, the 4-fold
axis for the tetragonal compounds is necessarily perpen-
dicular to the ¢, direction as it is actually found for the
tetragonal iron arsenide Fe,As.

Provided that judicious choice of fundamental vectors is
made (i.e., for example A = f; (a,, by), B = f>(by), and C = ¢,),

the coefficients h, k, s, and t verify 2.s = h with k =0, t > 0.
Various vectorial combinations satisfying this criterion are
listed in Table 4 together with the expected crystallographic
data for the different members. Examples of tetragonal and
orthorhombic structures are given in projection onto the
(001) plane in Fig. 7. As previously mentioned, the ratio
ag/co (or by/co) in the basic hexagonal prism is near unity so
tetragonal symmetry has to be expected when B = b,
When the h, k, s, and ¢t do not satisfy the conditions
mentioned above, the monoclinic symmetry is obtained. To
our knowledge, the only compounds with such a symmetry
are the ternary phosphite UCrsP; (35) and related com-
pounds and the defective quaternary arsenide LaZr,Ni As,
(36) with the 2-fold axis along ¢, (Fig. 8). The unit cell
vectors of UCr;P; are A = 2.b,, B=3.a, + by, and C = ¢,
(h=0, k=3, s=2,t=1) with the respective magnitudes
A =2.ay, B=7"a,, and C =c,. The expected values
(B/A, C/A, and C/B ratios of 1.376, 0.532, and 0.386 and
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() Fl3"‘Zr46_p‘C«035 P-Cog* “Co™*Sig : Ur'Uyr - (d) Hosﬁ'p'NuS p‘Nus4 YNi* Py, : U16U116-

(€) Zrs® PNis P Ni s+ Nip *Py3 : U Uy

FIG. 5. Idealized structures for the first members of the hexagonal series of M _,X (X = P, Si) compounds given in projection onto the (001) plane: the
first terms are YbPtP and Fe,P structures (see Fig. 2 and Fig. 4), LiCosPy (a), Zr,Fe,,P5 (b), Zr,Co,3Sig (c), HosNi oP, (d), and ZrgNi,oP; 3 (e). Large
circles represent the less electronegative and larger metal atoms, medium circles represent the more electronegative and smaller metal atoms, and small
circles are nonmetal atoms. Full and open circles are translated from each other by half the translation vector of the projection direction (same remarks as
for Fig. 4).

v angle of 100.05°) compare well with the the experimental B = 7'%.a,, and C = ¢,. The experimental values (angle of
ones (respectively, 1.359, 0.455, 0.335, and 100.36°). In the 97.56°, B/A, C/A, and C/B ratios of 0.98, 0.402, and 0.411)
same manner, LaZr,Ni As, is described by A = —a, + are close to those calculated (respectively, 97.41° and 1,
2by, B=3.a,+2b,, and C=¢, (h=—1, k=3, s=2, 0.378, and 0.378). These latter examples are a further con-
t=2) with the respective magnitudes A =7'%.a,, firmation of the adequacy of the model presented.
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1 11 21 31 41 51 61

FIG. 6. Experimental unit cell parameters A4 and C (h.t — k.s)*/? (a) and
volumes V (h.t — k.s) (b) for the hexagonal series of M _,X compounds. The
ag value (ag = 3.523 A) and V;, values (V, = 44.13 A3 and V, = 36.28 A* for
stoichiometric and defective compounds, respectively) have been obtained
from linear regression. The values of the regression coefficients R? confirm
the validity of the model.
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CONCLUSION

A generalized crystal chemical model to describe
numerous structure types in pnictide, silicide, ... chemistry
has been presented by considering hexagonal elementary
units of volume V, with composition M_,X and the
fundamental vectors a,, by, and ¢,. Insofar as no superstruc-
tures are considered along the ¢, direction, the resulting
structures described herein by the vectors A = fi(a,, by),
B = f,(a,, by), and C = ¢, consist of identical M _,X slabs
stacked along ¢,. The metal atoms are piled up in the
sequence ...(AB)”... (h.c. packing) while the nonmetal atoms
are ordered in the metallic planes in the stacking sequence
.(A)®.. or ..(B)*.. leading to the two different units Uy and
Uy The structures of numerous compounds have been de-
scribed in terms of intergrowth mechanisms of these two
units. The model presented herein clearly shows that further
investigations must lead to new M_,X compounds and
provides the theoreticians with a useful tool to achieve band
structure calculations.

Moreover, if C =l.¢y (I > 1), related structures can be
explained from the same fundamental units intergrown to
form slabs (e.g., hexagonal Ni,In-type C = 2.¢,, hexagonal
TbNiP-type C = 4.¢, (1)). But this possibility induces that at
least one of the slabs is rotated by 180° around the 3-fold
axis of the slab. The different possibilities of slab stacking
give rise to the formation of numerous structures as poly-
types. This will be discussed in a later paper.

TABLE 4
Series of Tetragonal and (or) Orthorhombic M,X Compounds

A/B Symmetry

s.t A =s.(2.a5 + by) B =tb, th. exp.” th. exp’ Structure type

1 2.9+ by by 1.732 1.647 T T Fe,As (12)
2.2y + by 2.by 0.866 0.854 (0] (6] Co,P (13)
4.y + 2.b, by 3.464 T ?

3 2.9+ by 3.by 0.577 O ?
6.2y + 3.b, by 5.196 T ?

4 2.9+ by 4.b, 0.433 0.419 o (6] Pd_ ,Mn_,Geg (37)
4.y + 2.b, 2.by 1.732 1.712 O (0] p-UCreP, (38)
8.2y + 4.b, by 6.928 T ?

5 2.9+ b, 5.by 0.346 0.346 O (0] CoNbB (39)

10.a9 + 5.by by 8.660 (0] ?

6 2.9+ by 6.by 0.289 (0] ?

4.y + 2.b, 3.by 1.154 1.145, O (6] YCosP; (40),

1.158 (0] (0] HoCo;P, (41),

6.2y + 3.b, 2.by 2.598 2.839 O (6] UNi;Si; (42)
12.ay + 6.b, by 10.392 T ?

Note. A = s5.(2.ay + by), B = t.by, C = ¢y, t > 0 with 4 = 3'%5.ay, B = t.ay, C = co. The volume is V/V,, = 2.s.t. and the ratio A4/B = 3'/2(s/t). Note that
the combinations A = 2.ay + by, B = by, C = ¢, with the volume V' = 2.V, describe the “orthohexagonal” unit cell of iron arsenide Fe,As.
“th. means theoretical, exp. means experimental and the symbols O and T hold for orthorhombic and tetragonal symmetry, respectively.
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(¢) USPNi; > PNig*Siy : U Uy".

FIG. 7. Idealized structures for members of the tetragonal and ortho-
rhombic series of M_,X compounds given in projection onto the (001)
plane. First members are Fe,As and Co,P structures (see Fig. 4); Other
members correspond to f-UCr P, (a), YCo,P, (b), and UNi,Si, (c) (same
remarks as for Figs. 4 and 5).

FIG.8. Idealized structures of the monoclinic variants UCr P, (a) and
LaZr,Ni,As, (b) given in projection onto the (001) plane. In case of the
LaZr,Ni,As, structure, the metallic deficit is related to zirconium atoms in
octahedral sites as previously reported (36). The corresponding stoichio-
metric structure is given in (c) (same remarks as for Figs. 4 and 5).
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