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Abstract 

Different degrees of similarity between inorganic 
crystal structures are defined concisely and ex- 
amples are presented that illustrate their practical 
application. A notation giving the coordination 
of atoms is presented together with some basic rules 
for developing crystal-chemical formulae and the 
Bauverband description of inorganic structure 
types. Typical examples of the nomenclature 
are: pyrite Fe[6°]{g}[S[z~3;lld], F(I--q2I)+ F'  FeS2 Pa3; 
~r~.,~,~l K/I , , , [4]AI[6]g '~ 31 -K/ I , - , r 4 t lA l [6° ] ( ' ~ [ l , 3 ;12c° ] l  iff 'rtt ..k- 
~ViH~.,l t v t ~  r-xl2 ~-J4_~ ocl_~Vl~, "x t2  ~-J4 .I, 1"222 ~ 

D, T' MgAI204 Fd3m. 

Introduction 

Chemical formulae in inorganic crystal structure 
papers often give very little structural information. 
This is due partly to the existence of several different 
notations in the literature and partly to the lack of a 
single generally accepted nomenclature. In addition, 
relationships between structures, such as isotypism 
and homeotypism, are described differently. 

The Ad hoc Meeting on the Nomenclature of Inor- 
ganic Structure Types, sponsored by the IUCr Com- 
mission on Crystallographic Nomenclature at the 
13th International Congress of Crystallography in 
Hamburg on 11 August 1984, prompted the Com- 
mission to appoint a Provisional Subcommittee to 
study the problems discussed [see Acta Crysr (1986). 
A42, 64 for the Subcommittee membership]. The pro- 
gress subsequently made at an informal meeting in 
Lisbon led to recognition of the Provisional Subcom- 
mittee as a regular Subcommittee of the Commission 
on 19 August 1985. 

* Final Report accepted 15 May 1989 by the IUCr Commission 
on Crystallographic Nomenclature and 19 July 1989 by the IUCr 
Executive Committee. The nomenclature proposed in this Report 
is strongly recommended but is not considered as binding on IUCr 
publications. 

In the present Report, the Subcommittee proposes 
concise definitions for different degrees of similarity 
between inorganic structure types and a detailed nota- 
tion for the coordination of atoms. Basic rules for 
developing crystal-chemical formulae and Bauver- 
band descriptions are recommended as well. The 
primary aim is to promote, although not to enforce, 
the use of crystal-chemical formulae instead of tradi- 
tional chemical formulae which contain no structural 
information. 

This Report was prepared during four meetings of 
the Subcommittee,  the first held in Lisbon (April 
1985), the others in Marburg (February 1986), Geneva 
(December 1986), and Copenhagen (March 1988). 
It represents an extension and updating of pion- 
eering concepts on crystal-chemical formulae by 
Machatschki (1928, 1947, 1953), Bragg (1930) and 
Bokii (1954), and on lattice complexes by Niggli 
(1919, 1945), Laves (1930) and Hermann (1960). 

1. Terms that define different degrees of similarity 
between inorganic structures 

The following hierarchy of terms is considered based 
on the degree of structural similarity: isopointal, 
isoconfigurational, crystal-chemically isotypic, and 
homeotypic structures. Other relationships of interest 
are also listed. 

1.1. Two structures are defined as isopointal if: 
(i) they have the same space-group type (as defined 

in IT, § 8.2.1)* or belong to a pair of enantiomorphic 
space-group types; and 

(ii) the atomic positions, occupied either fully or 
partially at random, are the same in both structures, 
i.e. the complete sequence of the occupied Wyckoff 
positions (including the number of times each 

* IT will henceforth denote International Tables for Crystallogra- 
phy, Vol. A, 1983 (first edition) and 1987 (second edition). 
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Table 1. Examples of pairs of  structures with different degrees of similarity 

Prima Pa3 14/ mmm la3d Fra3m Fm3rn Fra3m Pa3 
2 x 4(c ) ,  8 ( d ) -  4 ( a ) ,  2 ( a ) ,  4 ( e )  16(a) ,  24(c) ,  

4 x 4 ( c )  8(c)xxx c /a=2.52-  24(d),96(h)xyz 4 ( a )  4 ( a ) ,  4 ( e )  4 ( a ) ,  8(c)  4(a),8(c)xxx 
L u R u B  2- FeS2(pyr i te )  c/a = 3.30 Ca3AI2Si3012-  FeS2(pyr i te )  

ScRhSi2 -CO2  Z r P d 2 - Z r 2 P d  Y~Fe~+O,2 C u - N e  N a C I - P b S  C a F 2 - L i 2 0  - P t P  2 

lsopointal No Yes Yes Yes Yes Yes Yes Yes 
Isoconfigurational - -  No * Yes Yes Yes Yes Yes 
Crystal-chemically isotypic 
according to 

bond-strength 
distribution - -  - -  Yes No Yes Yes Yes Yes 

bond character - -  - -  Yes No No No Yes Yes 
radius ratios 

assigned to pairs 
of corresponding 
sites - -  - -  No Yes Yes Yes No Yes 

electronegativities 
assigned to sites - -  - -  Nearly yes Yes No Yes No Yes 

* Notice that in this case the two structures which have c/a ratios dittering by 30% are isoconfigurational if the limit of similarity is set above 30% and non-isoconfigurational 
if it is set below 30%. 

Wyckoff posit ion is occupied) is the same for both 
structures when the structural data have been stan- 
dardized. 

As there are no l imitations on the values of the 
adjustable parameters  of  the Wyckoff positions (as 
used in IT)  or on the cell parameters,  isopointal  
structures may have different geometric arrangements  
and atomic coordinations.  

Two structures may be shown to be isopointal  if 
they can be described in such a way that correspond- 
ing occupied Wyckoff positions have the same Wyck- 
off letters; to achieve this, it may be necessary to shift 
the origin a n d / o r  ro ta te /permute  the coordinate sys- 
tem. This can be done by applicat ion of the affine 
normalizer  ( IT  §§ 8.3.2 and 14.1) or by standardiz- 
ation procedures (Parth6 & Gelato, 1984; Gelato & 
Parthr, 1987). 

1.2. Two structures are defined as isoconfigurational 
( configurationaUy isotypic) if: 

(i) they are isopointal ;  and 
(ii) for all corresponding Wyckoff positions, both 

the crystal lographic point configurations (crystallo- 
graphic orbits*) and their geometrical interrelation- 
ships are similar. 

These condit ions require the entire configurations 
of the two structures to be similar. Consequent ly ,  all 
geometrical properties, such as axial ratios, angles 
between crystal lographic axes, values of correspond- 
ing adjustable posit ional parameters (x,y, z), and 
coordinat ions of corresponding atoms are similar. 
The term 's imilar '  used in this definition is discussed 
below. 

Standardizat ion procedures may be necessary to 
test whether two structures are isoconfigurational.  

*A crystallographic point configuration (or crystallographic 
orbit) (IT §§ 8.3.2 and 14.1) is an infinite set of points which is 
generated from one point by all symmetry operations of a given 
space group. 

1.3. Two structures are defined as crystal-chemically 
isotypic if: 

(i) they are isoconfigurational;  and 
(ii) the corresponding atoms and corresponding 

bonds (interactions) have similar  phys ica l /chemica l  
characteristics. 

Crystal-chemical  isotypism may be defined in 
different ways, depending  on the number  and nature 
of the phys ica l / chemica l  characteristics that are taken 
into consideration,  such as bond strength distribution, 
bond character, electronegativities assigned to atoms, 
radius ratios assigned to pairs of  atoms, and electronic 
states.* 

The use of the term 's imilar ' ,  in the definit ions of 
configurational and crystal-chemical isotypism, arises 
from the inherent  difficulty in defining a priori limits 
on the similari ty of geometrical configurations or 
phys ica l /chemica l  characteristics. These limits may 
differ between different categories of  structures; they 
may also differ according to the purpose of  a par- 
t icular investigation or the physical or chemical  
property studied. Several approaches are possible in 
defining limits, such as a priori considerat ions 
(modell ing) or statistical studies of known structure 
categories. Different approaches  may yield different 
results. Examples  of crystal-chemical isotypes are 
given in Table 1. Another  example  is the low-pressure 
and high-pressure forms of Ce which are crystal- 
chemical ly  isotypic with regard to most crystal- 
chemical  criteria; they are, however, not crystal- 
chemical  isotypes with regard to electronic states. 

* The term isostructural is synonymous with isotypic. Isomorphy 
in its original definition meant close similarity of external crystal 
shape and analogy of chemical composition with the implication 
of close similarity of internal structure. Nowadays this term is used 
for a variety of ditterent phenomena [series of crystal-chemical 
isotypes; solid-solution series (mixed crystals); atomic/ionic sub- 
stitutions in crystal structures without regard to the existence or 
absence of isotypy]. Its use is not recommended. 
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1.4. Two structures represent a type and antitype if: 
(i) they are isoconfigurational; and 
(ii) some important physical/chemical charac- 

teristics of corresponding atoms are interchanged 
(reversed). 

The characteristics usually considered in this con- 
text are electronegativities (positive versus negative 
charges) and larger versus smaller radii. 

Examples are: CaF2-Li20 (Table 1), LaF3-Cu3P, 
CaC12-Co2C, NaCI-RbF. 

1.5. Two structures are defined as homeotypic if one 
or more of the following conditions required for 
isotypism are relaxed: 

(i) identical or enantiomorphic space-group types, 
allowing for group-subgroup and group-supergroup 
relationships; 

(ii) limitations imposed on the similarity of 
geometric properties, i.e. axial ratios, interaxial 
angles, values of adjustable positional parameters, 
and the coordination of corresponding atoms; 

(iii) site occupancy limits, allowing given sites to 
be occupied by different atomic species. 

The present definition narrows the original concept 
of Laves (1980). Two structures are considered as 
homeotypic if all essential features of topology are 
preserved between them. Relaxation of the geometric 
limits as in 1.5(ii) without relaxation of the isosym- 
metry condition leads to structure type branches. 

Examples of homeotypic structures are: 
Distortion variants (or distortion derivatives): 

CaTiO3 (ideal perovskite) ~ KCuF3, BaTiO3, 
GdFeO3, etc. with subgroup symmetries. 

Site-ordering variants (or substitution derivatives): 
C (diamond) ~ ZnS (sphalerite) ~ C u 3 S b S  4 (fama- 
tinite)~ Cu2FeSnS4 (stannite); K(Alo.25Sio.75)408 
(sanidine) ~ KAISi308 (microcline). 

1.6. Polytypic structures are defined in the Report of 
the IUCr Ad-hoc  Committee on the Nomenclature 
of Disordered, Modulated and Polytype Structures 
(Guinier et al., 1984). 

Examples are: closest-packed structures of 
chemical elements, SiC polytypes, Friauf-Laves 
phases, micas. 

1.7. Interstitial (or "stuffed') derivatives represent 
compounds in which unoccupied 'interstitial' sites 
(voids) of the basic structure are (progressively) filled 
by atoms in the derivative structure. In general, the 
relationship between the unfilled parent (basic) struc- 
ture and the derivatives based on filling one specific 
interstitial site approaches homeotypism. 

Examples are: ReO3~CaTiO3; Mg~Mo2C;  SiO2 
('ideal' tr idymite)~ KNa3(AISiO4)4 (nepheline). 

1.8. 'Recombination" structures are formed when 
topologically simple parent structures are periodi- 

cally divided into blocks,* rods or slabs which in turn 
are recombined into derivative structures by means 
of one or more structure building operations. 

The most important of these operations are (1) 
unit-cell twinning, (2) crystallographic shear planes, 
(3) intergrowth of blocks, rods or slabs of different 
structure types, (4) periodic out-of-phase or antiphase 
boundaries, (5) rotation of rods (blocks) and (6) the 
vernier principle (Makovicky & Hyde, 1981). For 
most of these operations, not only parallel but also 
cyclic examples have been observed. In general, the 
sites on block, rod or slab interfaces differ in coordi- 
nation and chemistry from those in the interior. This 
interface modulation can be accompanied or sub- 
stituted by an overall long-range compositional 
modulation. 

In cases (1) to (5), the frequency of structure build- 
ing operators (or, conversely, the size of 'undisturbed' 
structure blocks, rods or slabs between two consecu- 
tive operators) can vary by well defined increments 
so that these phases often occur as members of 
homologous series. 

Examples are: 
Twinning on unit-cell scale: PbS~ lillianite hom- 

ologous series (Pb,-lBi2Sn+2), e.g. Pb3Bi2S6 (lillia- 
nite). 

Shear derivatives: Ti02  (rutile) ~Ti ,O2,_l  (Mag- 
n61i phases) or TiO2 (rutile)~ Nb2Os. 

Intergrowth on unit-cell scale: olivine- 
norbergite homologous (polysomatic) series 
n(Mg, Fe)2SiO4.Mg(OH, F)2; biopyriboles, e.g. 
Mg3,,÷lSi4nO10,+2(OH)2,~_2; MgCu2-type and CaCus- 
type slabs ~ Ce2NiT. 

Antiphase boundaries: CuAu II, DysCI~. 
Block (rod) rotation: R e O 3  ~ N b 8 W 9 0 4 7  o r  R e O 3  

M 0 5 0 1 4 .  
Vernier principle: slabs PbS (100) and PbS (111)4 

Pb46Bi54SI27 (cannizzarite), Y6OsF8, Pb2Bi2Ss (cosa- 
lite), N d C o 4 B 4 ~  Sml7(Fe4B4)15 .  

Compositional modulation: Pb46Bi54Si27 (canniz- 
zarite), FePb3Sn4Sb2Sl4 (cylindrite). 

Note: In each example the sequence indicated is: 
parent(s) ~ derivative(s). 

II. Coordination of the atoms 

The coordination number [N]  of an atom is given 
by the number of coordinating atoms: the definition 
of 'coordinating atoms' depends on the bonding 
model, the nature of the problem and the calculation 
methods. The coordination polyhedron of an atom is 
the polyhedron that has vertices coincident with the 
centres of coordinating atoms. In structures which 
contain lone electron pairs and in which volumes 

* Blocks, rods and slabs are understood here as structure portions 
which are finite, or infinite in one or two dimensions, respectively. 
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ascribable to these lone electron pairs are comparable 
with the volumes of individual atoms, coordination 
polyhedra can be considered that include lone elec- 
tron pairs as some of the vertices. 

Several methods have been proposed to define 
coordination numbers in complicated structures. 
Most yield a 'weighted' coordination number 
resulting from a form of weighting the coordinat- 
ing atoms according to their distances from the 
central atom, e.g. by means of Voronoi polyhedra 
(Wirkungsbereiche, Dirichlet domains) with or 
without consideration of the atomic radii (Frank & 
Kasper, 1958, 1959; Bruzzone, Fornasini & Merlo, 
1970; Brunner & Schwarzenbach, 1971; Fischer, Koch 
& Heliner, 1971; Brunner, 1977; O'Keeffe, 1979; 
Hoppe, 1979). 

This Subcommittee proposes, as an improvement 
of earlier notations (Machatschki, 1947; Donnay, 
Hellner & Niggli, 1964; Lima-de-Faria & Figueiredo, 
1976), a specific set of symbols for the most commonly 
observed types of coordination polyhedra. These 
coordination symbols are added as trailing super- 
scripts to the symbols used for the chemical elements 
in crystal-chemical formulae and, preferably, are 
placed between square brackets.* For another use of 
these symbols, see the Bauverband approach (§ IV 
and Hellner, 1965). 

Two levels of symbols are proposed, complete and 
simplified. 

(1) Each complete symbol gives the total number 
of atoms coordinated to a central atom A. The type 
of coordination polyhedron is indicated by lower-case 
letters. The most common coordination polyhedra 
are listed in Table 2; for example, 

CatSCblF~4,1. 

Some of the principles which have been adopted 
for creating coordination symbols and which can be 
used for possible extension are as follows: 

[ Nn] denotes an N-sided non-coplanar coordina- 
tion polygon around atom A; 

* The present proposal strongly advocates putting information 
on coordination numbers and coordination polyhedra in the form 
of trailing superscripts and not as subscripts as suggested by 
IUPAC (1990). Although all symbols proposed here could be used 
as subscripts, their juxtaposition with atomic proportions 
(especially fractional ones) can lead to confusion even in simple 
cases. For example: 

Kc61AI,o 2[AI,Si,.3Oio] (OH) 2 (for muscovite) instead of 
K[61AI~, 2 , . ,  ~[AI $13Oto ] (OH) 2. 

The IUPAC system with its longer subscripts (tel for tetrahedral 
instead of t etc.) can be extended to more complicated cases only 
with difficulty (and ambiguity) and is inappropriate for irregular 
coordination that can only be expressed numerically, e.g. K tt21. 
The IUPAC proposal to indicate different types of coordination 
by parentheses has similar problems, since different types of 
brackets are used with meanings that differ from those in normal 
chemical formulae. 

[NI] denotes an N-sided coplanar (collinear for 
N < 3) coordination polygon around A; 

[Np] denotes an N/2-s ided  coordination prism 
around A; 

[Ny] denotes an ( N - 1 ) - s i d e d  coordination 
pyramid around A; 

[Nby] denotes an ( N - 2 ) - s i d e d  coordination 
bipyramid around A. 

In addition to these systematically derived symbols, 
Table 2 also contains the corresponding symbols rec- 
ommended by IUPAC (1990). 

(2) The simplified symbol requires only the coordi- 
nation number [ N], without specifying the polyhe- 
dron type. On the other hand, for the most common 
coordination polyhedra, a simplified letter notation 
can be used as a trailing superscript with or without 
square brackets (t for tetrahedron, o for octahedron, 
cb for cube etc., as in Table 2); for example, 

CatSlF t41 or Cat"blF~ 'l or Ca"bF~. 

Coordination polyhedra which include one or 
several lone electron pairs as vertices can be denoted 
as follows: [ ~ - 4 t ]  (equivalent to [3n]), [~b-6by],  
[ ~ - 6 o ]  (equivalent to [5y]) and [2qJ-6o]  etc. 

The notation must be able to describe coordination 
by different sets of atoms, or coordination at different 
(sets of) distances, or self-coordination and coordina- 
tion polyhedra composed of several distinct atomic 
species, in addition to giving the shape of coordina- 
tion polyhedra and/or  the number of coordinating 
atoms. The notation should also be flexible and able 
to express either the complete coordination or only 
the desired limited amount of information. The nota- 
tion rules recommended by this Subcommittee are 
outlined in the following paragraphs. 

For normal oxycompounds, a simple coordination 
notation such as that for perovskite, CaTiO3: 

Ca tl2c'lTi[6°]O3, Ca 1121Ti[61O3 or 

Cal""JTit"J03 (=Ca' 'Ti"03)  

will always be interpreted as coordination of Ca and 
Ti by oxygen. 

However, in the general case such simplifica- 
tion results in substantial loss of information and 
ambiguity of interpretation. The coordination of atom 
A in compound AaBbC,. for such a case is written as 

Atm, n;pl 

where m and n denote the numbers of atoms B and 
C (i.e. always in the sequence given in the formula) 
which are coordinated to atom A. These coordination 
numbers are separated by commas. The self-coordina- 
tion number p of A by atoms A follows the semicolon. 
The coordination of atom B is then written as 

Bl rn',n';p'l 
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Table 2. Symbols for common coordination polyhedra 

C o o r d i n a t i o n  po lyhedron  around atom A 
Single neighbour 
Two atoms collinear with atom A 
Two atoms non-collinear with atom A 
Triangle coplanar with atom A 
Triangle non-coplanar with atom A 
Triangular pyramid with atom A in the centre of the base 
Tetrahedron 
Square coplanar with atom A 
Square non-coplanar with atom A 
Pentagon coplanar with atom A 
Tetragonal pyramid with atom A in the centre of the base 
Trigonal bipyramid 
Octahedron 
Trigonal prism 
Trigonal antiprism 
Pentagonal bipyramid 
Monocapped trigonal prism 
Bicapped trigonal prism 
Tetragonal prism 
Tetragonal antiprism 
Cube 
Anticube 
Dodecahedron with triangular faces 
Hexagonal bipyramid 
Tricapped trigonal prism 
Cuboctahedron 
Anticuboctahedron (twinned cuboctahedron) 
Icosahedron 
Truncated tetrahedron 
Hexagonal prism 
Frank-Kasper polyhedra with: 

14 vertices 
15 vertices 
16 vertices 

C o m p l e t e  
symbol  Simplified symbols  

[it] [l] 
[21] 
[2n]  } [2] 
[31] 
[3n] }[3] 
[4.','] } 
[at] [t] [4] t 
[41]* [s]  .~ 
[4.] 
[sq } 
[Sy] [5] 
[Shy] 
[6o] [o] ] o 
[6p] [p] j~ [6] p 

[6ap] lap] ap 
[7by] } 

[6pie] [7] 
[6p2c] ) 
[8p] 
[8ap] 
[8cb] [cb] [8] cb 

[ 8 acb ] [ acb ] acb 
[8do] [do] do 
[8by] 

[6p3c] [91 
[ 12 CO ] [ CO ] "~ co 

[12aco] [aco] l aco 
[12i] [i] [12] i 
[12tt] 
[12p] 

[14FK ] [ 14] 
[15FK] [15] 
[16FK ] 116] 

* Also [4s]. 

I U PAC 
symbol  

L-2 
A-2 
TP-3 

TPY-3 

T-4 
SP-4 

SPY-4 

SPY- 5 
TBPY-5 

0C-6 
TPR - 6 

PBPY-7 
TPRS-7 
TPRT-8 

CU-8 
SA PR- 8 

DD-8 
HBPY-8 
TPRS-9 

where m', n' and p' denote the numbers of atoms A, 
C and B around atom B, respectively, etc. 

For example, more complete information on perov- 
skite reads: 

Ti O Ca C a O  C a T i  O 

C a  18cb't2c°;6°] Ti [8,b,6o;] 0 3  [4/, 2/: 8p] 

The element symbols above the superscripts merely 
indicate the species to which the given coordination 
symbol applies and are not part of the coordination 
terminology. The crystal-chemical formula can be 
simplified as follows: 

Cat8.t2:6]Ti[8,6;]0 314,2;8] 

and, if only the information on coordination by oxy- 
gen atoms is required, it can be further simplified to 

C o  [,l 2]T; [,6]f~ I ;8] Ca I t 2]Ti[6]O [3,8]" = ,  x./3 o r  

Further simplifications for perovskite have been 
given above. 

As another example, atom A may be considered 
to be tetrahedrally coordinated by three B atoms and 
one C atom. In addition, atom A may be coordinated 
by a cuboctahedron of twelve A atoms. Its coordina- 

tion can then be described in the following ways: 

A[(3.t)t;12co], A[3.t;12], A[(3,1)t], At;12], Art;I, Att], A[;CO]. 

For pyrite, cubic FeS2, the coordination is 
described as 

Fe[6,,; 12co ]S [2(3; l )t] 

where each sulfur atom is coordinated by three Fe 
and one S atoms, 

Fe[6"]S[2(3;t)'], Fe[6°]S~ :It] or Fe°S~. 

If in a compound A,,Bb, B is coordinated to A at 
two different distances or at two distinct distance 
ranges (1 and 2), then the coordination is written as 

A [( rnl + m2);(Pl +P2 )] 

For example, a-SnS: 

5n[(3+3);218 [(3+3);2], simplified t o  5n[3+31513+3]; 

NaCu4(AsO4)3" if only coordination of cations by 
oxygen is of interest, 

N~ [,,(2+4+2);]¢-, [,,4l;]f~ , I,,(4+2)b),;]Ae [,,4t;]f-~ 
u ,,..u ~,..u 3 z-xa 3 v12  

or, in short form, 

No[ 2+4+2]r ,  [4t ]~,  [ (4+2)bv]Ao[4t] f  ~ 
~..~u ,~..u 3 " t-'xa 3 ~o, 12. 
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III. Nomenclature for crystal-chemical formulae 

I II.1. General remarks 

An acceptable nomenclature for crystal-chemical 
formulae should exhibit the following general charac- 
teristics: 

(1) It should be as simple and self-explanatory as 
possible. 

(2) It should retain the chemical symbols of the 
elements and, whenever possible, follow the normal 
rules of chemical formulae. 

(3) It should retain other widely used symbols (e.g. 
coordination number, dimensionality etc.), as far as 
possible. 

(4) It should not introduce symbols which are 
already widely used but with a different meaning. 

(5) It should be flexible, allowing symbols to be 
eliminated for simplification, or permitting the in- 
clusion of extra symbols for additional information. 

(6) It should be easy to print and suitable for 
computer use. 

The proposed nomenclature for crystal-chemical 
formulae is based on the distribution of bond 
strengths. The spatial distribution of bond strengths 
in a structure can be either homogeneous or hetero- 
geneous. If the distribution is heterogeneous, certain 
atoms* are more tightly bonded together than others, 
resulting in finite groups or in assemblages that are 
infinite in one, two or three dimensions. These assem- 
blages are considered as structural units and the 
remaining atoms as interstitial atoms. 

If the spatial bond-strength distribution is homo- 
geneous, two limiting situations may be discerned: 
either the structure is based on a three-dimensional 
framework (examples are diamond or cristobalite 
with directional bonds), or it is simply a packing of 
individual atoms (examples are helium, copper or 
sodium chloride with non-directional bonds). The 
corresponding structural units are thus either a 
framework or the individual atoms, respectively. 

There are five main categories of structural units, 
according to the kind of bond-strength distribution: 

Dimensionality of 
structural unit Category of structural unit 
0-dimensional (individual atoms 

tgroups (i.e. rings, chain fragments, cages) 
I-dimensional chains 
2-dimensional sheets 
3-dimensional frameworks. 

A structural unit may be considered to consist of 
subunits such as single atoms, polyhedra, single rings, 
single chains or single layers. 

A structure can be considered to consist of struc- 
tural units packed together, with interstitial atoms 
located between them. If the structural unit is a 

* Henceforth the term 'atom' will be applied regardless of ioniz- 
ation state. 

framework, the interstitial atoms or groups of atoms 
occupy holes within the framework. 

Since the strengths of bonds cannot always be 
accurately quantified, some ambiguity may exist in 
assigning a structure to a given category. 

I I 1.2. Fundamental  features o f  notation 

I I 1.2.1. General crystal-chemical formulae. Crystal- 
chemical formulae give detailed structural informa- 
tion on the structural unit(s),  their constitution, the 
packing scheme, the interstitial atoms, and the coordi- 
nation of  the atoms (both interstitial and those con- 
tained in the structural units). 

Symbols for atoms belonging to the structural 
unit(s) are placed between square brackets, [ ], and 
the packing information between angle brackets, ( ) .  
The information on constitution which relates to the 
structural unit as a whole is placed within curly 
brackets, { }. However, the constitutional informa- 
tion which relates to subunits of the structural unit(s) 
may be expressed either within curly brackets or as 
trailing superscripts to the chemical elements or sub- 
units inside the structural unit. 

Curly brackets with constitutional information pre- 
cede and angle brackets for packing information 
immediately follow the structural unit to which they 
refer. 

Information concerning interstitial atoms and/or  
groups of atoms should generally be placed before 
or after that on the structural unit(s) in the sequence 
that chemical formulae are usually written. 

In accordance with IUPAC (1990) rules, the 
valency state of each atom is expressed immediately 
after its chemical symbol by a Roman numeral in 
parentheses [e.g. Fe(IIl)], a superscripted Roman 
numeral (e.g. Fe~lt), or by a superscripted Arabic 
numeral followed by the sign + or - (e.g. re3+). 

The coordination of each atom, either interstitial 
or in the structural unit, is expressed within square 
brackets as a trailing superscript to the chemical sym- 
bol. If additional constitutional information related 
to subunits is given within the square brackets for the 
structural unit, then it should be placed between 
Japanese quotation marks (called 'brackets' below), 
[J, as an additional trailing superscript: A "+tl~j. 

The general notation for a compound 
AaBhCcDdEeEfGg could thus be: 

At,~]ne~J [Ct~]r~J/l['~][xJ ~[, '11 17L~J/~.[n] . - b  {} • --J ,~e J ( )  c --.i x_,g 
inter- cons t i tu t ion  s t ructura l  pack ing  of  inter- 
stitial of  s t ruc tura l  uni t  s t ructural  stit ial 
a toms  uni t  units  a toms.  

Examples are given in § 111.2.2 and Table 3. 
If several distinct structural units are present, each 

is considered separately with its information in curly 
brackets followed by that in square brackets, for 
example: 

A~}{ }[B~IC[71]{ ~rr~t~lr:l~]l/ \FtCJGtg,1 
l L L . d  L ,  e J \  / f 
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Table 3. Examples of  crystal-chemical formulae and Bauverband description of  inorganic structures 

C o m p o u n d  

He (hex.) 

Cu 

C (diamond) 

NaCI 

SiO 2 (quartz) 

SiO 2 (cristobalite) 

FeS 2 (pyrite) 

FeS 2 (marcasite) 

(Mg, Fe)2SiO a (olivine) 

MgAI204 (spinel) 

CaMgSi206 (diopside) 

KAI~Si~O.j(OH) 2 

(muscovitel 

LaP 2 (HT form) 

Ba~AISb 3 

Ca3AIAs ~ 

(Mn, Fe) AIPO4(OH)2H20 
(eosphorite) 

Na3AIF 6 (cryolite) 

Ca3Si207 (rankinite) 
Ca~Si20 ~ (kilchoanite) 

Crystal-chemical formulae 
with different structural interpretations and degrees of simplification 

°.[He](h) [He] t' 

°[Cu]<c) [Cu]' 
L[Ct"q ,~[Ct'q 
Na!~'l° [Cl [°1 ] Na"[CI] '  

:~.[ sii',, JO2] .~[Sil*, H,m 02 ] 
~[Sit4'lOa] ~,[sit'*'lr J'4JO2] 
Fo[6o h o tt~[3:( I+2H 1 [S~t ~:t .1] i~.,~t o 2 j FeC6"l ^ 
Fe[6,,]{,~,}[S? . . . . . .  l] Fe{6,,] ^ [S/, . . . . .  "11 
(Mg, Fe)~°"l{°.}[Si[4'lO4l (Mg, Fe)~6"-I{~ }[S ['4']O.] 

~[Mgt,,JAl~,,,,~O~ ......... q Mg['4tlAI~'¢'" 104 
Ca I 8]Mg{6.1{~.}[ Si ~a,jll;21Ot,] 

KI6+61{2}[AIt6"]{2}[(AI sSi~ .,){4'1[1"310 s] (OH) ] x 2 ~ ~. . 2 2 

B a u v e r b a n d  d e s c r i p t i o n  
( l a t t i c e - c o m p l e x  n o t a t i o n )  

.~,[He ct2'~'''l] E or (h)H He P63/mmc 

~[Cu tl2 ' ' ' l ]  F or (c)H Cu Fm3m 

~[C ' ]  O C Fd3m 
,~.[ Na 16o ICII 6-1] F + F'  NaCI Fm 3 m 

:~ [Si 'O 2] +QI.4t, l SiO z P6222 

.~.[Si'O2] T + D SiO 2 Fd3m 

Fe"{g}[S2]' F(D21)+  F' FeS 2 Pa3 

Fe"{ g }[ S 2 ] ..nll.6oz,.,l FeS z Pmnn 

(Mg, Fe)~Si'[O]a" (h)nCz2+O0~ 12, , ,  A21 ~ ~ ~ F(Mg, Fe)2SiO 4 Pmcn ,i4 
Mg'AI ~'[O],~ F~'2z+D, T' MgAI20 , Fd3m 

Cat"lMg'?~.[Si~Oj 
Kt~Al', ' 2IArSi'~O,,,]lOm: 

La,,{ °}l P~ ,' IpL:2]]I ~}l p~;' }p~;21 l 

Ba~, °[AIt2"at]f2; i j Sb6] 

Ca3 ~[AIt '4'lfl:2JAs3] 

(Mn, Fe)t6"lr2:2j All6"lr t ;21 {°}[ P~4'iO4](OH)2.H20 

La ^ [P3] ^ [Ps] 

Na3{~}[AI[6,,II .~t,j F6 ] 
Ca:~{°l[Sit'*'l f I;I J O7] 
'a .tOl.rq'[4 ][o;ojn l/Ol~'r4rlll .tJ~'[aflII;2lf~ 1 
- - -6 tac i t  o l  ~ 4 J / o ,  / o l ~  o l  u l O  j 

The packing information within angle brackets 
describes the way the two different structural units 
pack together. 

The hierarchy of bonds leads to a hierarchy of 
structural units when several degrees of bond 
strengths may be discerned in a structure. This often 
leads to weaker bond-strength units incorporating 
previous more strongly bonded units, and can be 
expressed by multiple brackets, with the central 
brackets referring to the structural unit having the 
strongest bonds: 

J t , ~ c  , - -~  "- 'e  J~ ) ] ( ) ,  : , - , g  • 

The proposed formula can be used with any amount 
and any selection of  structural information depending 
on the purpose of  the study; see below. 

III.2.2. Constitution of  structural units. The consti- 
tution of a structural unit expresses its extensional 
and geometrical 'structure',  i.e. the way the structural 
unit is built from its subunits, which may be polygons, 
polyhedra or any other clusters. 

Some of the constitutional aspects are concerned 
with the structural unit as a whole, whereas other 
aspects are only concerned with the way each sub- 
unit is linked to o the r  subunits. The former in- 
clude dimensionality, multiplicity, branchedness and 
periodicity. 

(i) The dimensionality is the number of dimensions 
in which a structural unit has infinite extension. It is 
zero for individual atoms and finite groups and one, 
two or three for infinite chains, sheets and frame- 
works, respectively. The corresponding symbols to be 
used in a crystal-chemical formula are o, ~, ~ and 3 

The following specific symbols may be used instead 
of o for 0-dimensional structural units: oc 

individual atom: {a} 

ring: {r} or O 

group: {g} chain fragment: {f} o r /~  

cage: {k} or @ 

Examples are: Cs2A[S6], Na4@[Si4], Cu6{r} [5i6Oi8 ] .- 
6H20. 

If dimensionality is the only information expressed, 
the ~ and the pictorial symbols* may be used without 
curly brackets. Otherwise, curly brackets are compul- 
sory in order to avoid ambiguity. 

The symbol {a} is not needed when several indi- 
vidual atoms, A, B, C , . . . ,  considered as structural 
units, are written [A] [B] [C]  . . . .  When only one 
atom symbol is placed within square brackets, it 
means that the structural unit is reduced to an 
individual atom. However, if the same atom symbols 
are written [ABC],  then it is necessary to add {a} in 
front of the square brackets. 

In the case of group structures, e.g. ring, chain 
fragment, and cage structures, the number of atoms 
of each chemical element within square brackets must 
be equal to the number of atoms of each chemical 
element in the finite group. 

(ii) The multiplicity of a structural unit is the num- 
ber of single subunits, e.g. polyhedra, single rings, 
single chains or single layers which are linked to form 
a complex structural unit of the same dimensionality. 

(iii) With regard to branchedness, finite structural 
units and single chains are called unbranched if they 
contain no subunits that are linked to more than two 
other units. They are called branched if they do. In 

* These pictorial symbols have already been used in Acta Cryst. 
(Parth6, 1980). 
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addition, complex structural units, which can be con- 
sidered as formed by linking unbranched (branched) 
finite structural units or single chains, are described 
as unbranched (branched). 

(iv) The periodicity of a structural unit of infinite 
extension is the number of subunits, excluding 
branches, within one repeat unit of the chain from 
which the structural unit can be generated by success- 
ive linking. 

For details of concepts under (ii)-(iv) see Liebau 
(1982, 1985); a publication on their usage in the 
present formulae is in preparation. 

The main constitutional aspects concerned only 
with the way each subunit is linked to the other subunits 
are linkedness and connectedness. 

(i) The linkedness is the number L of peripheral 
atoms shared between two subunits. The value of 
linkedness is zero for an isolated subunit. It is one 
or two for two subunits sharing a corner or an edge, 
respectively, and it is three or more for two subunits 
sharing a face. The average linkedness value of a 
subunit may be non-integral if the given subunit 
shares corners plus edges with different adjacent sub- 
units. 

(ii) The connectedness of a subunit is the total 
number s of adjacent subunits with which it shares 
common atoms, irrespective of its iinkedness with a 
particular adjacent subunit. A subunit may be sin- 
gular (isolated), primary (linked to only one other 
subunit), secondary (linked to two others), etc. 

The specific values LI, L2 etc. of linkedness and/or  
s of connectedness of a subunit are written within 
'Japanese brackets" as trailing superscripts to its cen- 
tral atom, by analogy with the coordination symbols. 
The first entries in the Japanese brackets are the 
different values of L,, separated from the value of s 
by a semicolon. The general formula for a structural 
unit with only one kind of subunit then reads 

[ ALL,.L~_.:"J B,,]. 

For example, Si02 exists in a number of poly- 
morphs having different values of linkedness and 
connectedness of the Si04 tetrahedra: 

fibrous silica: 

~[Sit4']12'2J02]; 

quartz, cristobalite, coesite etc: 

3[  Si[4t] [i ;4] 02];  

and stishovite 
3[  Si[6o i [ i.I .i .i.i.l.i.1.2.2; 10J 0 2 ] ,  

abbreviated as 3[Si[6°]rl'2;l°Jo2]. 
A structural unit can often be generated from 

a part of either lower or the same dimensionality 
by a simple geometrical process that usually repre- 
sents an infinitely repeated translation. This 
imaginary geometrical process is called condensation 

because it emphasizes the way a chain can be gener- 
ated from a group, a sheet from a chain, and a 
framework from a sheet. It also reveals certain 
similarities between different structural units, and a 
specific composite notation for the structural units 
has been developed which emphasizes this interre- 
lationship (§ V). 

I11.2.3. Packing of  structural units. The packing 
of structural units expresses the three-dimensional 
arrangement in space. When the structural units are 
individual atoms, the known nomenclature for 
describing the packing of atoms (three-dimensional 
and layer-stacking descriptions) may be used. When 
the structural units are groups, their centres of gravity 
may be used with the same nomenclature as for the 
packing of atoms. However, this will be an incomplete 
description because of the lack of information on the 
orientation of the groups. 

Packing of structural units in structures based on 
groups, infinite chains or sheets may be treated by 
layer description. Such a layer description consists of 
slicing the structure into layers which, by stacking, 
completely generate the original crystal structure. 
Structural units should be preserved intact in the 
process of slicing. The structure is then described by 
the packing of structural units in the layer and by a 
set of stacking operators. 

The layer description can also be applied to 
framework structures taking into consideration the 
fact that the units operated upon are parts of a single 
framework. 

With respect to the nomenclature for the packing 
of structural units, only the symbols for cubic closest 
packing, c, and hexagonal closest packing, h, and 
their sequential combination are adopted here. When 
no other packing information is provided these sym- 
bols may be given as trailing superscripts to the square 
brackets which contain the structural unit. In this 
case, angle brackets are not compulsory. Any other 
packing information, particularly the packing (or 
stacking) symbolism used by individual authors 
should be given in angle brackets on the line. 

[ A B e ] '  or [ABe]( . . . ) .  

If packing information is to be given for a set of 
atoms which does not constitute a structural unit, the 
symbol should be placed within vertical bars followed 
by the packing information: 

lABel  c or lABel(. . .>. 

IV. The Bauverband approach 

The Bauverband terminology offers a brief descrip- 
tion of crystal structures that can be used for explain- 
ing relationships between structure types as well as 
for their classification, recognition of configurational 
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isotypes and for the retrieval of structures with 
specified relationships. 

A crystallographic Bauverband may be defined as 
a three-dimensionally periodic arrangement of points 
occupied by atoms or polyhedra of atoms with definite 
geometric properties: it represents a connectivity pat- 
tern typical for a given structure type and it represents, 
or approximates, a sphere packing with typical self- 
coordination and with several types of voids for inter- 
stitial atoms. The arrangement of such points in a 
unit cell with specified space group may be described 
by the parameters of one point position (homo- 
geneous Bauverband) or by the parameters of two or 
more independent point positions (heterogeneous 
Bauverband).  A Bauverband is described by a combi- 
nation of applicable original or transformed invariant 
lattice complexes [henceforth denoted as invariant 
LC] ( I T  §14.5.1), together with a symbol for the 
circumscribed coordination polyhedra and their 
orientation (when applicable). 

The Bauverband describes the essential part of the 
structure type. Positions of atoms not involved in the 
Bauverband are described using the same symbolism 
as used for the Bauverband. To explore different struc- 
ture-type relationships, different Bauverband symbols 
or even choices can be selected in the same structure. 
The Bauverband is designated by bold-face characters 
and bold-face square brackets in the structure-type 
symbol. 

The invariant LC in the characteristic Wyckoff posi- 
tions are represented mainly by capital letters; LC 
with equipoints at the nodes of the Bravais lattice are 
designated by their appropriate lattice symbols: P, A, 
B, C, I, F, R (Hermann, 1960). The other invariant 
complexes are designated by letters that recall some 
structural features of a given complex, for example: 
D (derived from the diamond structure), E 
(hexagonal close packing), Q (Si atoms in high- 
temperature quartz), W (/3-W structure), as well as 
the two-dimensional complexes G (graphite layer) 
and N (Kagom6 net). Invariant LC in their standard 
descriptions are given in Table 14.3 of IT. 

Those special point configurations of variant LC 
which have higher symmetry than the symmetry of 
the variant LC itself, i.e. the so-called limiting com- 
plexes (Grenzkomplexe) ( I T  § 14.3.2) can also be 
employed in Bauverband symbolism. Such point 
configurations are designated by the applicable 
invariant LC symbols plus small letters showing the 
direction of positional freedom, e.g. Fxxx in site 4(a) 
of space group P213. 

Some of the non-standard settings of an invariant 
LC can be described by a shifting vector added in 
front of the symbol. The shifting vector is given in 
terms of fractional coordinates; for example, in the 
CsCI structure type, C1 is considered the Bauverband 
which is expressed as CsCI, and the entire structure 
type is described as P+½ ½ ½ P. The most common 

shifting vectors have been abbreviated: P' repre- 
I I F t t t  sents 1 1 ~ p, F" represents ~ z z F and represents 

a 3 3 a n n F; for example F +  F'  represents NaCI where- 
as F +  F" represents sphalerite, ZnS. 

In many structures, the unit cell represents for 
certain atoms a multiple of the basic cell in standard 
setting, e.g. the unit cell of spinel represents for oxy- 
gen atoms a 2 x 2 × 2  multiple of the standard F- 
centred cell. In general, a transformation matrix 
which expresses the new basis vectors in terms of the 
standard ones must be given. The order of the trans- 
formation matrix is given by the value of the deter- 
minant of this matrix, e.g. 8 in the above case. Thus, 
the Bauverband description for spinel is MgAI204 
and F~zxxx+ D,T'. Fxxx in this formula expresses 
the fact that in the new cell oxygen is described by 
a limiting complex with x - ~ .  Mg forms the D and 

I 1 1 AI the ~ ~ ~ T point configuration. 
For complicated structures, efficient description 

can be achieved if complicated atomic configurations 
are understood as polyhedra - centred or not, con- 
nected or isolated - which are circumscribed about 
the points of an invariant LC. The same symbolism 
was chosen for these polyhedra as is used for coordi- 
nation polyhedra in Table 2. However, centred poly- 
hedra are specified by a dot, e.g. [.4t], the empty ones 
by a small square, e.g. [Cl4t]. The linkedness of these 
polyhedra, i.e. corner, edge and face sharing is 
described by subscripts c, e and f, respectively. These 
are equivalent to L = 1, 2 and 3 or more in § III.2.2. 
The mutual orientation of these polyhedra is 
expressed by selected symmetry operations of the 
space group which are given as a symbol preceding 
the capital letter. 

Examples are: l[.4tl for SiF4 in ISl3m; I[.12i1 (or 
I [12 i ]+ I )  for WAllz in Ira3 and ..nl[.12i]+ W in 
Uo.25H3Uo.75 (i.e. UH3) in Pm3n with the diagonal 
glide plane ..n generating the second icosahedron 
[12i] at ½ ½ ~ in contrast to the translation symmetry 
in the previous case. 

If the Bauverbiinde in a set of structures belong to 
the same point configuration (the same LC), they 
form a family. Families are divided into main classes 
according to the transformation matrix and /or  
according to splitting of the 'parent '  LC (Hellner, 
1986). Structure types which can be described by the 
subtraction of one or more LC from the 'parent '  LC 
of a main class form subclasses. Examples selected 
from the F family are: F (lst  order) describes Cu, 
ZnS, PbS etc. whereas [ F - P ] = J  describes ReOa, 
CaTiO3 etc.; Fzzz (8th order) describes spinel, 
MgAl204, and pentlandite, (Ni, Fe, Co)9S8, where- 
as the subclass [F~'22-1(4t)] describes tetrahedrite, 
C u l 2 S b 4 S I 3 .  

For structures in which layer description is essen- 
tial, two-dimensional LC have been used together 
with corresponding layer-stacking sequences (Hell- 
ner, 1986). 
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Table 4. Glossary of the main nomenclature terms used in this report 

English German French Russian Spanish 

isopointal punktlagengleich isopointal c O;lXXaKO~blMn isopuntual 
C H C T C M a M H  TOMCK 

isotypic isotyp isotypique xatrrxnm,~t isotipico 
isoconfigurational konfigurations- isoconfigurationnel X3OKoxqbnrypatlnonm,lg isoconfiguracional 

(configurationally isotyp (configurationnellement (xond;xrypauxonxo- (configuracionalmente 
isotypic) isotypique) XaOTXnHblit) isotipico) 

crystal-chemically kristallchemisch cristallo-chimiquement rpncTaaaoxxuxqecKx cristaloquimicamente 
isotypic isotyp isotypique xaoTxnxbtg isotipico 

homeotypic homiSotyp hom6otypique roMeoTxnxbd~ homeotipico 
polytypic polytyp polytypique noanTxnn,qg politipico 
structural unit Struktureinheit unit~ structurale cTpyKTypna.q e~a,n,tta unidad estructural 
interstitial atom Zwischenatom atome interstitiel I, IHTepCTI, IRHaJIbI.Ibi~ aTOM ~itomo intersticial 
subunit Untereinheit sousunit6 cxpyKTyprla:a cy6a,e~tan.ua subunidad 
dimensionality Dimensionalifiit dimensionalit6 pa3MeptlocTb dimensionalidad 
multiplicity Multiplizifiit multiplicit6 rpaxaocTb multiplicidad 
branchedness Verzweigtheit mode de ramification pa3aeT,aeMXOCTb modo de ramificacion 
periodicity Periodizit~it p6riodicit6 nepao;laqnocTb periodicidad 
linkedness Verkniipfungstyp type de liaison TMll O6"beJDIlICHHR tipo de enlace 

(coqneHellrlsl) 
connectedness Verkniipfungszahl nombre de liaison qncao coqneneang nhmero de enlaces 

V. Examples and further references 

Examples presented in Table 3 have been selected in 
such a way as to show the flexibility of choice between 
various formulae (notations) as well as the flexibility 
in amount of information included or omitted, 
depending on the purpose of the study. It should be 
noted that at some stage of simplification the formulae 
may describe a group of structure types related 
through common crystal-chemical features rather 
than a single structure type. 

A glossary of the principal English, German, 
French, Russian and Spanish nomenclature terms 
used in this report is provided in Table 4 for the 
convenience of the reader. 

This Subcommittee has not considered certain 
aspects of the notation in detail, especially those 
which deal with very complex topics that are either 
not yet developed in sufficient detail or to which a 
number of different approaches exist. In order to 
assist the reader, the following reference list is given. 
Many citations contain further extensive reference 
lists. 
Recombination structures 

Hyde, Andersson, Bakker, Plug & O'Keeffe (1979); 
Makovicky (1981, 1985); Makovicky & Hyde (1981); 
Andersson (1983); Parth6, Chabot & Cenzual (1985). 
Crystal-chemical formulae, dimensionality 

Lima-de-Faria & Figueiredo (1976); Parthd (1980); 
Liebau (1982, 1985). 
Multiplicity, branchedness, periodicity, linkedness, 
connectedness 

Liebau (1982, 1985). 
Condensation process 

Lima-de-Faria & Figueiredo (1976, 1978); Haw- 
thorne (1983). 
Packing of structural units 

Lima-de-Faria & Figueiredo (1976); Zvyagin 
(1987). 

Layer description 
Lima-de- Faria (1965); Lima-de-Faria & Figueiredo 

(1976); O'Keeffe & Hyde (1980); Hellner (1986); 
Smith & Dytrych (1986). 
Bauverband approach 

Hellner, Koch & Reinhardt (1981); Hellner & Sowa 
(1985); Hellner (1986). 
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Abstract 

The consistency between Bloch-wave and multislice 
approaches to calculating high-energy electron 
diffraction is investigated in both transmission and 
reflection cases, the emphasis being upon the latter. 
It is first shown, in more detail than previously pub- 
lished, that in transmission the two yield identical 
results. Next, the Bloch-wave approach for reflection 
is shown to yield a stationary solution in multislice, 
except for a small effect from the surface truncation. 
It is pointed out that the multislice approach can be 
exploited to solve exactly for the reflected wave for 
an arbitrary surface potential by using it as a Picard 
iteration solution of the Schr6dinger equation. The 
surface potential scattering is not incidence-angle 
related and is not significant as might be expected. 
The introduction of absorption improves the con- 
sistency between the two methods. Finally, the 
stationary solutions are compared with solutions 
obtained using a top-hat incident wave. The latter 
approach leads to partially stationary solutions, 
although it is very hard to identify these. 
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I. Introduction 

The history of surface investigations by reflected high- 
energy electrons can be traced back to the early 
development of electron diffraction. It has developed 
both theoretically and experimentally in different 
directions: imaging (RHEEM), diffraction (RHEED) 
and electron energy-loss spectroscopy (RHEEL). The 
combination of these techniques promises to be a 
powerful tool for studying crystal surface structures, 
particularly for in situ study of molecular beam epi- 
taxy (MBE) by RHEED (Harris, Joyce & Dobson, 
1981a, b; Wood, 1981) and surface inhomogeneities 
by RHEEM (Cowley & Nielsen, 1975; Osakabe, 
Tanishiro, Yagi & Honjo, 1981; Hsu, 1983; Hsu & 
Cowley, 1983, etc.). 

With the development of experiments in this field, 
tremendous efforts went into the development of a 
dynamical theory. Not long after Ewald (1917) first 
established the dynamical theory for X-ray diffrac- 
tion, Bethe (1928) developed the dynamical theory 
for electron diffraction in a crystal, in which the 
reflection geometry was briefly discussed. With the 
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