Journal of Solid State Chemistry 161, 300-306 (2001)

doi:10.1006/jss¢.2001.9314, available online at http://www.idealibrary.com on "l!%

I@

Crystal Structure of a Modulated Composite Structure
with Two Subsystems: Ba, 105,C00;

A. El Abed,*t S. E. Elgebbaj, M. Zakhour,* M. Champeaux,*
J. M. Perez-Mato,} and J. Darriet*!

*Institut de Chimie de la Matiére Condensée de Bordeaux (ICMCB-CNRS), 87 Av. du docteur A. Schweitzer, 33608 Pessac cedex, France; TLaboratoire de
Physique du Solide, Faculté des Sciences, Université Mohamed I, Oujda, Maroc, and iDepartamento de Fisica de la Materia Condensada,
Facultad de Ciencias, Universidad del Pais Vasco, Apdo 644, 48080 Bilbao, Spain

Received May 2, 2001; in revised form July 10, 2001; accepted July 12, 2001

The structure of Ba, ;,,C00; has been solved in the (3 + 1)-
dimensional formalism. The structure is described as
a modulated chain composite with two subsystems, [CoO;] and
[Ba], respectively. The superspace group is R-3m(00y)0s with
a=9.8842(20)A, ¢=24785(12)A, and ¢=0.5532(4) c*
(Z = 3). A saw-tooth function was used to model both the occupa-
tional and displacive modulations. Each atomic saw-tooth func-
tion is defined by its center X, along the fourth dimension, its
width (A), and the maximum amplitude of the displacive modula-
tion (0). The paper describes how, as a first approximation, the
columns (CoQ;) can be mainly described by a single free para-
meter, based on the height difference of the trigonal prisms and
octahedra that constitute the transition metal chains. As a result,
this superspace formalism requires only a small number of
variables to be refined, compared to the conventional superstruc-
ture description. © 2001 Academic Press

Key Words: barium cobalt oxide; superspace formalism;
modulated composite structure.

INTRODUCTION

An hexagonal perovskite family of the general formula
Ay +(A%B1-)O3 (A =Ca, Sr, Ba, etc. and A, B=d
transition metal) have recently been reported (1-11). The
main feature of these compounds is that their structure is
made of one-dimensional chains of transition metal built up
of octahedra and trigonal prisms sharing faces which can
possess unusual electronic properties, the chains being sep-
arated by columns of A4 cations. It has been recognized that
these structures are strongly related to the 2H hexagonal
perovskite (1). The crystal structures can be described as
stacking of mixed [4504] and [434'O¢] layers with B ele-
ments occupying the octahedral sites between these layers

!To whom correspondence should be addressed. E-mail: darriet@
icmcb.u-bordeaux.fr.
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and the A™ cations filling trigonal prismatic sites (1,2).
Although such an ideal layer model is useful for predicting
the compositions of different members of the family (1-11),
no general unique rule for the sequence of octahedra and
trigonal prisms within the chains can be predicted. More-
over, the ideal layer model considers that the geometry of
the octahedral and prismatic units along the chains is rigid
with the condition D, = 2D,, where D, is the height of the
trigonal prism and D, is the height of the octahedron. The
model also requires that the 4 atoms are located either at
the z level of the center of a triangular prism (4;4'Og layer)
or at the level of the oxygen (430, layer).

A more unifying picture of the family is obtained if the
compounds are described as modulated composite struc-
tures with two chain subsystems: an [ A.B; - O3] first chain
subsystem with a varying succession of face sharing [ B"V O]
octahedra and [A™MOg] trigonal prisms, and an [A4] second
chain subsystem (12-18).

Detailed explanation of the composite structure ap-
proach and its description using the superspace formalism
can be found in (19-23) and references therein. The whole
family can be simply described within the frame of a unique
general model. All the structures have the same (3 + 1)
dimensional superspace group. Then, long-period super-
structure can be easily refined within that model which
otherwise could be very difficult with a conventional three-
dimensional approach.

Precise structure determinations using the superspace
formalism have shown the unity of the series and evidenced
some peculiar characteristics, such as the instability of
M"ions in their trigonal prismatic sites, with a displacement
of the cations out of the site center (13,14, 16-18).

Different members of the Ba, . ,CoO3; homologues series
have been observed by electron diffraction microscopy (9-11).

The aim of the present paper is to show, through the
structure of a member of this series, the efficiency of the

4-dimensional superspace formalism.



CRYSTAL STRUCTURE OF Ba, 6,C005

EXPERIMENTAL
Synthesis

The single crystal selected for structure determination
was prepared by flux synthesis using a method described
previously (24). A total of 1 g of BaCO3 (99.99% purity) and
Co0304 (99.9986% purity) corresponding to the global com-
position Ba; 5,CoO; was ground for 15 min and placed into
an alumina crucible. Twenty grams of K,CO3 was packed
into the crucible on top of the reagents. The crucible was
covered with alumina disc to minimize the flux evaporation.
The sample was heated in air from room temperature to the
reaction temperature (950°C) at 60°C/h. The crucible was
held at this temperature for 3 days and cooled at 6°C/h to
880°C. The furnace was then turned off and the system was
cooled down to room temperature. The crystals were
washed with distilled water and dried. Well defined black
metallic needles free of K could then be isolated.

Data Collection

Prior to data collection, the selected crystal was carefully
checked for quality using Weissenberg and precession
cameras. In both cases, it was determined that the single
crystal is twinned with a transformation matrix
(— 100/0 — 100/001). These film studies show that the struc-
tures are in fact misfit composite crystal with two trig-
onal/hexagonal subsystems with common a and b axes but
different ¢ axes: a ~ 9.88 A, ¢y~ 248 A, c, ~ 448 A. The
first one related to the [CoO3] part is rhombohedral with
¢; ~ 248 A while the second related to the [Ba] part is
hexagonal with ¢, ~ 4.48 A. The a and b axes are common.
Both structures are modulated along z with a modulation
period given by the average ¢ parameter of the other subsys-
tem; i.e., the modulation wave-vector of subsystem [CoO;]
is ¢% and vice versa. The two subsystems can be analyzed
separately as two independent modulated structures in di-
rect space. However, their diffraction pattern superpose
coherently in reciprocal space and then each Bragg reflec-
tion H is expressed as H = ha* + kb* + Ic¥ + mc%. The
so-called “main” reflections (h, k,[,0) with [#0 and
(h, k, 0, m) with m # 0 are interpreted as the Bragg reflec-
tions of the subsystems 1 and 2, respectively, if the modula-
tions are neglected. In that case, “authentic” satellite
reflections (h, k, [, m) with both [ and m # 0 could not exist.
The modulation of both systems, however, generates these
satellites plus nonnegligible contributions of both subsys-
tems to the two sets of main reflections.

As explained in (13-15), a precise determination of the
ratio y = c¥/c¥ = ¢,/c, between the reciprocal parameters
c¥ and c¥ is sufficient for deriving the compound composi-
tion through the relation y = (1 + x)/2.

The data collection was carried out in successive steps.
Initially, the ¢; and ¢, parameters were determined. For
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each subsystem 25 reflections were centered and then addi-
tional reflections were measured at higher 0-values in order
to get precise values of the cell parameters. The refinement
led to the following lattice parameters: a = 9.8842(20) A,
¢y = 2.4785(12) A for [CoO,] subsystem and a = 9.8842(20) A,
¢, = 4.4805 (14)2\ for [Ba] subsystem. If the [CoO3] sub-
system is chosen as the reference, the g vector is
q = yc¥ = 0.5532(4)c¥E, hence x = 0.1064. The experimental
y value is relatively close to the 3 (0.5556) rational ratio
(difference < 6a(y)), which would correspond to x =3.
Therefore, the structure has been refined both in the incom-
mensurate and commensurate models for comparison.

Intensity data were collected in the supercell approach
corresponding to y = 3. The transformation of the 3D indi-
ces to 3+ 1)D hkim values was performed using the
JANAOS program package (25).

The [CoOs;] subsystem was chosen as the reference
system. The two possible superspace groups that are
compatible with the observed extinction conditions of
—h+k+1+#3n for hklm and m #2n for hOlm are
R3m(007)0s and R3m(00y)0s.

TABLE 1
Cristallographic Data for Ba,,,CoO; with x = 0.1064

Formula Ba; 1064C00;

Crystal color Black

MW (gmole™ ') 258.8

Superespace group R3m(00y)0s

Parameters a = 9.8842(20) A, ¢y = 2.4785(12) A,
q =0.5532 (2) cf

V(A3 209.7 (1)

z 3

Density calculation (gcm ™) 6.15

Crystal description Needle

Crystal dimensions 0.21 x 0.025 x 0.02 mm

Monochromator Oriented graphite

Radiation MoK (A = 0.71073 A)

Scan mode @/20

hkl range O<h<l16 —16<k<16
—37<1<0

Ormax 40°

Absorption correction Psi Scan

Tmin/Tmmx 077/1

Number of measured reflections 10201

Number observed reflections 3849

Number independent reflections 1306 I > 3¢ (I) R, = 4.89%

Twin matrix 100/010/001

% twin 349 ()%

F(000) 339

R factors (on F)* R =4.06% R, =4.20%

Main reflections (326) R =2.55% R, =3.03%

First order (655) R =492% R,, =4.68%

Second order (325) R =8.09% R,, =7.62%

Number refined parameters 43
Diff. Fourier residues (e7/A%)  (— 4.6, +3.6)

*R =Y | F|l = [IFell/XIFoIRy, = [Xw( Foll = [IFel)*/XwiFo*1'2
w = 1/(c*|F,)).
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TABLE 2
Average Atomic Positions

Atoms Xo Yo Zo U¥ (A2 x 10*

Subsystem [CoO3]: R3m(00y)0s

Co, 0 0 0 920
Co, 0 0 0 340(10)

0 0.1486(1)  0.1486(1) 1 147(4)
Subsystem [Ba]: P3¢1(001/y)

Atoms Xo Yo Zo U¥ (A2 x 10*
Ba, 0.3249(2) 0 1 131(5)

Ba, 0.3488(5) 0 1 54(4)

Uy = 33,3 UVaraaa,

eq Jj

Measured intensities were corrected for decay on the
basis of three standard reflections, as well as for Lorentz and
polarization effects. Absorption corrections were applied
using the W-scan technique. Crystal data and details of the
data collection are given in Table 1.

RESULTS AND DISCUSSION

Following the theoretical description of the structure of
the A;4.(4,B;_,)O;3 series (13-15), the centrosymmetric
R3m(00y)0s superspace group was chosen since it allows the
generation of the atomic position of the oxygen atoms
needed to create the octahedra and trigonal prisms.

Incommensurate Option

[CoO5] subsystem. As mentioned before, the [CoO3]
subsystem was chosen as the reference. The correponding
superspace group is R3m(00y)0s (Z = 3) and the space
group of the average structure is R3m. As proposed in
Ref. (15), a saw-tooth type function defined by its center (X,),
its width (A) along the x, internal axis, and a maximum
amplitude for the displacive z component was used to ac-
count for the atoms. The average cobalt atomic position was
(000). Two cobalt saw-tooth functions were considered, they
were associated to the trigonal prisms and the octahedra in
[CoO;] chains along the z axis. The first function, centered

TABLE 3 .
Average Anisotropic Displacement Parameters U7(A)?
for Bal_1064C003

Ull U22 U33 U12 U13 U23
Co,  00069(1) =U' 001382 =1U!! 0 0
Co,  00067(6) =U'  00903) =1U! 0 0
o) 0.0099(3) =U!' 002067 0.0021(4) 000023) =—U'?
Ba, 0005809 00189@) 0.0190@) =1U?? 0.00506(7) =2U*3
Ba, 000395 0.0017(6) 0.0099(6) =1U2?2 0.00022) =203

EL ABED ET AL.

TABLE 4
Atomic Positional and Displacement Factors and Modulation
Coefficients for Ba, 19s4C00; (Only Coefficients # 0 are Given)

Co, USy = —0.0235(2)

Amplitude = — 0.893650/c; £,=0 A = 0.4468
Uiz = Ugss = 22U
= — 0.0031(1)
Uf]gls.z = —0.0036(3)
Co, Amplitude = — 0.106450/c, =1 A =00532
O U2, = U2, =0.0016(1)
U2, = — U2, = — 0.00075(8) U2, = 0.0338(7)
Amplitude = — 0.11134 = — §o/c; £, =14 A=3
Uit = Udeza = — 0.0054(4) Upssi = — 0.0095(9)
Uit = — 0.0011(5) Ugiss = — Ugeaa
= — 0.0004(4)
Uiz = — Uz = — 0.00003(40)
Ugise = Upesz = 0.0020(4)
Ba, £, =14 A =0.237166
2UB = UBY = — 0.0061(3) U3 = 0.0015(3)
U4 = 0.0096(7)
UL = UL = 0.0004(4) Uyt = — 0.0008(3)
Uitz = 0.0005(5) Upshe = 2Upike = — 0.0015(7)
UBsL = 0.0031(5) Utz = 20512 = — 0.0001(3)
Ba, £, =0 A =0.096168

* Modulation functions for a parameter 1 of an atom v defined in

a restricted interval are given by: Uj(xy) = Z’;:O 2.n Ortho, (x4), where

the orthogonalized functions, obtained through a Schmidt orthogonali-
zation routine, are given by: Ortho(x,) = Bb + Z’;:l A} sin(2nnx,)
+ Z:ZIB,‘,‘ cos(2nnx,) with coefficients By, A, and B, given in Table 5.

at X, =0 with a width of 0.44680 (A = (1 — x)/2) corres-
ponds to the cobalt atom in the octahedra while the second
function centered at X, =1 with a width of 0.05320
(A = x/2) describes the cobalt in the trigonal prisms.

The average position of the oxygen atoms is (x, x, 3)
(x ~ %) and by the ternary axis six positions are generated in
the same plane z = 3. These six average positions can be
separated into two types, O, and O,, forming two equilat-
eral triangles, which correspond to the two possible orienta-
tions of the triangular O3 faces in the [CoO;3] chains
(13,15). The average oxygen at (x, x, 3) (type O,) is invariant
for the binary axis 2,,. According to the superspace group,
this binary axis is associated to a translation % along x,. If
pO,(x4) stands for the occupancy of O, then
PO.(x4) = pOa(— x4 +3) and pOy(xy) = pOy(xs — 3) (the
Ob atoms are translated by % along x,). Under the assump-
tion that the two types of sites are either fully occupied or
empty, the simplest atomic modulation function pO,(x,)
compatible with the symmetry condition is a Crenel func-
tion (26,27) with a width A = 4, centered at x, = 5. Depend-
ing on the value of the Crenel function along x4, either set
O, or set Oy is fully occupied along the real z axis. Two
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TABLE 5

Coefficients of the Orthogonalized Functions
Ortho? B2 A9 BO
Ortho? 1
Ortho? —2.069 3.249
Ortho‘z) 0 0 1414
Ortho®! BS™ A BS
Ortho{! 1
Orthof"1 0 1.505
Orthog"‘ — 2.757 0 3.924
OrthoP™ BB AB BB
Orthol™ 1
Ortho™" 0 2458
Ortho® 2372 0 3.546

adjacent O,-O, or O,-O, triangles create a trigonal
prism.

The oxygen positions must have some z displacement in
order to distinguish the two types of sites. The simplest
hypothesis is to consider that all prisms have the same
length D, along z and the octahedra the same length D,.
This can be achieved by considering a saw-tooth modula-
tion for the displacive AMFs of the oxygens. The maximum
amplitude of the displacive AMFs is the single free para-
meter 6, = (D, — D,)/2 (15).

If the cobalt sites (4" and B) are assumed to be in the
median plane of the trigonal prisms (A’ site) and the oc-
tahedra (B site), the maximum amplitudes of the displacive
AMFs of the cobalt are related to J, by the relations
04 = X0, and g = (1 — x)J,, respectively (15-18).

[Ba] subsystem. The superspace group of the [Ba] sub-
system is P3c1(001/y). Two positions for the barium are
considered whether they belong to the [Ba;Oq] layer (Ba,)
or to the [Ba3;CoOg] layer (Ba,). The average positions are
(x03) (x =%). For Ba,, the Crenel function is centered in
%4 = 3 with a width of A = 0.23717 (A = (1 — 2x)/3(1 + x))
and for Ba, X, =0, A =0.09617 (A = x/(1 + x)) (15).

The first stage of the refinement was carried out consider-
ing the J, value as the only refinable parameters for the
AMFs for the [CoO3;] subsystem. Modulations in the plane
xy allowed by symmetry were kept to zero. For the [Ba]
subsystem no modulations were considered. The residual
factor R was 12.1%. Then after successive steps, the anisot-
ropic displacement factors of all the atoms and the second
order displacive Fourier amplitude waves for Co, (octahed-
ral site) and the oxygen were introduced in the refinement.
The residual factor R decreases to 5.9%. These second order
displacive AMFs introduce modulations in the plane xy for

06 1 N
Oa

0.4 -\\- \ 1

S ~——
z/cy 0.2
Cop
0.0 CO\1Q~QZ Coy Q\Oz
-0.2 +
0.0 0.2 0'.4 0.6 0.8 1.0
t
FIG. 1. Graphical representation of the fractional z coordinate of

[CoO3;] subsystem versus the internal coordinate t (t = x4 — q.ry,)

the considered atoms. To avoid correlations, the amplitudes
refer to a basis of functions of period 1 along the internal
coordinate x4, but orthogonalized within the A interval
associated to the corresponding occupational Crenel func-
tion (26).

The JANA 98 program package has been kindly adapted
to the saw-tooth functions by its authors (Petricek et al.).

In a final step, the displacive modulations of Ba; de-
scribed by a Fourier series and the first order Fourier
amplitudes for the atomic displacement parameters for Coy,
O, and Ba; were included in the refinement. Then the final
residual factor R was stabilized at 4.06% for 43 independent
refined parameters (Table 1). The final parameters are
gathered in Tables 2-5.

Commensurate option. As written previously, the experi-
mental g value (0.5532) is not so far from the simple rational
value 3 (0.55555...) and therefore a refinement was carried
out in the commensurate option. For y = p/k with both

0.16
xla 0154 Oa Ob Oa
[ —————. e —— T —— . e e g o e e
0.14 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
t

FIG. 2. Graphical representation of the fractional x (= y) coordinate
for Oa and Ob versus the internal coordinate t.
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274 COrCOz C01-C02
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d(A)
2.54
Co1-Cop Co1-Cop Co1-Cop

2.44 TR Sl e Tl

2.34

0.0 0l.2 (;.4 Ol.6 Ol.8 1.0
t

FIG. 3. Co-Co distances versus t for Ba; ;064C003.

p and k odd and p # 3n, three possible three-dimensional
space-groups (P-3, P32, and P3) are deduced depending of
the t-phase section (13, 15). It can be noticed that the corre-
sponding three-dimensional refinements would require 34,
34, and 64 independent atoms, respectively. The refinement
for the P-3 centrosymmetric space group (t = 0 mod (1/6k))
leads to residual factors (R = 0.058) higher than the incom-
mensurate option. The P32 and P3 three-dimensional
space-groups give similar results (R =0.0470 and
R = 0.0466, respectively). From these results, it can be as-
sumed that the structure is incommensurate since the resid-
ual factor is significantly lower (R = 0.0406).

DISCUSSION

Before discussing our experimental results, we briefly
summarize the main concepts of the superspace formalism.
As written above, four indices (h, k, [, m) are necessary to
index each Bragg reflections. The main point of the super-
space formalism is to consider that the satellites reflections

> >
Co-O Cox-O

2.1 4

d(A) 20
COl-O COl-O COl-O
1.9 &\ ’7""\"\ 7
//
0.0 Ol2 Ol.4 Ol6 Ol8 1.0
t

FIG. 4. Co-O distances versus ¢ for Ba; 1964C005.
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0.6

0.51

0.4+ Ba2 Ba2

0.34 \\ //'\ /—\ /f

Ba: Ba; Ba: Bay

0.2+

0.14

0.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

FIG. 5. Variation of the x (= y) fractional coordinate of Bal and Ba2
versus the internal coordinate t.

are the orthogonal projection into three-dimensional space
R; of lattice points of a four-dimensional reciprocal lattice
defined in four-dimensional space R, (there is only one
q vector). In this way, one can define a four-dimensional
direct lattice in which the fourth dimension (x,) is ortho-
gonal to R;. In the R, space, the atoms lie on strings
periodic along x, and defined by atomic modulation func-
tions (U(x,4)). The real modulated structure can be depicted
as a section orthogonal to x, of a four-dimensional periodic
structure. For the commensurate case, the structure is de-
fined for discrete sections, whereas the structure is defined in
the whole domain of t (t = x4 — ¢.r,,) for an incommensur-
ate structure. Then, the atomic coordinates (x, y, z) are de-
fined by the average atomic positions (X, Vo, zo) plus the

atomic modulation functions (AMF) (Us(xs), Uy(x4),

0.35

0.30 -

Ba; Ba; Bay Ba
2/ 025 e e
Ba, Baz Ba
0.20 -
0.15 T T T T
0.0 0.2 0.4 0.6 0.8 1.c
t

FIG. 6. Variation of the z fractional coordinate of Bal and Ba2 versus
the internal coordinate t.
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X K]

3.50
lBa1-0  Ba2-0  Bal-O
3.25 T ><
—~ 3.00 T
<
o
275 %é
250 T
225 T T T T T T T T T T T
0.0 0.2 0.4

t

FIG. 7. Ba-O distances versus t for Ba; 1964C003.

U.(x4)). For more details on the superspace formalism see
(28) and references therein.

Figure 1 represents the variation of the z component of
the AMFs versus ¢ for the [CoO3] subsystem. One can
notice that the deviation from the ideal saw-tooth function
is only noticeable at the limits of the domains especially for
the oxygen atoms. As predicted by the model (15), the x
and y modulation components of the oxygen are very small
(Fig. 2). According to the superspace group, the symmetry
forbids the modulation of the cobalt atom in the xy plane, as
the average position is at the origin. The interatomic Co-Co
and Co-O distances are plotted versus the internal coordi-
nate ¢ in Figs. 3 and 4.

The Co,-Co, distances between two adjacent face shar-
ing octahedra are close to 24A and shorter than the
Co,-Co, distances between an octahedron and a trigonal
prism (=~ 2.8 /QX) (Fig. 4). The Co,-O distances range be-
tween 1.853 and 1.913 A for the octahedra and the Co,-O
distances range between 2.169 and 2178 A (Fig. 3). The
Co;-Co; distances are in good agreement with the distance
observed in the 2H-hexagonal perovskite BaCoO5 (2.376 A)
(29).

The cobalt atoms especially the Co; one (octahedral site)
are slightly shifted from the center of the octahedron which
is the consequence of the deviation of the displacive AMFs
of the oxygen from the ideal saw-tooth function.

The variation of the x (=y) and z components for the
[Ba] subsystem are given in Figs. 5 and 6. One can notice
that the modulation components for Ba, (for Ba,, no modu-
lation was introduced in the refinement) are very small. This
point differs from the AMFs encountered for similar struc-

tures solved on the same basic model (16-18). The minimum
Ba-O distances are, respectively, d;, = 2.599 A for the Ba;
site and d;,, = 2.520 A for the Ba, site. The variation of the
Ba-O distances versus t is given in Fig. 7 with the upper
limit of 3.25 A. Indeed, as the barium atoms and the oxygen
atoms belong to the two different subsystems, there is no
limit for the maximum distance.

FIG. 8. Schematic representation of the Ba;(Co,0, structure.
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The composition of the studied single crystal (x = 0.1064)
is close to the simplest composition x =3 (0.11111....),
which corresponds to the superstructure Ba;,Co,0,~
(cs & 5.c5 & 9.c;). As developed in (15), the fractional value
x = p/k determines the sequence of octahedra and trigonal
prisms along the chain. p is the number of trigonal prisms in
the single sequential unit (p = 1), and (k — p = 8) corres-
ponds to the number of octahedra. A schematic representa-
tion of the corresponding structure is given in Fig. 8. The
space group of the superstructure is P321 as predicted
(13-15). The sequence is 8 octahedra + 1 prism. For the
experimental value x = 0.1064, it is straightforward to fig-
ure out that the previous sequence only suffers some or-
dered faults every few periods. A convenient way of giving
the sequence of octahedra and trigonal prisms for any value
of x is given by using the Farey tree (29) adapted to this
case (15).

In our case, the value x = 0.1064 can be accurately ap-
proximated to x ~ i (0.1053). Then the sequence is the
juxtaposition of one (8 oct + 1 pr) (for x =3) plus one (9
oct +1 pr) (for x =15). The sequence corresponds to
asupercell¢,x =30¢; ~ 75 A. One can figure out that the
determination of this structure in the conventional crystal-
lography will be tedious. All these results show clearly that
the only strategy to accurately solve such structures is to use
the superstructure formalism.
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