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Abstract. Two-dimensional (2D) projections underlie the technique of high resolution electron
microscopy. Projections of amorphous structures are generally considered uninterpretable due
to structural disorder. We have derived the relationships between the distribution functions of
an amorphous three-dimensional (3D) structure and those of the corresponding 2D projection.
We have confirmed the relationships using calculations on models of amorphous structures with
thickness in the range from 10.6 to 43.3 A. For example the pair and triplet distribution functions

of the 2D projections show peaks corresponding to nearest neighbour distances and bond angles
(respectively). The degree of order in the 2D projection decreases as thickness increases. Similar
results are expected for higher order correlation functions. Thus it has been demonstrated that 2D
projections of amorphous 3D structures contain a great deal of valuable structural information.

1. Introduction

Two-dimensional (2D) projections of three-dimensional (3D) structures are fundamental to
the phenomenon of electron microscopy. In particular, the standard high resolution electron
microscopy (HREM) technique is capable of producing atomic resolution structural images
of ultra-thin samples, with thickness< 200 A [1]. In the weak phase object approximation,

the image intensity in HREM images is proportional to the projection of the atomic potential
convoluted with the Fourier transform of the lens contrast transfer function. Thus the structural
information underlying such an image is the 2D projection of a 3D structure. Although there
are well established methods for the interpretation of standard HREM images of crystals [1],
their interpretation in the case of amorphous materials has been problematic, because the
resolution is limited ta>1 A by lens aberrations.

However, there have recently been a number of technical breakthroughs in the field of
electron microscopy, which raise the future possibility of obtaining sub-A resolution images
of the projected atomic potential. The image phase problem can be solved by holography
(see e.qg. [2], [3]) or through-focal series reconstruction [4] and thus lead to the deconvolution
of lens aberrations. Dark- field imaging in the scanning transmission electron microscope
can lead to improvements in resolution by nearly a factor of two [5]. Work is in progress to
decrease inherent aberrations in electron lenses by employing multi-pole correctors [6]. Other
methods may surpass the resolution of the lens, irrespective of aberrations or partial coherence
via ptychography [7] or Wigner distribution deconvolution [8]. Hence, it may be timely to
consider the usefulness of information about 2D projections of 3D amorphous materials.
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Interpretation of the projection of an amorphous structure is problematic because
amorphous solids contain overlapping, disordered layers of atoms [9, 10]. This characteristic
would remain even if resolution were to be improved to the point where images are ‘perfect’.
Previously, workers have considered special cases, such as when the sample contains only a few
layers of atoms [11] (although such samples cannot feasibly be prepared [12]), or when there
is medium range order within regions of the sample, such as crystallites [13] or quasi-Bragg
planes [14].

In this paper, we consider the general case of thin amorphous (3D) structures and
identify structural information present in their 2D projections [15]. Our approach is to use
distribution functions which describe the degree of order in a structure. We use a particular
set of distribution functions which have quite general definitions [16]. This set includes the
pair distribution function (PDF), which is the most commonly used function for describing
amorphous structures, because it can be measured in a diffraction experiment [16]. Also
included is the triplet distribution function (TDF) which has been shown to influence the
structural signal in extended x-ray absorption fine structure experiments [17]. Note, however,
that these are not the only existing functions for describing the degree of order in disordered
structures (e.g. bond orientational order functions [18]).

2. Theory

2.1. Distribution functions for 3D structures

The problem of describing order in disordered structures has been approached by using
distribution functions. We begin by reviewing a set of distribution functions for describing
3D structures [16]. A 3D structure of particles with positiondR, is described by the single
particle density function,

p(r) =7 8(r—Ry)
¢
(there are no assumptions about particle positions). This has the property
/p('r) dr = N.
The average of this function over arbitrary origins is the atomic density,
_1/(+/)d/_1/(//)d//_NV
,oo_V ,orr'r_v pr)dr" =N/V.
The correlations between pairs of atoms are described by the two particle density function,
P21, m2) = Y 8(ry— RD(Z 8(ry — Ry) — 8(r1 — 7’2))
4 m
which excludes the case 8f = r,. This function has the properties
/ p2ry, ma)dra = (N —1) Y " 8(r1 — Ry) = (N — D)p(ry)
L

and
p2r1,ma) =Y Y " 8(r1— R)S(r2 — Ry) — Y 8(r1 — R)S(r1 — 72)
m 4

)4

=YY 82— Ry)8(r1— Ry) — Y 8(ra — Ry)8(r1 — 12) = p2(ra, 7).

m L m
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The average of this function over arbitrary origins,

1 1
p2(r2) = v / p2(ri+ 7, o+ 7)) dr = v / p2(r", rip+ 7"y dr”
1
=< / ;s(r” - R@(Zs(m +7r" = Ry) — 5(7"12)) dr”

1
= V Z (Z 5(T12 - (Rm - R[)) — 5(1"12)) (l)
¢ m

depends only on a single vecter, = r, — r; which represents the possible separations of
pairs of atoms. This function is related to the autocorrelation function [16],

f p(r)p(riz+ 1) dr' = f > 8G' =R Y d(riz+r' — Ry) dr’
L m

= / > s - Re)(ZS(nﬁr’ —R,) — 3(7'12)> dr’
14 m
+/ Z 8(r'" — Ry)8(r12) dr' = Vp2(r12) + N8 (r12)
£

which includes the case @f = r,. For comparison of structures with different densities, it is
useful to use the pair distribution function (PDF),
g(r12) = p2(r12)/g. 2

This function gives the frequencies of different interatomic distances relative to those expected
for a totally random structure, i.e. with a random set of positi&ts which would have
g(r12) = 1. For isotropic structures it is useful to consider the radial averagéres),

1
Arr 122

g(r2) = / / g(r12)1, SiN(B12) dg12 db1 (3)

which depends only o, = |r12].

It is possible to describe higher order correlations. Here we will specifically consider
correlations between triplets of atoms. These are described by the three particle density
function,

p3(ry, ma,73) = Y 8(r1 — Re)(Z §(r2 — Ry) — 8(r2 — rl))
14 m

x(Za(rg —R,) = 8(rg—r1) — 8(r3 — 7“2))

which excludes the cases of = r2, 71 = r3, 7> = 3 0r r1 = r» = r3. This function has
the properties

/ p3(r1, 72, m3) drg = (N —2) ) 8(r1 — Rz)<z5(rz — R,) — 8(ra — m)
¢ m
= (N - 2),02(T1, TZ)

p3(ry, ma,m3) =Y (Z 8(ri— R)S(ra — Ryy) — 8(r1 — R)S(rz — 7'1))

14

x(Za(rs — Ry) —8(r3— 1) — 8(r3 — 7"2))
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=> (sz — Ry)8(r1 — Ry) — 8(r2 — Ry)8(ra — r1)>
m 4

x ( Y 8(rs— Ry) — 8(rs—12) — 8(r3 — rl)) = p3(rz, r1,73)
and

p3(ry, T2, 73) = Y 8(ry — Re)(ZS(Tz —R,) ) 8(r3— Ry)
14 m n

=Y 8(ra— Ry)S(rs—r1) — Y _8(r2 — Ry)8(rs —72)
—8(ry — 1) ng — Ry) +8(r2 — 11)8(r3 — 11) + 8(r2 — T1)8 (13 — 7“2))
= Zam - Re)(Z(S(Ts ) Z(rz —R,)

—8<r3—m)25(r2— m)—Zb‘(ra— R,)8(ry — 73)

— " 8(rs— Ry)8(ra — 1) +8(rg — r1)8(ra — 1)

+8(r3 — r1)d(r2 — Tg)) = p3(r1, T3, T2).

The average of this function for arbitrary origins,

1 1
p3(r12, T13) = v / p3(r1+r ra+r  ry+r)dr’ = v / p3(r", riz+ " Tz +r") dr”
1 1 V4
=< / XE:W - Re)<25(7"12+r - R,) - 5(1“12))

X ( Y 8(riz+r” — Ry) — 8(r13) — 8(r1s — 7'12)) dr”

1
=v 2 (Za(m — (R — Ry)) — 8(?"12))
4 m

x ( > 8(riz— (Ry — Ry) — 8(r13) — 8(r13 — 7’12)) @)
depends only om, = r, — 71 andriz = r3 — 71 (i.e. six dimensions) which describe the
possible separations of triplets of atoms. This function is related to the triple autocorrelation
function [19],

/ p(r)p(riz+r)p(riz+r") dr’
S DIXIGEY 3D SRR ) ST AL
14 m n
= /Z«W —~ Rz)(ZS(rlzﬂ“ —R,) —smz))
14 m

x ( Y 8(ris+ v — R,) — 8(r13) — 8(r1s — 7‘12)) dr’

n
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+/ D 80 =R Y S(riat 1 — Ry)(8(r1a) +8(r13 — 712)) dr’
4 m

+/ (ZS("‘/ — Ry)é(r10) 25(7“13"' r — R,)
4 n

— 8" — R)S(r1)(8(r13) +8(r13 — m))) dr’
£

= Vp3(r12, 113) + V(02(r12)8(r13) + p2(112)8(r13 — T12)

+p2(r13)8(r12)) + N8(r12)8 (r13)
which includes the cases of = rp, r1 = r3, 72 = r3 andr; = r, = r3. For comparison of
structures with different densities, it is useful to use the triplet distribution function (TDF),

g3(r12, r13) = p3(r12, 713)/ 0 5)
This function gives the frequencies of different arrangements of triplets of atoms relative to
those expected for a totally random structure, i.e. with a random set of posiignghich
would haveg3(r12, r23) = 1. For isotropic structures it is useful to consider the orientational
average og3(ri2, r23),

1 . .
g3(r12, 113, 023) = ——5——— / / / g3(r12, T13)r%, SiN(B12) dg12 12713 SIN(B23) dos
A riy2mr3

(6)

which depends only or, = |r12| andri3 = |r13], andé,s, the angle betweery, andrys.

2.2. Distribution functions for 2D structures

It is possible to define analogous functions for 2D structures, and we denote these functions
using the subscript ‘2D’. The notatiaghidentifies 2D vectorsy, y). There are changes in the
dependent variables and limits of integration, and in the normalization constants for isotropic
averaging, relative to those for 3D structures. For an isotropic 2D structure, the radial averages
of the PDF and TDF (respectively) are

. 1 .
g2p(r12) = o= | g (F12)712 012 (7)
TTr12
and
. 1 ..
83op (F12, 113, $23) = ——=— | &3op (712, T13)F12dP12. (8)
47710

The latter normalization includes a factor of 2 becagigg the angle betweefy, andrys, is
restricted to lie in the range 0 to.

2.3. Pair distribution functions for 2D projections

We now consider the special case of a 2D structure which is the 2D projection of a 3D structure.
The appropriate functions are the same as those for a 2D structure, but we denote these functions
using the subscripP for the special case of a 2D projection. For simplicity we assume a
structure with boundaries parallel to the ) plane and thicknessin the z direction, i.e.

0 < z < t. Here we are concerned with the relationship of these functions to those describing
the 3D structure from which the 2D projection is generated. The relationship between the one
particle density functions is

pp(f)zz(S(f—(X, Y)@:/O Z(S(T—Rg)dz=/o p(r) dz.
¢ l
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The relationship between the averages of these functions for different origins is

1 t t
por = Z/p(ﬂf’)df’: %f/o pr+i) dz dif = %f/o (") d2" & = 100

wherez” = z and7” = 71 + 7. The relationships between the two particle density functions
are

p2p(T1,T2) = ZS('Fl - (X, Y)e)(ZS(FZ — (X, Y),)) — 8(r2 — ":1)>
¢ m
:/O/OZM'M—R()(ZS(T‘Z—R”,)—a(rl_rz))dzldzz
¢ m

t t
://pZ(rl,rz)dzzdzz
0 JO
and

1 t rort
P20 = / p2p (a7 Ty ) O = / / / P21+ 7,7y + i) dzy dzp .
0 0

The integrals over; andz, can be rearranged by changing the variables of integration to
7" = z1 andzyz = z2 — z1, in the following manner:

t t 0 t t t—z12
//...dzlsz// ...dz”dzlz+// . de dz.
0 0 —t J—212 0 0

Using d*” = dr’ + dry, the expression fop2p (712) becomes

0 1 t
02p(F12) =t / (— f / p2(r", T2+ ") dz” df”) dz1o
—t V —Z12
t 1 1—212
+t/ (— f/ p2(r", rip+7")dz” df”) dz1o. ©)
o \VJJo

The bracketed expression in equation (9) is equaldg;,(r12), the average over arbitrary
origins of p2(r”, r1, + r”) for the 3D structure from which the 2D projection is derived. This
is because?2(r”, r12 + r”) is zero outside the limits of the integral fgf, which can thus be
extended to include all arbitrary origins.

However, studies of amorphous structures are usually concerned with 3D structures with
effectively infinite thickness. This is because the pair distribution functions are measured using
diffraction on samples with dimensions typically’if¥eater than interatomic distances, or they
are calculated from models which have periodic boundary conditions. Hence it is most useful
to reformulate the integral in equation (9) in terms of a bulk 3D structure, i.e. o) (r12).

To do this, it is necessary to explicitly represent the effects of finite thickness. From the limits
of integration in equation (9), it can be seen that the appropriate factori$z¢k|/¢). Hence

. ! z
p2p(T12) = l/ <1 - |+2|>/02bu1k(7‘12) dz1z.

—t
The accuracy of this reformulation depends on the following approximations, which are
reasonable for a homogenous, amorphous structure:

a a+b
f p2(’r”, le + 'I"”) dZ// — / pz(,r//, le + T//) dZ//
0 b
and

a a b
/ ,02(?"”, P+ ’I"”) dz” = Z f p2(’l‘”, rio+ ’I‘”) dz”.
0 0
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Then the relationship between the PDFs is

1
gr(r1) = ;/ <1 - @) (r12) dz12

where a2 factor comes from the difference betweehandp?2,. The relationship between
the isotropic PDFs,

1 !
gr(Fid) = - / (1 '“Z')g« L +22,)%%) dzpo (10)

t

depends om and the projected interatomic distarige

2.4. Triplet distribution functions for 2D projections

The relationships between the three particle density functions are

p3p (71, T2, T3) = 28(7:1 - (X, Y)g)(Z(S('FZ — (X, V) —8(F1 — 7:2))
L m
X(Zé(fs —(X,Y),) —8(r3 —71) — 8(r3 — 7?2)>
= f / / Z(S(Tl—Rg)(Za('l‘z—Rm)—5(111—r2))
o Jo Jo —

X ( Z S(r3—R,) —8(r3—r1) —8(rz — 7'2)) dz; dzo dz3
t nl t
= f / / 0p3(r1, 2, 73) dz1 dzo dz3
0 J0O JO

1
0p3p(T12, T13) = / p3p(F1+ 7, 7o+ 7, T3+ 7)) di’

:—// / / p3(r1+ 7, 1o+ 7, r3 + ) dzq dzp dzz d7'.

The integrals ovet;, z, andzz can be rearranged by changing the variables of integration to
7" = 71, 212 = 72 — z1 @ndziz = z3 — 21, in the following manner:

—/ / / de_ de ng = l‘/ / ( / . dZN> lez dZ13
—tJ—t —z12
=212
» / / (— / dz”) dz12 dz1s
t+z13 t—212
» / / < / .dz”) dz120z13
—t
=213
» / / <— / d/) dz120z1s
0 Jziz —212
0 212 1
+ - dz”) dzq3dz
/;[./;r (V/ZB 13412
t t 1 1—z13
wl | <_ [ dz”) ders e (11)
0 Jzio 14

and
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The central integral in equation (11) is equald8;,(r12, r13), the average over arbitrary
origins of p3(ry + v, ro + v, 3 + ¢”) for the 3D structure from which the 2D projection
is derived (using ¢’ = dz”d#”, where &” = dr’ + dry). This is becaus@3(ry +r”, r;,
+r”, r3+7") is zero outside the limits of the integral fof, which can thus be extended to
include all arbitrary origins.

However, studies of amorphous structures are usually concerned with 3D structures with
effectively infinite thickness, as discussed in the previous section. Hence it is most useful
to reformulate the integral in equation (11) in terms of a bulk 3D structure, i.e. with the
function p3,,x (12, r13). To do this, it is necessary to explicitly represent the effects of finite
thickness. This involves equivalent assumptions to those used in the previous section (which
are reasonable for homogeneous, amorphous structures), but the resulting expression,

. z z
p3p(T12, T13) =t / / <1 + iz) (1 + 713),03buzk(7°12, r13) dz12dz13
—t

+t/ / <1 - Z_12) (1 - %)p?’bm(rlz, r13) dz12dz13

1—213
+t / / ( (le p ZlZ)),03buzk(7'12, r13) dz12dz13
—t

z z
+t / / ( (o1 — ; 12))/03buzk(7°12, r13) dz12dz13

is more complex. In particular, the integral oves andzi3 is restricted, due to the requirement
that —¢ < (z13 — z12) < t. For clarity, we represent the integral in schematic form in the
following. Then the relationship between the TDFs is

- 1/ Z z
83, (T12, T13) &~ t_2/ / <1 + i2) (1 + i3>g3(7“12, r13) dz12dz13
—tJ—t

where a2 factor comes from the difference betweghandpd,. The relationship between
the isotropic TDFs,

83p(F12, 13, $23)

t t
212 213 ~
A / / (l + —) <1 + —)gs((rlz +279)0%, (73 + 252, 023) dz12dz13
—tJ—t
(12)
depends onm, the projected interatomic distancgs and7;3 and the projected angle between
them,¢»3, where
12713 COS(23) + 712213

(i + 25903 (Pl + 2390
(using the cosine rule). Figure 1 illustrates the relationship between the dependent variables
in the 3D structure and the 2D projection.

Cog(023) =

2.5. Analytical expressions for the pair distribution functions of 2D projections

We can use the results obtained above to derive the 2D projectiongBD¥;), expected for
particular forms of the isotropic 3D structure PRFr12). Amorphous structures have no long
range order, and

glriz) =1
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” |z

T \\i %

Figure 1. Variables used to describe the positions of triplets of atoms (1, 2 and 3) in a 3D structure
and particles (1 2 and 3) in the corresponding 2D projection.

for largery,. Inserting this into equation (10) gives

- 2 212 2 Z%z !
= - 1-—=)dz1p= — == =
gr(r2) ' /(; ( p ) 712 = t|:Z12 2

i.e. the projection also has no long range order, as expected. This result is independent of
because the value of the integral oyerincreases with, and exactly balances the! factor in

front of the integral. Amorphous structures also have non-overlapping atomgyig.= 0

for r < R1, whereR1 is the nearest neighbour distance. Taking

g(}"lz) = 0 for ri2 < R1 andg(r]_z) =1 for ri2 > R1

i.e. a step function imy o, is equivalent to carrying out the previous integral with the condition
(7%, +28,)%° > R1 Of z,yin = (R1% — 7%,)%5, which gives

~ 2 Z%Z ! 2 Z2~ Zmin 2
= — — == =1—-— min — nin =(1-—
gr(r2) ; [le o } | ; (Z o ) < ; )

Zmin
for7, < R1,andequalto 1 for R1. Finally, the short range order in amorphous structures

includes a nearest neighbour peakn\df atoms at a distance &f1. A simple approximation
for this is

g(rp) = 8(ri2 — R1). (13)

N1
4R T,
Because of the delta function i, it is helpful to change the variable of integration fram
to riz = (72, + 23,)*°, which gives

gp(F1o) = gft (1 - 2)g( 12) 5z driz
t Jo ( ri, — 2)0.5

(1. (R1%2 — 72,))05 N1 R1
t 21 R1%pop (R12 — 72,)05
for 712 < R1, and equal to O fof > R1. The first factor takes account of finite thickness of
the 3D structure, and the remaining factors are equal to the projection of the spherical shell
described by equation (13).
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Using the above components, we have constructed a fogrof) which approximates
that for tetrahedral amorphous carbon. It has a sharp nearest neighbour pdatdt5 A
with N1 = 4, a broad second nearest neighbour peak from 2.3 to 2.7 A, and no ordering at
larger distances. This is shown in figure 2, along with the corresponding fopm(8{,) for
thickness = 20 A. We have not attempted an analogous procedure with the TDFs, because
of the greater complexity of those functions.

i
g

Figure 2. Approximation tog(r) (lower lines) and corresponding analytic form gf (7)
(upper lines) for ta-C with = 20 A.

3. Results from calculations

3.1. 3D structure models used

In the previous section, we showed that the order in a 2D projection is a function of the
order in the corresponding 3D structure. To verify the relationships derived, we have carried
out calculations of distribution functions for actual 3D structures and their corresponding 2D
projections. The 3D structures we have used are atomic models of tetrahedral amorphous
carbon, ta-C. These models were made available toyuk BV R Gilkes who developed

them by adapting earlier models of amorphous silicon [20-22]. For our purposes, we
simply require structures which are representative of amorphous solids, i.e. they have well
defined short range order and no long range order. Whether or not these models are
entirely accurate representations of the structure of ta-C is not relevant. However, we note
that work on HREM of thin amorphous structures often involves samples of amorphous
Si or Ge, and it is reasonable to consider that ta-C belongs to the same general class of
materials.

We have used three different models of ta-C which all have cubic periodic boundary
conditions with atomic densitg, = 0.17 atoms A3. The three models have box lengths
L=106A,L =1805AandL =433 A, and numbers of atom§ = 216, N = 1000 and
N = 13810 (respectively). For simplicity, 2D projections were obtained from the models in
the directions of the, y andz axes, corresponding to coordinat¥s (Z;), (Z;, X;) and (X;, Y;)
respectively. These projections have L, and have square periodic boundary conditions with
box lengthL. (Note that smaller thicknesses and/or different orientations could be obtained
by choosing appropriate subsets of the model coordinates.)
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3.2. Direct calculations of 3D structure distribution functions

The pair distribution functions (PDFs) for the 3D structures have been obtained by direct
calculation from the coordinates of the 3D models using equations (1)—(3). Calculations of
the 3D structure distribution functions are non-redundant for interatomic distances less than
L/2. The 3D structure PDFg(r12), are shown in figures 3 and 4 for the models of ta-C with

L = 1805 andL = 43.3 A, with distance intervals of 0.06 A. The triplet distribution functions
(TDFs) for the 3D structures have been obtained by direct calculation from the coordinates of
the 3D models using equations (4)—(6). The 3D structure TRPBG; 2, 723, 623), are shown

in figures 5 and 6 for the models of ta-C with= 10.6 andL = 18.05 A, with distance
intervals of 0.2 A and angle intervals of<L0The TDF was not calculated for the model with

L = 43.3 A because it would require too much computing time.

1.2 T T T T — 4

g(r)

ge(D)

0.8

0.6

r(A)

Figure 3. Direct calculation o (r) (lower line) andg p () (upper line), and numerical integration
calculation ofg p () (circles) for model of ta-C withv = 1000 andt = 18.05 A.

g(r)

Figure 4. Direct calculation o (r) (lower line) andg p () (upper line), and numerical integration
calculation ofg p (7) (circles) for model of ta-C withv = 13810 and = 43.3 A.

The functiong3(r12, 23, 623) depends on three variables and hence a single figure can
only show a limited range of the values of the function. The method we have chosen is a
contour plot with the height of contours representing the values of the function (see table 1).
The variablery, is fixed equal to 1.6 A, corresponding to arrangements of triplets of atoms
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Figure 5. Direct calculation ok 3(r12, r23, 623) (left) andg3p (712, 723, ¢23) (right) for a model of
ta-C with N = 216 andr = 10.6 A, for values ofr;» = 1.6 A and7» = 1.6 A. The dependent
variables are shown in rectangular coordinates. The values of contours are given in table 1.

Table 1. Values of contours in plots of triplet distribution functions.

Dashed
Figure Model Dotted lines line Solid lines
5(left)y r=106A, 3Dstructure 0.1,0.5 1.0 1.5,25,5,10, 20
6 (left) r=181A, 3Dstructure 0.1,05 1.0 1.5,2.5,5,10, 20
5 (right) ¢ =106 A, 2D projection 0,®,...,0.8 1.0 12,14,...,30
6 (right) r=181A, 2D projection 0.75,®0,...,0.95 1.0 1.05, 110, ...,1.50

containing nearest neighbour atoms. The plane of plotting represents the dependent variables
r13 andb,s, shown in rectangular coordinates, which describe the position of particle 3 relative

to particles 1 and 2 (see figure 1). Particle 1 is located at the origin and particle 2 is located on
the positive vertical axis at distaneg from the origin. (Similar comments apply to the plots

of the 2D projection TDFs.)

Because TDFs are not commonly reported functions we will briefly discuss their
interpretation. The 3D structure TDE3(r12, 723, 623), shows the frequency of different
arrangements of triplets of atoms. In a ta-C structure, the most common arrangement of
triplets of atoms will be three carbon atoms forming a tetrahedral bond,4 @&dr;3 equal to
approximately 1.54 A, anéb; equal to approximately 109 Figures 5 and 6 show the results
for g3(r12, ra3, 623) With ri» = 1.6 A, and as expected there is a peakat= 1.6 A and
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1
] 1 2 3 [ 1 2 3

Figure 6. Direct calculation ok 3(r12, r23, 623) (left) andg3p (712, 723, ¢23) (right) for a model of
ta-C with N = 1000 and = 18.05 A, for values of1» = 1.6 A and7» = 1.6 A. The dependent
variables are shown in rectangular coordinates. The values of contours are given in table 1.

6.3 = 110°. The same arrangement of atoms, but with the labels of atoms 1 and 2 exchanged,
also gives a peak ats = 2.5 A and6,3 = 35°, also seen in figures 5 and 6. TDFs are of
significant interest for improving our ability to describe and understand amorphous structures
[15]. We will discuss them further in a future paper.

3.3. Direct calculation of 2D projection distribution functions

The PDFs and TDFs for 2D projections have been obtained by direct calculation from the
coordinates of the projection using the 2D equivalents of the equations used for the 3D structure,
e.g. equations (7) and (8). Calculations of the 2D projection distribution functions are non-
redundant for interatomic distances less thigf2. The 2D projection PDFsgp(712), are
shown in figures 3 and 4 for the models of ta-C witk= 18.05 andL = 43.3 A, with distance
intervals of 0.06 A. The results presented are the averages for the three different projections
perpendicular to the, y andz axes. Figures 3 and 4 also show the estimatesy¢f;>)
obtained by numerical integration of equation (10) using the valugsref).

The 2D projection TDFsg3p (712, 723, ¢23), are shown in figures 5 and 6 for the models
of ta-C withL = 10.6 andL = 18.05 A, with distance intervals of 0.2 A and angle intervals
of 10°. The results obtained are the averages for the three different projections perpendicular
to thex, y andz axes. (The format of the plots is described in the previous section.)
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4. Discussion

4.1. Order in projections

We have shown that the pair distribution function (PDF) of a 2D projectigr(712), is
a function of the PDF of the corresponding 3D structug€;;»), and similarly for the
triplet distribution functions (TDFS)g3p (712, F23, ¢23) and g3(ri1z, r23, 623) (respectively).
Inspection of the relationships in equations (10) and (12) reveals the following characteristics:

(i) Order occurs in a 2D projection because applying an integral oyep dn isotropic
structure gives higher weighting to interatomic vectors which are nearly perpendicular to
the direction of projection, so that their projected vectors will be similar.

(ii) A feature localized at1, = R1 in g(r12) gives a contribution irgp(712) at values of
r12 < R1. Similarly, a feature localized at, = R1, r13 = R1 andfy3 = Ol in
g3(r12, 23, B23) gives a contribution ig3p (712, 723, ¢23) at values ofy, < R1,713 < RY
andgys < ©1.

(iii) If the 3D structure PDF can be written as a sum of several different components (e.g. first
and second nearest neighbour peaks), then the 2D projection PDF will be equal to the sum
of the contributions from the different components. This characteristic is quite clear in
figure 2. The same is true for TDFs. In this respect, the relationship between 3D structure
and 2D projection distribution functions is ‘linear’.

(iv) The effect of increasing thickness is to diminish the degree of order in the 2D projection,
due to factors of ! in equation (10) and~2 in equation (12), for the 2D projection PDF
and TDF respectively.

These characteristics can be seen in the directly calculated resudts(fes) which are
shown in figures 3 and 4. There are small peaks corresponding to the first and second nearest
neighbour distances at approximately 1.5 and 2.5 A respectively. Comparison of figures 3
and 4, for 2D projections with = 18.05 andr = 43.3 A respectively, confirms that the size
of features is proportional to-. Furthermore, there is good agreement between i@ ,)
calculated directly, and those estimated by numerical integratigtrgf) using equation (10).

The qualitative correspondence between featureg3p(7i, 723, ¢23) and those in
g3(r12, 23, H23) is apparent in figures 5 and 6. In particular, there are clearly small peaks
in g3p (F12, F23, ¢23) atFip = 1.5 A andg¢,3 = 110, and atr;3 = 2.5 A andg¢,3 = 35°, which
correspond to triplets of carbon atoms forming tetrahedral bonds. Comparison of figures 5 and
6, for 2D projections with = 10.6 andr = 18.05 A respectively, confirms that the strength
of features decreases amcreases. From inspection of the figures, the average ratio of the
peak heights is approximately 3:1 which is consistent with’adependence.

4.2. Signal to noise

The results from the theory section make particular predictions about the effecinathe
degree of order in the 2D projections. To better understand the effects of thickness, we can
consider the PDF as the sum of a random component, equal to 1, and the rengdinger, 1.
As discussed previously, the random component is independent of thickness. The value of
g(r12) — 1 is only significantly different from zero for small values g% and hencez;,.
Because of this, the value of the integral oveg.dn equation (10) does not increase with
t, and ther~* factor in front of the integral determines thelependence. Similar comments
apply to the TDF, except that there is & factor due to the double integral.

While the signal can be taken to be the degree of order in the 2D projection, itis also impor-
tant to consider the noise. If we regard the ta-C models as complete structures in themselves,
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then the results presented are ‘exact’ because they were calculated directly from the model

coordinates. However, if we regard the ta-C models as subsets of (hypothetical) infinite 3D

structures, then the results have statistical uncertainties due to sampling over a limited volume

and henceV. For a 2D projection withV particles each wittv 1 nearest neighbour particles,

the counting noise will bg N N 1)°° for the PDF, andN x N1(N1 — 1)/2)%° for the TDF.

Furthermore, the value &¥ increases as Hence, we estimate that the signal to noise ratio in

the 2D projection, denoted ‘S/N’, has a@ependence af for the PDF and~%° for the TDF.
However, the effect of noise which increases wittan be reduced by increasing the area

of the 2D projection and hencd'. Because our models are cubic, the area increasésaasd

N increases as’. Hence we estimate that the S/N for our results hadependence af for

the PDF and®® for the TDF. These results may seem surprising, but inspection of figures 3,

4, 5 and 6 reveals that the S/N does not decrease even though the thickness increases by a

factor of 2. Note that our discussion here is concerned with ideal 2D projections, and not with

any possible experimental observations. Another factor to consider is that the TDF is a much

sharper function than the PDF [15], and this may partly offset the less favourddgendence.

4.3. Unusual features in the 2D projection distribution functions

Figures 3 and 4 show thg- (712) calculated directly, along with those estimated by numerical
integration ofg (r12). While there is good agreement overall, the agreement is not completely
within the level of noise. We consider one reason for this to be because the direct calculation
was only for projections in directions parallel to they andz axes, whereas the numerical
integration was based on the isotrogi@,2). These will only be the same if the structure is
entirely isotropic, and the small amount of disagreement indicates to us that this is not the
case. In fact, for the model with= 43.3 A, there is a very large discrepancy in the form of
a peak for values of;, tending to zero. This does not occur in the humerical integration, and
cannot because there is no featurg {m,) for values ofri, tending to zero. As the starting
configuration of this model was an FCC structure [20], we consider it feasible that the artefact
in the 2D projection PDF represents anisotropy in the model in the directions parallel to the
x, y andz axes due to a remnant of the initial FCC structure. Note that there appears to be a
similar artefact for the = 18.05 A model, and it also had an FCC starting configuration [21].
Figures 5 and 6 show the results for TDFs. There is a pegBjftri2, 723, ¢23) atriz =
1.4 A and¢,3 = 55° which has no counterpart gB(r12, r23, f23). Indeed, it cannot because
the 3D structure does not contain bond angles 6f Sthis feature is an artefact of the kind
which can arise in the higher order distribution functions of 2D projections. Its specific origin
is indicated in figure 7. When a triplet of carbon atoms forming a tetrahedral bond is projected
so that the second nearest neighbour atoms appear to be separated by the nearest neighbour
distance, the central atom will be projected to an intermediate position. The angular average
of possible orientations gives rise to the peak observed. This serves to reiterate the role which
angular averaging plays in ‘transmitting’ order from the 3D structure to the 2D projection.

4.4, Distribution functions with more dependent variables

The results presented here have dealt only with isotropic distribution functions. These are
simpler to calculate because they have fewer dependent variables. They are also appropriate
for large models of bulk amorphous structures which are expected to be isotropic. However,
we have seen that even a model witk= 43.3 A shows signs of anisotropy. While this may be

an attribute of the particular model, the question as to whether amorphous solids in general are
isotropic on small length scales is a subject of considerable interest (see e.g. [14]). Indeed, if
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Figure 7. Origin of the artefact appearing in 2D projection TI9Bp (712, 723, ¢23) for models of
ta-C, for values of12 = 1.6 A.

there is small scale isotropy in thin amorphous structures, we consider it likely to be apparent
in their projections. Hence it is of interest to consider the anisotropic distribution functions,
i.e. without radial averaging. These have the same relationships as those for the isotropic
distribution functions (see equations (10) and (12)).

This work has considered only monatomic structures. For 3D structures with more than
one kind of atom, the use of partial distribution functions is well established. These distinguish
the correlations according to the type of atom involved [16]. All of the results presented here
are capable of extension in this way.

From the equations presented for PDFs and TDFs, it is seen to be a straightforward matter
to derive results for higher order correlation functions, e.gz-dmplet distribution function.

While this may not be practical due to the complexity of the dependent variables (which have
3n — 6 dimensions for isotropig-tuplets), it is important for understanding the order in 2D
projections of amorphous 3D structures. A 2D projection contains information about all higher
order correlations because it preserves local information about the 3D structurg; i) (

but the information is diminished by factars™. This can be compared with diffraction which
only gives information about PDFs.

4.5. The relationship between 2D projections and diffraction

We have discussed the relationship between 2D projections and 3D structures in terms of
distribution functions. We now consider the relationship in terms of the techniques which can
be used to obtain information about these functions. The use of diffraction to measure the
PDF of amorphous 3D structures is a well established technique. In favourable circumstances
the isotropic PDF can be measured with a resolution of 0.02 A. It is instructive to make a
comparison with the information about the PDF which underlies HREM.

In a diffraction experiment, the scattering of incident radiation is measured as a function
of the scattering vectoy = Ak, wherek is the wavevector. The relative phase shift of
scattering from point in the 3D structure is exjg - 7). In the first Born approximation [23],
the amplitude of scattering is

A(q) = f(@FTz {p(r)}
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where f (q) describes the scattering from an atom due to the atomic potential, and FT denotes
the Fourier transform operation. Thus the scattering amplitude is a functiptrpfwhich
contains all structural information. However, the quantity measured is the scattering intensity,

1(@) = | f (@|*FT3;{N (pog(r12) + 8(r12))}

which only contains information about the PDF (because squaring the amplitudes is equivalent
to taking the autocorrelation pf(r)) [16]. For anisotropic 3D structure the 3D inverse Fourier
transform becomes a 1D integral,

1 <1<q>
222 | \If (@)

In the case of electron diffraction in a transmission electron microscope, the scattering is
measured in thg plane, whergj is the 2D vector(., ¢,). By a standard theorem, the value
of the Fourier transform in a plane through the origin is equal to the Fourier transform of the
projection in the direction perpendicular to the plane [24]. Hence, the scattering amplitude in
thegq plane,

) sin(gr)g®dg = N(pog(ri2) + 8(r12)). (14)

A@) = f(d)FTg‘dl{ f p(r) dz}

depends only on the projected particle density function. If the 3D structure is not isotropic,
the information about the 2D projection PDF is obtained from the scattering intensity,

1(@) = | f (@ *FT5 AN (popgp (F12) + 8(F12))}.
For an isotropic 3D structure the 2D inverse Fourier transform becomes a 1D integral,

1 <1(q)

— W)Jo(qr)q dg = N(popgp(F12) +8(F12)) (15)

2T

where Jy is a Bessel function [25]. For an isotropic structdig) = 1(q) = I(g), and the
structural information iz (r12) andgp (712) is equivalent because both equations (14) and (15)
are functions off/ (¢4). Note also that whereas the relationship betweéey) and g(r12) is
independent of becausey is independent of, g» (712) has a—* dependence oh(g) due to
the factorpgp in equation (15).

In the case of standard HREM, the scattering amplitude in the diffraction pk@e,
passes through an electron lens which focuses it into an image in the image plane [1]. An
additional phase shift occurs due to lens aberrations, described by the contrast transfer function
x (q). Hence thej dependence of the image amplitude is

A'(@) = 8(@) — iexplix (@) f(@F Ty {pp (7)) (16)

whered(q) is the unscattered beam. In the weak phase object approximation, the image
contrast is dominated by the interference of the left and right terms in equation (16), i.e. itis
linear in F‘I;dl{,op (m)}. In the first approximationy (¢) acts as a frequency filter with reverse
contrast. The important pointis the preservation of the phase informatiiagin (which does

not occur in diffraction) and thereby the information abppitr), and hence the 2D projection
PDF, TDF and higher order correlations.

5. Conclusions

We have examined the order in 2D projections of 3D amorphous structures using distribution
functions, and have derived the relationships between the pair distribution functions (PDFs) of
the 3D structure and of the corresponding 2D projection. Analogous relationships have been
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obtained for the triplet distribution functions (TDFs). We have confirmed the relationships
in the case of isotropic distribution functions using calculations on models of an amorphous
solid (ta-C) with thicknesses, in the range from 10.6 to 43.3 A. The 2D projection PDF and
TDF show small peaks corresponding to the peaks in the 3D structure PDF and TDF, such as
for nearest neighbours and tetrahedral bonding, respectively. The degree of order in the 2D
projection is diminished asincreases, with a dependence of for the PDF and 2 for the

TDF. However, this effect can be offset by using larger areas of projection, and peaks in the
2D projection PDF were quite clear fore= 43.3 A. Deviations in the 2D projection PDF from

that expected for an isotropic structure gives evidence of anisotropy in the models. The 2D
projection TDF shows a peak which does not correspond to those in the 3D structure TDF and
which represents an artefact that can occur in the higher order correlations of 2D projections.
The same approach can be extended to higher order correlation functions than the TDF. Thus
it has been demonstrated that 2D projections of 3D amorphous structures contain a great deal
of valuable structural information. From this point of view, the possibility of improvements

in electron microscopy techniques leading to sub-A resolution HREM images of amorphous
materials is an exciting prospect.
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