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ABSTRACT

The analysis of diffraction by separate mixed-layer goffered nanotube’s lattice is offered. Two extreme
cases of the large and small size of coherent scattering regions (CSR) in a radial direction are considered.
The qualitative explanation of observed diffraction effects is given.

Keywords:

nanotube; goffered nanotube; superlattice

1. INTRODUCTION

The misfit mixed-layer nanotubes SnS,/SnS with a various degree of ordering in cylindri-
cal layers SnS, and SnS alternation were synthesized in the Weizmann Institute of Science (Isra-
el) by R. Tenne group [1]. Nanotubes were synthesized on the basis of flat layered crystals SnS,
by extraction of a part of S atoms and forming SnS layers. The misfit of layers SnS, and SnS,
having not only various parameters of lattices, but also symmetry of layer, results in a curvature
of flat packs and forming nanotubes.

During an experimental research the nanotubes with rather original structure were found,
on the TEM-images of which the periodically alternating in a longitudinal direction of nanotube
light and dark radial (or nearly so radial) strips were observed (fig. 1 and 2, violet line — nano-
tube axis, light-blue - zero layer line). More detailed analysis of the TEM-images has shown, that
within the strips the layers have wavy character, and the radius of layers curvature is approxi-
mately constant. Hence, to coordinate the lattices the nanotubes layers are bent not only in a di-
rection of the cylinder’s circle, but also in direction of its axis, forming, thus, goffered nanotube.
Originally such nanotubes were named "strained", however term "goffered" more corresponds to
character of structure.

It is obvious, that such way of coordination is possible only for the layers with close lon-
gitudinal (along a nanotube’s axis) parameters of lattices a [2]. The analysis of microdiffraction
patterns has shown, that two types of layers SnS, always take place in SnS,/SnS nanotubes: with
a = 0,36 nm and developed on 7z/2 with a = 0,63 nm, while the parameter a of SnS layer is equal
0,58 nm. Apparently, the additional bend in a direction of nanotube’s axis arises in pair of layers
SnS; and SnS, where the layer SnS; has a = 0,63 nm, and this layer is positioned on the external
side of the bend. Really, the goffering takes place only in mixed-layer
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nanotubes OT (O - SnS layer, T - SnS, layer) and 1s absent in structures OTT or OTOTT, where
the presence of an additional SnS, layer interferes with a bend.

The "additional" layer lines with reflexes are distinctly observed in the microdiffraction
patterns of goffered nanotubes (fig. 1 and 2). Similar additional layer lines, located close to basic
ones, are known in superlattices diffraction researches. It allows to offer the model of nanotube
structure, based on a wavy superlattice in a longitudinal direction, and to apply the known ap-
proaches to interpretation its diffraction pattern. The measurements have shown, that, as in usual
superlattices, inverse value of distance A, from the basic layer line up to additional one (fig. 1)
well corresponds to longitudinal periodicity in the TEM-image, equal = 5,4 nm.

The microdiffraction patterns on fig. 1 and 2 are rather similar, however there is an essen-
tial difference. The distribution of intensity on an additional layer line near to basic layer line 20/
on fig. 1 is similar to a profile of the basic line. The analogous distributions on microdiffraction
pattern of goffered nanotube on fig. 2 have obvious displacements in a direction of nanotube’s
axis. Interpretation of this effect requires theoretical research of a problem.

Fig. 1. TEM-image, microdiffraction pétter;l and sublattices scheme of SnS,-SnS nanotube
with thick radial CSR.

Fig. 2. TEM-image and microdiffraction pattern of SnS,-SnS nanotube with thin radial CSR.
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As a first step let’s consider positions of the lattice sites of circular orthogonal [2] gof-
fered nanotube, shown on a fig. 3 with the basic designations, and basic features of diffraction by
it.

2. THE LATTICE OF GOFFERED NANOTUBE

Let nanotube, oriented along axis z, consists of the ordered alternating "goffered" pairs
of layers type of 4 and B, having the superperiod 4 and radius of the goffer bend r,. Let both lay-
ers of every m-th pair has the same centre of goffer curvature, located on a circle of radius O,
(fig. 3). Let the radius of internal layer’s point, most remote from nanotube’s axis, is equal po, d4
and djp - thickness of layers 4 and B, accordingly, and d = d4 + dp.

The discussed way of the coordination means z dy dp
—4 —r

that Ae - an angle, under which the coordinated cell of
pair layers is visible from the centre of curvature of pair,
becomes the crystallographic constant. Longitudinal pa-
rameter a of a lattice of coordinated layers pair has no
definite value and for convenience can be chosen on an
internal surface of pair.

Let's number the sites of lattice, formed by pairs,
within the limits of superlattice’s wave by integer varia-
ble ¢, and waves - by n. Then the angular position &; of
any pair’s sites concerning their centre of curvature is
possible to write down as:

& =Ag—-¢, t=0+T-1,

a . A
where Ag=—, & = arcsin ,
I Zirg +di

and z-coordinates of these sites and number of cells on
the length of wave — as:

| —
y) _ 2r,& - A —
Zy =nAd+—+rgsing, T = £ 0 On1 On d
2 a
under obvious condition 4 <2r,. Fig. 3. The basic designations in goffered

. . . nanotube.
Radius of circles, on which the centres of curva-

ture of an internal layer’s waves are located, is equal to po — 7. Hence, it is possible to write
down the polar radiuses of sites of considered lattice as:

Pmt = Pm —Tg T1gCOSE, Pm =po+md. 3)
From here we can find an angle, under which the circular parameter b at ¢, = 0 is seen from the
nanotube’s axis, and by it - the angular positions of sites:

_ 2m @)

5

Oy =—V+ &y, v=0+p, -1, Pm
Pm b

where v - number of site on the circle, p,, - number of sites on the m-th pair’s circles (integer by
definition), ¢, - initial azimuthal angular phase of the appropriate layer. It is obvious, that the
circular parameter b has some variation within the limits of superlattice wavelength 4 in consid-
ered model. However it is known [3], that this parameter does not influence on circular nano-
tube’s strong (k = 0) reflexes, which consideration is the purpose of research.
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3. THE STRONG REFLEXES AMPLITUDE

Let’s write down an amplitude of diffraction by lattice, defining by expressions (1), (3)
and (4), in cylindrical coordinates system {R, p*, z*} in reciprocal space:

A(Rv (0*92 *) = Zexp {27Zi[Rpmt COS(Q’mv —(P*)+ ZntZ *]}:

m,n,v,t
N-1 T-1 1 M—1pP, 1
= Y exp(2miiz*n Zexp[Zm( +,Bt}z *} > exp[27Rp,; c08(0, — @ *)])(5)
n=0 m=0 v=0
where f; = I sin&;, (6)

M and N - number of layer pairs in nanotube and its length (in units 4), accordingly. Sum over
goffer periods (over n) is easily calculated and has sharp maxima, equal to N, at
h

Mz¥=hr =  z* =71, By =0%142,.... (7)
The expression (7) defines the system of layer planes in reciprocal space, on which all sites of
reciprocal lattice take place. In a plane {R, z*}, that is in the section of these planes by Evald
sphere, that corresponds to the usual electron microdiffraction experiment, it gives the system of
close located to each other layer lines (7), which numbering is the same with values of index 4.
Let’s be limit by half plane z* > 0, that means /; > 0.

With taking into account (7) amplitude transforms in:

\ T-1 h M-1p, -1
A(R,@*,y )= N(-1)" Zexp(mjlﬂtj > > exp[27Rp, c0s(@, —0*)]. (8)

t=0 m=0 v=0
Let’s expand the second exponent in (8) into a series of cylindrical waves according to
0]
exp(iacosy)=Jo(a)+2) i cos(gy)Jq4(@). 9)
q=1
h Iy M-1 pm -1
AR %)= N1 T 2% ﬂfj S JorRou) 31+
t=0 m=0 v=0
h M-1Py—
PN zexp(zm L)Y § S8 coslalon 0"y 2o )= 45 + 4.
m=0 v=0 g=1
where, in view of triviality of sum over v, the ﬁrst addendum looks like
h
As(R.ly)=N(=1)" Zexp(zm - ﬁzj S purdol2ky) (10)
m=0

and gives the amplitude of so-called "strong " reflexes [3].
With the purpose of estimation of strong reflexes intensity distribution let’s approximate
the Bessel function in (10) by cosine:

Jo(x)z \/%cosx

and, neglecting by dependence on ¢ under a radical, let’s change the sums by places:

h

AR <N S P S 20, o).
m=07"

Let's consider the sum over ¢, having presented cosine in an exponential form:
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1 hy . 1
S eXp[M ﬂtj[exp (2R oy )+ exp (= 27R Py )] = 2 51+ 52),
=0
T-1 5 7-1 3
where S; = Zexp{ba‘(%ﬁ, +Rp, ﬂ, SH = Zexp{%zi(zlﬂt —Rp,u H (11)
=0 =0

With taking into account (3) and (6), the sum S;:
S| =exp l27ziR(p0 —rg+ md)Jx

T-1
X Zexp{Zmr %sm(Agt g}exp[Zmr R cos(Ast — g)] (12)

t=0
Let’s expand two last exponents into a series of cylindrical waves according to

exp(iasiny) =Jo(a)+2 Y cos(2qy)Ja, (@) +2i Y sin[(2q+ Dy [ 11 ()

q=1 q=0

and  exp(iacosy)= quJ a)expligy).
Then Sl—exp|_27zzR( Po g +md)KSO+S +S,),

h T 1
where S —J0(2727” —j quJ (2727 R)exp —iq') Y expliq' Act) =

A q'=—»© t=0

AR ( ) ' '
=Jo| 275~ > i J 27 R )exp (- iq' £)Go(g' Ac), (13)
q'=—0

S, = iqu(znrg h—jj 347, 2, R)x
" {exp[-i (q'+2qq)<;]G [(g+29)Ae]+ exp[- i(g'—2q)e ]G, [(q'-29)A¢]},

S = Z;‘)quH[Zzzr j Zl (27z7ng)><
x{exp[-i(g+2q+1)e ]Gs[(q +2q+1)Aa]—em[—i(q'—zq—l)e]Gs[(q'—zq—I)As]}. (15)

Here, as well as earlier, is used the sum of a kind

(14)

M—1 sin—x
G(x)= 3 explixm)=—2 em[<M—1>f} (16)
m=0 smE 2

which has a sharp maximum at x, equal to an integer of 2z, the height of a maximum is equal to
M, and its width is inverse proportional to this value. For example, in the case of So: x = ¢ 'Ae, M

= T, the maximum of function is realized at

q'=hy i—’;, hy = O 1;42;43; . (17)

However addendum S of amplitude contains also the multiplier, depending on the index
of summation over nanotube’s layers (over m). This summation, after rejection of factors, insig-
nificant for this analysis, gives the amplitude’s multiplier G(27Rd), which also are looking like

(16). Hence, the amplitude of strong reflexes represents a number of addendums, each of
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which contains product of functions of a kind (16): G(2zRd) on the one hand, and one of func-
tions Go(q 'Ae), G.[(q £ 2q)Ae] and Gi[(q’ + 2q + 1)A¢e] - on another. Last three functions do

not depend on spatial variable R, but influence a choice of the members of series over ¢', the
Bessel functions of which contain this variable.

Thus, the character of an arrangement of amplitude maxima in a scale R depends on the
correlation between the widths of functions of a kind (16), which are determined by parameters 7'
and M, in each product: the narrower function determines form and position of diffraction pat-
tern maxima and the wider - modulates their intensities. Let's consider extreme cases of thick and
thin radial CSR.

3.1. The thick radial CSR (M >> T)
In this case maxima of function G(2zRd) are narrow and intensive and positioned in
points of it’s extremum:

2aRd =24 = R =é, [=0+1,42,.... (18)

It means, that the arrangement of strong reflexes is identical on all layer lines of such nanotube.
Such microdiffraction pattern is given in a fig. 1 with the only difference, that it belongs not cir-
cular nanotube, which lattice is considered for analysis simplification, but longitudinal mono-
clinic [2, 3]. Let's compare the relative intensities of layer lines, determined by addendums S, S.
and S;.

Let’s consider addendum Sy. Maxima of function Gy(q’A¢) are in points (17). On the
other hand, the main maximum of Bessel function J, (2z7,R) is close to value of argument, equal
to its index, that means, that in points (18) the main maxima of Bessel functions with ¢’ = 2zr,l/d
are positioned. It is obvious, that generally this condition can not be satisfied simultaneously
with condition (17). It means, that addendum S, practically does not influence relative intensity
of layer lines.

Addendum S, in points (18) looks like: Sé =S4 +S;, where

[e6) h [e6) o l )
Ser = szq(zﬂrg 71) 2 i1 q‘(z’”g gj exp[-i(g'+29)e G, [(¢'+24)A¢],
g=1 q'=—o0

- h) < .4 [ (o \
S = Zqu(bzrg Ilj z i1 qu(Zﬂrg Ej exp[- i(g'—29) ]G, [(¢'—29)As].
q'=—o0
The main maxima of Bessel functions of addendum S, are located close to points ¢’ = 27r,l/d

and 2q = 2arghi/A. On the other hand indexes ¢' and ¢ are connected with each other by area of
noticeable values of function G.[(¢” + 2¢)A¢], which rather wide maximum is in a point (¢~ +
2qg)Ae = 2zh,. Thus, we obtain approximate equality:

[ h hy hy 1
2w, —+2m, — 2= = h=~A —=——|. 19
84 778 Ag ! (a d} (19)
As A = Ta, then in the last equality
hlzTa(h—z—ijohz—&l
a d d

the integer value of 4, is provided only at / = 0. With taking into account (7) it means, that of
greatest intensity is the layer line (the basic layer line), located close to
T

a A
at i, > 0, as 1s observed in a fig. 1.

z¥x

(20)
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As maxima of function G.[(¢” + 2g)Ae] have some width, the layer lines, getting in the
appropriate interval, also have appreciable intensity (additional layer lines). Let's take differen-
tial from both parts of (19) at a constant index /,, that is close to (20):

Ahy ~—Al, 21
where the approximate equality is replaced with a mark of proportionality, as the interval of in-
tensive layer lines depends on experimental conditions too. From (21) it is visible, that the quan-
tity of additional layer lines is proportional to value of index /, that also is observed in a fig. 1.

Addendum S gives the similar result for 4, <O0.

Addendum S; in points (18) looks like Sé =S —Sg, where

- h & .q' l o '
Sy = ZquH(Zﬂrg TIJ > i Jq.(zmg Zj exp[—i(q'+2q + 1) ]G, [(¢'+2q + 1)Ag],

q=1 q'=—0
B 0 hl 0 g / o ,
Sq =2 Jog41 2y~ > i, 2y exp[-i(g'—2q —1)e]G,[(¢'—2g —1)As].
q=1 q'=—

Maxima of Bessel functions in S;} take place under conditions: ¢’ = 2ar l/d and 2g + 1 =

2nrghi/, and maximum of function Gi[(g¢”" + 2q)A¢] is in a point (¢° + 2g + 1)Ae = 2mh,, that
again gives (19) and all its consequences.

3.2. The thin radial CSR (M < 7).

The basis for consideration of such model is the diffraction pattern in a fig. 2, which ra-
dially lengthened basal reflexes allow to speak about the small CSR sizes in this direction. In this
case maxima of functions Gy(q 'Ae), G.[(q¢" £ 2g)Ae] and G,[(¢” = 2g £ 1)Ae] in (13), (14) and
(15), accordingly, are narrower and intensive, than G(27zRd), and it is possible to be limited to
their peak values.

Let’s consider an addendum S at peak value of ¢' from (17).

.q' h] e

Solhy )= i1TJ, (2727fg 7}]6]' (27zrgR)exp (—ig'e).
Main maximum of the second Bessel function takes place at
)

o

But on the other hand summation over layers (over m) gives condition (18) again, though with a
little wider maxima. However it is obvious, that in this case these two conditions are incompati-
ble too. Hence, addendum S, has not essential influence on positions of strong reflexes.

A condition of a maximum of functions G.[(¢’ + 2¢g)A¢], included in S,, looks like:

(q'ﬂq)Ae = 27thy = 2q = i( 2Zh82 — q'j ,

2
2, R~q'=hy — = R
g q ZAg h2

and function S, at this condition, S, = S;;l

+ Th - . I
S5, =T ZﬂJq.(ng)Jzﬂhz_q‘(zm —j,

q'=—0 Ae

, +Sep, » Where

S5 =TV 349 (2m RY 2,
chy =47 2 q'\“g 2y Mg

q'=—0 Ag
and is used: &/Ae = T/2. As before, let’s write down for S:h2 the approximate equality from con-

ditions of Bessel functions maxima at the peak value (18) of functions G(2zRd):
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h h /

27z7ﬂg71z27zA—28—27zrg3 = h = (———J.

We again have obtained (19), that means, as in this case the basic layer line is close to z*, deter-
mined by (20), too. However function G(27Rd) in this case - modulating, the positions of peaks
on the layer line are determined by maxima of function G.[(g¢” + 2¢g)A¢]. Then, substituting in
last equality the current value of argument R instead of its peak value //d, we obtain:

R~ hy :

)

This expression differs from its analogue (18) for a case of thick radial CSR in two as-
pects. First, the positions of strong reflexes on the layer line are determined not by "basal" inter-
layer spacing d, but "longitudinal" lattice parameter a. Secondly, the positions of all series dis-
places on distance 4,/4 at transition from one layer line to another, that is observed on the dif-
fraction pattern in a fig. 2.

The estimation, similar to the previous item, of width of interval near the value (20), in
which the additional layer lines take place, gives again expression (21), that also is observed on
the diffraction pattern in a fig. 2.

Addendum S, from (11) gives similar expressions for other combination of indexe’s /4,
h, and [ signs.

4. CONCLUSIONS

The analysis of formation of strong reflexes from the offered multiwall circular orthogo-
nal mixed-layer goffered nanotube’s lattice model, consisting from alternating layers of type 4
and B, has shown:

1. All reflexes are located on system of layer lines z* = h1/4, where 4, - index of layer line
(integer), and A - period of goffering. However the greatest intensity have reflexes of
basic layer lines, which are close to value z*, appropriate to the coordinated longitudinal
period a, that is z* = hy/a, where h; - integer.

2. At increase of the strong reflex’s index / intensity of additional layer lines become appre-
ciable, so, that the width of interval (Ilengthways z*) of layer lines, having appreciable in-
tensity, is proportional to this index.

3. In case of thick radial CSR the strong reflexes are located on the layer line as those from
not goffered lattice. In case of thin radial CSR the series of strong reflexes are displaced
lengthways a layer line depending on its index /;.
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