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INTRODUCTION

The dualism of radiation as wave and particle led de Broglie (1924) to

conclude that electrons

possess wave as well as corpuscular properties.
Electrons should, therefore, obey de Broglie equation,
S A=hlmp - - i)
‘i i wher_e', A =wavelength, h = Planck’s constant, 73 = mass, .y = velocity. We kpow
! that : : ' ﬁ
| KE =12 mv® = Ve )
where v=potential difference “thr

ough which the electron beam has :

n
~ excited and e is the charge on the electron. Combining equations 1 and 2
———— substituting the standard values of A, m and e we getis
/(150 g o G195
A= v [ X107%em or A=—<x4
C. J. Davison and 1. H. Germer showed the phenomenon of diffracti
of electrons by nickel crystal. - i Sy
~ ® ™
- _PRINCIPLE ;

Electrons can be accelerated to precisely controlled energies by appl
a known potential difference. When accelerated through 10 keV, they acq:&'n
a wavelength of 12 pm which makes them suitable for molecular diﬁ”racﬁ‘x'in
- investigations. Electron diffraction studies generally utilize electrons with
energies of the order of 40 keV. Since electrons are charged, they are scaf ere
strongly by their interaction with electrons and nuclei of atoms of the samﬁe‘,{{, :
Hence, they cannot be used for studying molecules in the gaseous state”
held on surface and in thin films. The application to surfaces, which is called
low energy electron diffraction (LEED), is a major use of the technique.
Electron diffraction technique is applicable to very small solid samples and so
may be used when single-crystal X-

ray diffraction is impractical or powder
diffraction is too complex to interpret. A sample size of about 10% unit cells
can be used for electron diffraction studies on solids, which is several million
times smaller than for X-ray crystallography.” :

SCATTERING |NTENS;ITY AND SCATTERING ANGLE

Consider diatomic molecule AB to study electron diffraction theory. The

atom A lies at the origin and B at a distance r away (Fig. 1). The oricntation
of the molecule AB is specified by angles a and ¢. The incident electron beam
enters paralle]l to Y-axis and

diffraction occurs through an angle 0. The
interference between the Wwave .scattered from A and B depends on the
difference between _the lengths of the paths they. traverse. Draw. from B a
g o :
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perpendicular BN on to the diffracted direction and
a perpendicular BM on to the undiffracted direction
to calculate the path difference §. When M and N
are in phase the path difference is

d=AN-AM ..(3)

Because PM is perpendicular tdA-Y—and PN is
perpendicular to the diffracted beam.

8=AN - AM = AP cos (8 + ¢~ 90) ~ AP cos (90 - ¢)  ~=>-=---=--"y
Since AP=rsina, S0 & =r sin « [sin (8 + ¢) - sin 6]

5=2rsinacos(¢)+§Jéing ...(4)

; 24| ase )

In order to add waves that differ in phase

and amplitude, it is necessary to add them X
vectorically. The difference in phase between two Figid.

; Scattering of-clectrons B34
scattered waves is (2wA) 8. Assuming the atoms A x diatomic molecule. 5 1

q é and B identical, the resultant amplitude ‘at P is, ; b
A :AO +AO eznl_slA - R _._(

%where Ay 1s called atomic form factor for electron scattering and depends an the e A.-:
§charge of the atom. The intensity of radiation is proportional to square of the amplitnde.

in this case to AA. Hence
Q I:AE=A%_II+€—2H[M.] [1*827“‘5/”
2 =A%[2+e‘2“‘5“+e2“‘5”‘]

2 2rd|_ a2.c 27

=2A0[1+cos 5 ]—Mpco X

To obtain scattering intensity of a fandom]y oriented group of molecules, 1t is essen‘ti

m to average the expression for the intensity at one particular orientation (a: $) over allposs:b] .
orientations. The differential element of the solid angle is sin o do dd and the total sali

° angle of the sphere around AB is 4n. Thus the average scattering intensity is given by

k Silo 22" 2l onLsin2 i < sin a da do [
1°”~EI—J;) jo cos [2ﬁK81n2sxnacos¢ 5

On integration, we get s | 7 i

_oa2 [+, Sinsn e a0 ; (6¥ro

1,,= 2A0(1+ e )wh.cre_s 1 Sin 5 g ! %

For a more complex molecule, the resultant intensity is calculated by Wierdl equation

WIERL EQUATION

When a beam of electrons strikes a jet of molecules, two types of collisions «otour. fm
(1) Elastic collisions produce atomic and molecular coherent §catte_ring. . lff!
(1) Inclastic collisions result in incoherent scattering. Atomic coherent scattering 231/,
well as incoherent: scattering are responsible for thevsteepl_y. falling baclg;r_OU‘}

- While molecatar coherent scattering is responsible for the appearance of conces!”

N
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ate. The coherent scaltering is represented by Marj ,, .

=

A ﬁnésvon.a photographic p!
- Wierl (1930) equation. |
Sw‘hen the molecule consists of @ number of atoms, we sum over the contribution fron, all
i,,.an:d find that the total intensity has an angular variation, given by the Wierl equatiop

. sin sR;; pdx o L
i 1(8) = gfi,}———JsRu y8 = sm.29

‘% is the wavelength of the electron in the beam and O is the scattering angle. T},
scattering factor, f is a measure of the intensity of electron scattering powers of the

s. The Wierl equation indicates the appearance of diffraction pattern caused by 4
ecule in a path of electron beam. I(8) can be calculated only at discrete, equally spaced
of scattering angle. However, Wierl equation does not .allow the direct calculation of

es
yuctear distance from the measurement of 1(8) at fvarious values of diffraction angle

Jecular representation of electron diffraction paitern using extended Wierl
iom. : : T i
To calculate the molecular structure, Wierl equation 1s given by

= LN A e R : :
: 7 mEmisites . o

@)= kes s £ | P (r) s=dr; : 7

1=2 J:]ll'J;) v SR y

icre I(8) = intensity at diffraction angle 8, K (= 1) is experimental constant, 7, = form factor
fitom 4, P;; (r) = probability distribution of the vibrational variation in the distance between

ms 1 and j. s = % sin E— is scattering angle in dependenée of the wavelength.
{ 2 %

- Equation 7 is modified to )

e G 4 ‘Pij‘(r)=d(""f.'j) (8

§ The eguation 8 assumes the interatomic distance to be constant and thus the molecule
said to be rigid. Replace the form factor £; by an atomic property A; in the equation 7

N i-1 sin sR..
I)= = T AA——=1°
o i=2 j=1 SRU
§ Atomic properties such as atomic number, partial atomic charge or atomic polarizability
4low to code 3D molecular representation of electron diffraction pattern.

MEASUREMENT TECHNIQUE

8 1Ina typical gas phase electron diffraction apparatus, electrons are emitted from a hot
Slament and then accelerated using a potential of about 50,000 volts. Then they pas
Birough the stream of gas.and on to a fluorescent screen. The wavelength of electron
Scelerated through a potential difference Vis - :

E : : A = h(@2m, V)12

For an accelerating potential difference of 40 kV, the wavelength is 6-1 pm. The gaseous
;;_Jle presents all possible orientations of atom-atom separation to the _electron beam. The
action of X-rays by a crystal depends upon the spacing between the layers while the
iffraction of.electrons by gaseous molecules depends upon the distances between the atoms
+ molecule, The resulting diffraction pattern “consists of a series of concentric
dulafions on a background with an intensity that- decreases steadily with increasing -

- i . - -~ o - -
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~ scattering angle. The undulations are ascribed to m

deﬁneq scattering from the nuclear positions. Th
scattering. One way of levelling

olecular scattering that is I
e background is due largel; :

the total intensity and hence to >
emphasize the undulations is to 2
—insert a rotating heart-shaped < &
disk in front of the screen. o 2
Since the gaseous molecules 5 1. g
are randomly oriented relative to 3 E
: A A
the electron beam, the diffraction ¢ /Y YN
pattern, like that of an X-ray Angl‘e 0 s S
powder photograph, consists of . (a) -(b) - iz
concentric rings. There is enough Fig. 2. (a) The scattering intensity consists of a smog g
= background scatter of the (b)v:;yln%d balc!:lground with undulation superimposed - ‘%48
3 e undulations are emphaskzed if t g
elmf‘ beam with the result in front of the screen and then K9) :ks):lce: :::;salm
- that dxf&achog bands are only s = (4n/}) sin §/2.
_poorly . : resolved. Recent = ; ,
techniques, have however greatly improved the resolution of bands. i

It is possible to calculate electron scattering from a pair of nuclei separated hy i
distance ,RU and oriented at definite angle to the incident beam. The overall diffra ,.'
‘pattern is then calculated by_allowing for all possible orientations of a pair of atoms Thi

" procedure amounts to integration overall possible orientations. The final expression obtainedh
for the diffractéon intensity is :
e IU (8)-—'2/;[]-{(1 + Sin RU)/SRU}

where 5=~ (4/2) sin -g—} A = wavelength of electron beam, 0 is the scattering angle
f.f; are the scattering factors of the ith and jth atoms. They determine the scattering pow:i
of the atoms (Fig. 2). If a molecule consists of a number of atoms, the total intensity is given
by Wier] equatjon (described earliar). " 1

The electron diffraction pattern gives the distance between all possible pair of atoms in§
the molecule (not just to these bonded together). When there are only a few atoms, the peaksy
can be analysed quickly and the analysis proceeds by assuming a geometry and calculating§
the intensity pattern by using Wierl equation. The best fit is then taken as the actualf
molecular geometry.

ELUCIDATION OF STRUCTURE OF SIMPLE GAS PHASE MOLECULES ]
Electron diffraction studies are useful for evaluating bond lengths and bond angles ing
simple gaseous molecules. The accuracy of bond length obtained from electron difﬁ'acﬁo-
studies is comparable to that obtained from X-ray diffraction studies for simple molecules.§
The accuracy exceeds to = 2 pm (Table 1). However, as the number of atoms in the molecules}
increases, the reliable information (viz,, spacings’ of the resolved diffraction rings) is not’
enough to evaluate all the necessary structural parameters. The number of electron
diffraction rings observed is usually much less than the Qumber of X-ray- diffraction spotsy
observed in the X-ray crystal study. This shows that.difficulties lie in the path- of structureg

. defermimation by eléctron. diffraction. However, many molecular structures have been§

. delermined by this method. - [ | ; : . o 2 -
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Table 1. Bond lengths and bond angles in some compounds. R
: ' i Bond | £
Compound| Bond Bond Geometry Oomgonad | . 5 0a length | pand . |
length, pm { apgle |
i pm f
CCl, C1—Cl 285 Tetrahedral C,B, c-C 133 H—C—H (
; E s |
GeCl, | Ge—Cl | 208 |Tetrahedral| CHyCl CH | m |H-C-H]
: LA |
TCl,. | T—Cr [ 218 | Tetrahedral{ (CH,);P C—P | 18 | C-P—C
’ e . - : | -L 98 e:
" SFg S—F |. 158 | Octahedral | - Q,0 0—Cl i ?.Lca_o_ra
‘ : _' 11°
Exercise. Calcularebond length in LCL, ;
"~ Solution. CCl, exhibits tetrahedral geometry. The scatlering equation is gi& by
R LA, : [.I- N sin‘j it N
o L i e S
where -F=TIntensity of thé-acattered electron beam, K = constant, v = scattering { eac
particular atom for electrons, y;; is defined in terms of I;; which is the dista tweg
centres of atoms designated as i and j. Thus
; ‘ sin /2 .
£ = 41:1'” -*—i—“ s ~ ¢
where A is the equivalent wavelength of the electron. On applying the scnueringhmtw:x
case of CCl,, we get Q
: - sinCl-Cl Sin ¢ ¢y N
—I- = Zé‘ + 42%1 X 1?.22(3 - T 8«6(' ZC, - et &\3
K o et ic-ol £

. : | .
The term Z3 is the scattering due to carbon (Z is the atomic number of cznﬁ; AZp

produced by 4 Cl atoms. The third term is due to the scattering by each pair of @ ator
There are 12 such pairs possible. Similarly the fourth term is due to scattering betw

carbon and chlorine atoms (there are eight such individual terms being involved). in Z

4Z%, the 1;;is zero. So ,; is zero and sin Z;/y;; must be unity. X . ¢ in the fourth term she
be equal to V(3/8) xp_¢; because the C—Ci is Y(3/8)Cl - C] due to tetrahedral structur
the molecule.

Thus. ‘sin V(3/8x)

ST i S L]

v(3/8x) v

“The value of K is obtained by substituting various arbitrary numerical values of x
0 to 50. The results are then plotted on a curve. The first and second terms make a con:
contribution, these may be-neglected. The first three scattering maxima for CCly have
found to be at x = 7:75, 13-90 and 20-60 respectively. The wavelength 2 of the electron |
can be determined from the accelerating potential. The quantity sin (@/2) for the first |

a given by CCl, vapour were calculated to be 0°217, 0380 and 0555 x 10° respect

=624 4x 172 + 12 x 172 22X

=l

pplying equation (10), weget .- - _

AL AT - e - -~
— e ¥ 2 o &
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775=0217x 108 x4 x 31415 x!; . [=281x10%cm
1390 = 0380 x 108 x4 x 3-1415 x1; - 1=291x108cm
2060—0555x10‘8x4x31415x1° 1:‘7»95><10'B

Ni(CO), by electron dlﬂ'ractlon method. The mtemuclear dlstances Ni—C and C—0 bd
distances have been found to be 182+ 3 pm and 115 pm respectively. The small distaz
suggests a resonance structure for nickel carbonyl in which Ni—C bond partake of single

double bond character. C—O bond length indicates it to be of the same type as CO and% T
tetrahedrally disposed about the nickel atom in Ni(CO),. a%:

* Electron diffraction studies indicate AlCl; to be dimeric containing two tetrahedra

showing an edge. It is at the centre being surrounded by Cl atoms occupymg-the

- corners of the tetrahedra. 3

»-Jedberg and Schoiaker have proposed a bridged structure for the compouad

in which the bridging H - B bond distance is 133-4 pm, terminal H—B bond distance- gv
is 118:7 + 3 pm and B - B distance is 177'+ 13 pm. The terminal H—B bond dxstance_

value agrees well with the single bond value 113 pm. é

_» Studies of cis and trans-dichloro and dibromo cthylene indicate that the scattering i}

1

%

umug‘

atoms, halogens are much closer in cis form than in trans form.

* Ring structure suggested for triazo group (—N3) and diazo group (—N=N-—) in
aliphatic compounds by parachor measurcments have been” proved mcorrect by
diffraction studies. Methyl azide and diazomethane have linear structures. -

Determination of Interatomic Distances by Electron Dxffractxon Studies.

s The interatomic distances determined by diffraction studies are usually in good L

Q agreement with those obtained by Pauling’s additivity rule which states that the
Q bond distance A-B is equal to the arithmetic mean of the distance A-A and B-B. For

Q example, C—C distance in diamond is 1542 pm and Cl—Cl! distance in Cl, is 1988

pm. The arithmetic mean of these (171:5) pm is almost equal to C—Cl distance
* 176:6 pm found in CCl,.

The interatomic distance in .COy, NyO, carbon suboxide and cyanogen shows the
existence of resonance. For example, C—O distance in CO, is 115 pm compared to additive
value 124 pm for double bond and 111 B for a triple bond which indicates resonance between

three possible structures.

0—C=0' —— 0=C= 0 —— 0'=C—0"

LOW ENERGY ELECTRON DIFFRACTION (LEED) AND STRUCTURE OF SURFACES

Low energy electron diffraction is one of the most informative technique for determining
the arrangement of atoms close to the surface. LEED is generally electron diffraction but the
sample is now the surface of a solid. The use of low-energy (10 to 200 eV) electrons
~_ corresponding to wavelengths in the -range 100 to 400 pm ensures that the diffraction_is
- caused only by atoms on and close te the surface. The expenmenta] arrangement used-for
- LEED expenment consxsts of sample contamcr e]eetron gun g'nds and phospher: screen. The

:
:



surface layers are detected by T .
duce on the phosphor screen Ly Electron
L \ — Sample 93U
i Ak . J BN
portrays the two-dimensional ; R
ace. It is possible to measure-the L— EIW
ce layer and also to infer some details t =
ocations of the atoms by studying the :
nsities which depend on the energy of the i
‘Note that : oy 3 2 i ?
EEL tern is sharp if the surface is well | =
ordered  for long distances compared with the Viewing: Grids Phospor
wavelength of the incident electrons. Generally, port hre

_ harp patterns are obtained for surfaces-ordered Fig. 3. A schematic diagram of ihe
5 pths of 20 nm or more. 0 : apparatus used for LEED
: Sdents : experiment.

Diffuse LEED patterns shows the poorly ordered.
urface or the presence of impurities. | A
LEED pattern does not correspand to the pattern expected by extrapolation of
e bulk surface to the surface, then either reconstruction of the surface has occurred
r there is order in the arrangement of an adsorbed layer.

e urfé,ce of a crystal has exactly the same form as a slice through the bul
3 ents indicate that metal surfaces are simply the truncations of
Jattice but the distance between the top layer of atoms and the one below
contracted by about 5%.
construction occurs in jonic solids. Consider LiF. The Li* and F ions close t
slightly different planes. -
, D technique provides detailed

out the structure of a surface close to the point

of attachment of CH3C- to the (110) surface of rhodium
hanges in positions of rhodium atoms that

1. T

ey

a depth of several layers.

ess the Arrangement of Atoms
nt of atoms corresponding to
ubstrate structure and is
nce the substrate structure of (111)
: nted as M(111) - (1 x1).
e structure'would = Fig. 4. Thesiuclrel s

=5 nle a mOHO]a T Of surface nearr}r\.-j fi“. s
S o = altachment of L

s twice as large as the unit-cell >
: oo atoms 07

y (n xm).-The sm{dw‘; O
or instance, 8 5*

uriav
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_affected by-the presence of terraces, steps and kinks in a surface. The samples cam

714

. 02123/2
@ e @
a
. Fig. 5. Designation (2" x 2'2) R45° of adsorbed surface layers.

rotated by 45° would be indicated R 45° as in (22 x 21/2) R 45° illustrated in Iﬁg;/ V

APPLICATIONS OF LEED. 3
LEED pattern may be used to assess the defect density of a surface. The pawn

obtained by cleaning a crystal at different angles to a plane of atoms. Only te'rrageg;
produced when the cut is parallel to the plane and the density of steps increases as thprang
of cut increases. The additional structure in LEED pattems shows that the steps are anﬁge& ¥

regularly.

SHORT ANSWER QUESTIONS
1. Why electrons can not be used for studying interiors of solid samples?
Ans. Because electrons are charged, these are scattered strongly by their interaction i
with electrons and nuclei of atoms of the sample.

9. List some techniques for studying surface composition.
Ans. (i) Low-energy electron diffraction, (i) Scanning electron and scanning probe
(scanning tunnelling and atomic force) microscopy, (iii) High vacuum and ionization
techniques, (iv) Auger electron, vibrational and energy - loss-spectroscopy, (v)
Surface-extended X-ray absorption fine structure spectroscopy.

MULTIPLE CHOICE QUESTIONS

ctron beam passing through an evacuated region can be focussed by means-of
) (b) Electric field only
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‘"5. If a molecule consists of a number «of atoms, the total intensity is given by
* {a) de Broglie equation (b) Wierl equation

' {c) Laue method (d) Debye equation

6 Wierl equation shows the appearance of diffraction pattern caused by

! {a) Solids : (b) Liquds

: (c) Molecule in the path of electron beam (d) AH
7. One of the most informative: technige for determining the arrangement of atoms clos

" to the surface is
_ {a) Low-energy electron diffraction (b) Auger electron spectroscopy
{c) Scanning electron microscopy - {d) Molecular beam technique
8  LEED pattern portrays. - N
(2) Three dimensional structure - (b) Two dnmenswnal structure

(©) Complicated structure - - - {d) Depth structures
9. Interpretation of LEED data is '
| “(a) Much more complicated tham the mim;n'dtmaon of bulk X-ray data
(b) Easier than X-ray dxffr“achonsmdms -

?z:
_ {c) Easier than scanmng mmroseog _ ;

(d) None e - e iisae
1D, A mono layer of oxygen atoms ondihn (111) face of silicon would be denot
{a)(1x1)-0 " o S (1x13=0
ol Sl 0 e - SEAxD-0 ‘v
bty ~ ANSWERS do
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