Al 0.30
Write the formula 1 using the scattering vector ¢ (¢ < k;).
Ortsert:
;_ Jo  (sin(Nga/2) 2 [sin(gh/2)\?
- N2\ sin(ga/2) (gb/2)

A2 0.20

Find scattering vector ¢ for the maximum numbered A for a diffraction grating with a
period a.

OrtBer:

DISCLAIMER. Here and below we use the notations:

Z — integer numbers: {...,—2,-1,0,1,2,...}
N — positive numbers: {1,2,...}
A3 0.20

Let ¢; be the scattering vector for the first maximum. FExpress ¢ in terms of ¢ for
intensity maxima. How are ¢; and a related?

OtBeT:

A4 1.00

Observe the diffraction of samples DG1-DG5. Determine experimentally ¢, and a for
each sample. Draw a scheme of your setup, write the quantities you measure, and
write down the formulas for the calculations.

_ 27 SN
91 = N NIL»
where sy - distance between zero maximum and maximum N; L - distance between

DG and screen.

Otrser: DG1: ¢; =320 4+ 32mm™! a =20+ 2um
DG2: ¢; =130 £ 13mm™! a = 50 4 5um

DG3: ¢ =794+ 8mm™! a =80+ 8um

DG4: ¢ =79+ 8mm ™! a = 80 4 8um

DG5: ¢1 =794+ 8mm™! a =80+ 8um

A5 1.50

Conduct an experiment and determine the a/b ratio for samples DG3, DG4, DG5.
Explain your solution using formulas, diagrams, and pictures. It is known that b < a/2.

From formula Al one could note that intensity I of maximum depends on its number

h:

=1 ()

Measured intensities for two different maxima gives us a transcendental equation



B (1 [I(1) .
mb/a = arcsin <2 o) s1n(27rb/a)) .

Root of this equation (wb/a) could be found numerically.

For DG3 measured intensities are I(1) = 790mV, I(2) = 630mV, and solution of
equation is wb/a = 0.397. This leads to a/b ~ 8.3, which is quite close to theoretical
value 8.

For DG4 and DG5 one could note that each 4th and each 2nd maxima (respectively)
are dimmed. That’s why a/b = 4 for DG4, and a/b = 2.

Otser: DG1: a/b =2
DG2: a/b = 4

DG3: a/b € [7;10]
DG4: a/b € [3.2;4.8]
DG5: a/b € [1.5;2.5]

A6 0.70

Write down p(z) for the unit cell of the diffraction grating from Al (Fig. 4A). Use the
coordinate system as shown in the figure. Suppose that the unit cell is such that the
period of the lattice a is p times the width of the slit b: a = pb, p € N. Calculate the
structure factor F4(h) for this unit cell for reflex h. Record your answer using h and
q1- What maxima have intensity 07 Write the equation for h for such maxima.

OrTser:

OrBer:

3 2l . l =
Fa(h)=2- M Leimh/p — ) @ <:n> , h=0
Q1h Fl(h)v h 7é 0

Orser: Equation for zero reflections:

h==xpm, meN

AT 0.70

Consider another unit cell (Fig. 4B) of the diffraction grating. Calculate the structure
factor Fp(h) for this unit cell for reflex h. What reflexes of this diffraction grating
have an intensity of 07 Write the equation for h for such reflexes.

OtBeT:

. . 27 1 —
Fa(h) =2 sin(mh) eimh _ o sin(mh/p) Y/ ( — 5) , h=0
qih qih —~Fi(h), h#0

Orser: Equation for zero reflections:

h==xpm, meN

A8 0.40

These two diffraction gratings described above are illuminated with light of the same
intensity. Find the quotients I p—o/Ip n=0 and 14 p=1/Ip p=1-



OrtBer:

Ta =0 _ b 2 _ 1 2
I h—0o a—b p—1
ITap=1

=1
I ph—1

B1 1.00

Find the angle 8 between the vectors ¢; and ¢ and their lengths g1, g2. Please note
that these vectors must be of minimum length and the angle between them must be
< 90°. Express your answer through the crystal parameters aj,ag, « (Fig. 5)

OrtBer:
. 2T . 2T
G| = ——, 1¢l=—
as sin o a1 sin o
or
. 2T . 2
’ql‘ = : ) | 2’ = .
a1sina as sin o
Ortser:
B=a
B2 1.00

For crystals A and D, find the complex amplitude modulus |F'(h,k)| for the reflex
(h,k). Express your answer in terms of a (crystal period) and b (atom size). It is
enough to indicate an expression that is true for all reflexes except for the central one
(h=0,k=0)

OtBeT:

borb iqzb _ iqyb/2 _ —iqyb/2
F(h, k) :/ / 19 i0Y oy = & 1 e —€ T gpeinb/2 —
0o Jo 1qy 21q,.a

2

a? sin(mwhb/a) sin(wkb/a) Simb(h+h)/a
o2 h k
Otser:
a? |sin(whb/a) sin(mkb/a)
F =2 :
|F(h, k)| = = h z , h#0, k#0
B3 0.60

Look at the diffraction patterns of samples UC1-UC4. For each UC1-UC4 sample,
experimentally determine the crystal lattice period ayc1, ayce, aucs, avca.

Orser: Periods of samples:

ayc1 = 30pm

ayce = 20pum



aycs = 20pm

aycs = 30pum

B4 0.40

For each UC1-UC4 sample, find the corresponding crystal structure among Fig. 6.
Explain your choice using diagrams, pictures and formulas.

Orser: Corresponding samples:

UC1-B
Uuc2- A
UuC3-D
UcC4 - C
B5 0.80

Determine the size of the atom b.
Otset: b = 10um, estimated like in A5 for UCI.
B6 1.20

Observe the diffraction patterns of samples UC5, UC6, UCT. Determine experimentally
the parameters a1, ao and the angle o for each sample. Explain which parameters of
the diffraction pattern you are using with the help of diagrams and figures.

Otrser: sample UCb:

a1 = 20pm, ap = 40pum, o = 90°
sample UC6:

a1 = 36.1um, as = 22.4pm, o = 63°
sample UCT:

a1 = 40pm, ax = 36um, o = 56°

UC6

36.1 um

40.0 um

22.4 um



ucCT

10.0 um

C1 0.30

Specify h and k for the point that will be the center of rotation. What orders of
rotational symmetry m are possible for a given image?

Draw all possible axes of mirror symmetry in the image. Name your lines.
Otser: h=0,k=0
m=124

All axis of symmetry are presented on figure.

C2 0.20

Specify the equation of the straight line for each axis of mirror symmetry drawn in the
previous task. Do not forget to note which equation corresponds to which line.

Otset: Equations for all possible axis symmetry:

1: ¢y =0
2: qy = 4z



C3 0.40

For each rotation symmetry and axis of mirror symmetry, write down the corresponding
notation (Cy, for rotation and equation for mirror symmetry) and the equation for the
intensities I(g¢y, gy), which should take place if this symmetry element is present.

Otset: Designation (C,, for rotational and equation for axis symmetry) and equation
on intensities I(qz, gy)

Ci: I(QxaQy) = I(QﬂmQy)

Co: I(Qm Qy) = I(_Qx> _Qy)

Cy: I(Qﬂm‘]y) = I(_Qy’(h)

ay="0:  I(q2,qy) = I(qz, —qy)

gz = 0O: I(Qacv Qy) = I(_QJZa Qy)

@ =qy  1(qw,qy) = 1(qy: ¢z)

qz = —(qy: I(QxaQy) = I(_an _Qa:)

C4 0.20

Write down the equation for the intensities of the reflexes (h, k) and (—h, —k). What
symmetry from question C1 corresponds to this equation? Explain your answer.

Structure factor for reflex —h, —k:

F(=h,—k) = / pla,y)e” BNTTER) g dy = (/ P(x,y)@‘“‘“’”*qzky)df’fdy> = F*(h, k).

Here F* is a complex conjugate of F. This property of —h, —k reflex is only possible
because p(z,y) is real function.

Intensities are equal

I(=h,—k) = F(—h, —k)F*(—h, —k) = F*(h, k)F(h, k) = I(h, k).

Orser: Equation on intensities

I(—h,—k) = I(h,k)
Which symmetry corresponds? Cy

C5 0.40

Using the definition of the structure factor and symmetry find the structural factors

f2(0z:qy)s f3(4e,ay), fa(dqs,qy) for crystals 2, 3, 4, respectively. Express your answer
in terms of the structure factor F(qz,qy) = fi(qz, qy) of crystal 1.

Let p(z,y) be unit cell for initial crystal. Structure factor for it is:

F(qz> qy) / / )€ 9=+ gy
.

here g = yo = a/2, a — is a period of lattice. Below limits are presented only when
necessary.

For symmetry x = 0 unit cell is p2(z,y) = p(—z,y), structure factor is

2(qz, qy) / / 2, y)e @+ Y dady —/ / —,y)e =TT WY) g dy =
—Zo —Z0

—z0
/ / U=te24aw¥) §(—gz)dy = F(—q, Qy)-



For symmetry z = y unit cell is p3(x,y) = p(y, x), structure factor is

f3(qer ) = / p3(,y)e =Y dady = / p(y, @)e' @ H ) dpdy —

= / p(x,y)e" W= dydr = F(qy, q).

Point (x,y) moves to new position (z/,y’) = (x + 21,y + y1). That’s why ps(2’,y’) =
p(z,y).

f4(qw’qy) — /p4($/’yl)ei(Qa:a:/'Fny’)dx/dy/ —

- (/ P(ﬂf,y)ei(qﬂ”“qyy)dwdy) e!lrrta) — (g, g,)e!@rtam),

Otser: fa(q, @y) = F(—qz, qy)

f3(qxs @y) = F(qy, )

f1(te ay) = F(ga, qy) - €'(0m1 F0001)

C6 0.50

Consider an arbitrary 2D crystal (Fig. 5). Indicate what orders of m symmetry of
rotation can be in 2D crystals. Explain the answer.

na
C °

A @ B

Let’s consider two nearest atoms A and B (fig.), that means AB - lattice vector,
]A_B\ = a. If rotational symmetry of order m is present, atom C could be obtained
from B by rotation by angle 8 = 2%
These two atoms C and D should also be connected by translation symmetry, it means
CD=n-AB, neZ.

The same way gives atom D from atom A.

It leads us to equation

1—n
5

cosf =

All possible n, cos#, 6, m are listed in table.

n | cosf 0 m
-1 1 0° 1
0 1/2 60° | 6
1 0 90° | 4
2 | —=1/2120° | 3
3 -1 180° | 2




Orser: All possible rotational symmetries: C1, Ca, Cs, Cy, Cs.
Cc7 0.90

Determine what symmetries the crystals with unit cells K, L, M, N, and P,Q,R,S,T
have. (Fig. in the answer sheet). Draw the axes of mirror symmetry, at the bottom of
the picture indicate which rotational symmetries are present on it.

Symmetries of unit cells:

1

ﬁ
1
-k

; iEit
r

L

11
11
L1
111
-
11
T
A
[ 1T
%.
o T
vz—l
: fﬁ_
N n N
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()
[

C8 0.80

Observe the diffraction patterns of the samples <strong>PG 1, 2, 5, 8</strong>.
These samples correspond to the unit cells K, L, M, N. Determine what symmetries
the given diffraction patterns have. Find the correspondence between patterns and
unit cells.

PG | ¢ =0 Qyzo e = 4y | Qo = —(qy Cy
+/-* +

ol N~
+
+

+

For PG1 vertical axis of symmetry (q_x=0) must be presented theoretically, but real
diffraction pictures could be without that symmetry.

Otser: One needs to match symmetries of unit cells and diffraction patterns.

PGl - L
PG2-M
PG5-N
PG8 - K
C9 1.00

Observe the diffraction of the samples <strong>PG 3, 4, 6, 7, 9</strong>. These
samples correspond to the unit cells P, @, R, S,T. Find the correspondence between
samples and unit cells. Explain your solution using formulas, diagrams and pictures.

PG| ¢ =0 @=0|qG=q | 9= —qy Cy
3 + +

4 + + + + +
6 + + + + +
7

9 + +




Diffraction patterns from PG4 and PG6 have Cy symmetry (as unit cells R, T), and
all other don’t have. In this group symmetries are not enough to match unit cells and
diffraction patterns. One needs to use sum rule and to understand that absences are
presented for unit cells S and T (as for PG6 and PG9).

PGY9. Elements are designated as on fig. Elements 2, 3, 4 were obtained by Co
symmetry and move.

fi(h,k) = F(h,k).

fa(h, k) = F(—h, —k)e®™/T,

fa(h, k) = F(—h, k)e m Gk,

fa(h, k) = F(h, —k)e~ "k,

For reflexes (0, k)

fPao(0,k) = (1 + cos(mk)) (F(0,k) + F(0,—Fk)),

each odd k =2n + 1,n € Z is absent. The same is true for another axis (h,0).

\textbf{PG6.} Let fi(h,k) = F(h,k). Element 5 could be obtained by mirroring
z = y and by moved by (—a/2, —a/2), that’s why fs(h,k) = F(k,h)e """tk Each
next pair of elements were obtained by rotating 90°.

Structure factors

fi+ fs = F(h,k) + F(k, h)e ™ "+0)

fo+ fo = F(k,—h) + F(h,—k)e ™=k

fa+ fr=F(—h,—k)+ F(—k, _h)efﬂ(fhfk)

fit fs = F(=k,h) + F(—h, k)e ™5

For (0, k)

frce(0,k) = (1 + cos(mk)) - (F(0,k) + F(k,0) + F(0,—k) + F(—k,0)),

each odd k = 2n + 1,n € Z is absent. The same is true for another axis (h, 0).

Orser: PG3 - P
PG4 - R
PG6-T
PG7-Q
PG9 - S

C10 0.30

Observe the diffraction pattern of the UC8 sample. Could this sample be a crystal?
Explain your answer.

Orser: No. Diffraction picture has symmetry C5. Transnational symmetry for Cj is
not possible.
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Determine the structure of the unit cell of the MR1 crystal. The MR1 crystal has one

0-
of the indicated units cell (Fig. 12). Describe your solution.

0-
I

:

Nau
Nau
MR1

Ntrans arent
LAl
Ntransparent

(

E

Structure used as UCS8

VI in plane exactly before the diffraction grating. Electric field
I

0 is proportional to transparent area of an unit cell and should be Ey

The crystal (MRO or MR2) is illuminated with light with an intensity of Iy. Find the

intensity of the maximum at ¢ = 0.

D1

Electric field is Fy

of the reflex ¢

if the whole unit cell is transparent (i.e. there is no any diffraction grating):
Intensity

Orger:

D2



36.5 49.2 40.2 3 20.8
2.3 20 336 335 0.9
-1 22 31 232 465 25.5
-2 1 29 239 2 385 7.3
h -2 -1 0 1 2

k
2 5.7 19.1 1.6 24.6 15.8
1
0

One needs to measure intensities I(h, k) of each reflexes |h| < 2, |k| < 2 of MR1.

Transparency of a square with position (x,~):

) = 22: f: VIR - et . exp (—2m' (§h+%k)),

h=—2k=-2
here x €0,1,2,3,7€0,1,2,3.

Because p(x,7) € R, its enough to calculate only real part:

2 2

=3 Y Vi k) cos( (h, k) ——(Xh—kvk))
h=—2k=-2
MR1

y

3| 54 44 226 97

2| —1.7 58 -135 611

1] 6 491 619 —144

0| 53.8 127 -75 5.1

X 0 1 2 3

Calculated transparencies for MR1 are on figure. It is not necessary to calculate whole
16 squares. One needs to calculate transparency of squares (0,0), (3,3) to understand
which values corresponds to transparent and non-transparent values. After that square
(3, 2) should be evaluated. It has value close to transparent, that’s why structure X
is the answer.

Otset: Unit cell of MR1 - X.

X

D3 2.00

Determine the unit cell structure of the MR2 crystal. The structure of MR2 is similar
to MRO: two non-transparent squares have become transparent.

The same formula should be used to find structure of MR2. Intensities of diffraction
patterns and calculated transparencies for MR2 are shown on figures



MR2

72 85 698 479 3.2
8.8 11.7 508 4.7 1.7
-1 /|13 404 69.7 10 9.3
-2 | 1.7 569 258 548 1.3
h | -2 -1 0 1 2

k
2 2 433 452 39.7 89
1
0

MR2

—-10.5 5.8 73 —-194
41.5 65.3 2.6 57.9
—-126 466 69.1 —-04
54.7 11.9 =59 46.7
0 1 2 3

X | O = N Wl

Because it is known that two non-transparent squares become transparent one needs
to calculate transparency only for 11 black squares. Two of them (0, 2) and (3,0) are
transparent for MR2.

Otser: Unit cell of MR2 is on figure:




