Homework 2 Solutions
Problem 1

1 x 1 cell:

The crystal structure of graphene is a hexagonal lattice with a two-atom basis. The 1 x 1
cell is defined by the primitive vectors

a;=a (07 _\/§) (1)
as=a (3 \/§> , (2)

27 2
where a is the distance between nearest-neighbor carbon atoms in the honeycomb lattice.

The primitive lattice vectors are illustrated in Figure[I] There are two atoms in this cell,
located at

Ta = (0, 0) (3)
T8 = (a, 0). (4)

We can find the reciprocal lattice vectors using a; - b; = 27d;;. Doing so yields

Oy
by — 2% (g o> (6)
V3 ><. V3R30 cell

The v/3 x v/3R30 cell of graphene is illustrated in Figure [2l The lattice vectors for this
cell are
3 3V3
! f— — [ —
al =a (27 2 > (7)
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Figure 1: Graphene 1 x 1 cell.

There are six atoms in this cell, located at

T = (0’ 0) (9)
™ =a(l,0) (10)

T3 =a (g, ?) (11)

Ty=a (g, —?) (12)
(1. v3) (13)
Te =a (1, —\/§> . (14)

If this isn’t clear to you, note that not all of the atoms in the cell in the illustration are
unique. There are only 3 unique atoms on the corners and sides of the cell-the others
are periodic images. The other 3 atoms are inside the cell.

Problem 2



Figure 2: Graphene V3 x v/3R30 cell.

We can find the bond angle using elementary vector analysis. In the conventional cell, two of
the nearest neighbors of the atom at the origin are in the X+ ¥y + 2 and —x — y + z directions.

We can find the angle between these two vectors using § = arccos (I:I-Itl))l ) The argument of

the inverse cosine is then —1/3, which gives us an angle of

|6 =109.471° = 1.911 rad | (15)

Problem 3

The reciprocal lattice vectors for the primitive fcc cell are (see Problem 4)

L
b= Ty ra-) (16)
,_dAml
b2—a2(z+x y) (17)
Al
b= gy -2), (15)

where the primes are to distinguish these vectors from the conventional cell’s reciprocal lattice
vectors. In the conventional cell basis, the planes (100) and (001) are normal to the reciprocal
lattice vectors by = 27"5( and by = %"2 To find the miller indices in terms of the reciprocal
lattice vectors of the primitive cell, we need to find the linear combination of reciprocal lattice



vectors that will equal the vectors in the conventional cell. Multiplying b, and bj by 1/2 and

adding them together yields

1 2m
Removing the factor of 1/2, we can therefore write the (100) plane in the miller indices of the
primitive cell as (011)’. We can do the same for the (001) plane. Altogether, we have

(100) — (011)’

(001) — (110)’ (20

Problem 4

Recall that the reciprocal lattice vectors are given in terms of the primitive lattice vectors by

as X asg
by =2r——— 21
! Wal . (a2 X 33) ( )
az X aj
by =2r——— 22
2 ap - (a2 X ag) ( )
by = 27— o1 X 32 (23)

a; - (ag x ag)

Applying these formulas, we find that the reciprocal lattice of the simple cubic lattice is a
simple cubic lattice with side lengths 27 /a. The reciprocal lattice of an fcc lattice is a bee
lattice with side lengths 47 /a, and the reciprocal lattice of a bee lattice is an fec lattice with
side lengths 47 /a. Explicitly, the reciprocal lattice vectors are

sc: by = 21&, by = ziy, bs = n,
a a a
fee: blz%ﬁ%(yﬁ—ﬁy bQ:%%(Hx—y), bsz%r%(fcw—i) (24)
bee: blz%%(y+z)7 bzz%r%(fc—ki), bg,:%”%(my)
Problem 5

Recall that the structure factor is given by

Sk =Y exp(iK-d;). (25)

j=1



The conventional cell of diamond has 8 atoms located at

d; = (0, 0, 0) (26)
dy = % (1,1, 0) (27)
ds = % 0,1, 1) (28)
dy = g (1,0, 1) (29)
ds = % (1,1,1) (30)
dg = % (3,1, 3) (31)
d; = % (1, 3, 3) (32)
ds = % (3,3, 1) (33)

where a is the side length of the cell. Because the conventional cell is cubic, a general reciprocal
lattice vector can be written

2
K= % (X + 12y + v3z) . (34)

Plugging these into the expression for the structure factor yields
SK =14 ei'fr(u1+1/2) + eiw(u2+U3) + ei7r(1/1+1/3)
+ 6%(V1+V2+V3) + e%(3V1+V2+3V3) + e%(V1+3V2+3V3) + 6%(3V1+3V2+V3) (35)
=1+ eiw(u1+u2) + eiﬂ'(u2+1/3) + eiﬂ(u1+u3)

+ e%’(yl-‘ruz-‘rl/g) |:1 + eiﬂ'(yl-‘,-l/z) +eiﬂ(ug+u3) + ei‘ﬂ'(lll-'rllg):|
_ (1 +e%’(ul+ug+ug)) (1 +ei7r(1/1+ug) +67L7r(l/2+1/3) +ei7r(l/1+u3))

= [1 T Z’(V1+V2+V3)} [1 + (_1)(V1+V2) + (_1)(V2+V3) + (_1)(V1+V3)} i (36)

If v1, vo, and v3 are all even or all odd, the second factor is non-zero. When they are all odd,
the first factor is also non-zero. If they are all even and are equal to a multiple of 4, the first
factor is non-zero. The structure factor is zero when vy 4+ vo + v3 = 2(2k + 1) or when one
(two) of the v; are even (odd) and the last one is odd (even).

Problem 6

The Wigner-Seitz cells for the 2D square, rectangular, and hexagonal lattices are shown in

Figures [3} [ and



Figure 3: Wigner-Seitz cell of the 2D square lattice.

Figure 4: Wigner-Seitz cell of the 2D rectangular lattice.

Figure 5: Wigner-Seitz cell of the 2D hexagonal lattice



