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1 Definitions
a Bravais lattice basis vector
R Bravais lattice vector
b; reciprocal lattice basis vector
G reciprocal lattice vector
k Bloch k-vector restricted to the first Brillouin zone
Ug Fourier coefficient of the periodic potential U (r)
C(k—-G) Fourier coefficient of the Bloch wave function ¢y (r); see (4.4)
K or K’ or K; a particular reciprocal lattice vector
Yk Bloch waves

¢n(r —R) Wannier function

¥i(r —R) an atomic orbital on lattice site R
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2 Lattice definitions

The Bravais lattice is the set of all points lattice points generated by discrete translations by a set
of primitive lattice vectors a;. The set of direct lattice points R is defined

R = nja; + nsag +ngag where n; € Z (2.1)

The lattice has three-dimensional spatial periodicity, and so we may expect that many lattice prop-
erties (e.g. the potential electrons in the solid experience excluding electron-electron interactions)
to have a similar periodicity and a Fourier representation. For some lattice-periodic function f(r)

f(r) = ZCGeiG'r where eGR =1 (2.2)
G

Notice that if both ePtB = ¢b2R — 1 then e(mbitmeb2)R — | where m; are integers. Therefore,
the set of reciprocal lattice vectors G also form a Bravais lattice

G = mib1 + mobg + m3bg where m; € Z (2.3)
We can relate a; and b; by requiring that!
a; - bj = 27‘(’(5,‘]‘ (2.4)

We can check that the expression above is satisfied by

az X ag ag X ap a; X ag

b1 =27 b2 =27 b3 =27 (25)

a; - (ag x a3)’ a; - (ag x a3)’ a; - (ag x ag)
In reciprocal space, the Wigner-Seitz primitive cell of reciprocal lattice is called the first Brillouin

zone and becomes relevant in our development of electronic bands.

3 Bloch’s theorem

We consider a defect-free, infinite crystal to consist of stationary ions arranged in a periodic lattice
and electrons that move through the potential generated by the ions U(r). Ignoring electron-
electron interactions (independent electrons approximation), we expect the potential to be periodic
in the Bravais lattice

Ur+R)=U(r) (3.1)
The Hamiltonian of an electron” in the crystal has the form
H= i +U(r) (3.2)
2m

Does the translation symmetry of the Hamiltonian provide constraints on the electronic wave
function? Yes! To see this, first we define the translation operator. For any function f(r)

T(R)f(r) = f(r+R) (3-3)

!To check, substitute this into 'R,
2Note: we need only consider the wave function of a single electron rather than the full many-body wave function
because of the independent electrons approximation.



Notice that by the definition above
TR)T(R)=TRT(R)=T(R+R) (3.4)
Let 9 (r) be an eigenstate of T'(R) with eigenvalue ¢(R)

T(R)Y(r) = c(R)i(r) (3.5)

Then from (3.4)
c((R+R) =cR)c(R) (3.6)

This is also a property of exponential functions. Without loss of generality, we can rewrite ¢(R)
as,
¢(R) = ¢*B  where ke C3 (3.7)

Therefore
T(R)i(r) = c(R)(r)
Y(r+R) = e Fy(r) (3.9)

Since Hamiltonian commutes with 7'(R))?, there exists a simultaneous eigenbasis of H and T(R).
Hence any solution to the Schrodinger equation ¢ (r) must obey (3.9).

However the wave vector k in (3.9) could be anything (e.g. it doesn’t even have to be real!). To
further constrain k, we impose boundary conditions. We imagine that a physical crystal consists
of N1NaN3 = N lattice sites where N is very large. Rather than imposing a “hard” boundary con-
dition, we impose periodic boundary condition on the wave function (Born-Von Karman boundary
condition)

P(r + N;a;) = ¢(r) (3.10)
In one-dimension this corresponds to a chain of N atoms arranged in a closed loop. Applying the
condition we found above (3.9) to (3.10), we find

U(r + Niay) = Wiy (r) = o) (r) (3.11)

Therefore,

ik-(Niai) _ oiNi(ka;) _ (3.12)

The expression above is satisfied if an only if N;(k - a;) is a multiple of 27. Recalling (2.4), this
holds if and only if k = (m;/N;)b; where m; is an integer. Putting everything together, Bloch’s
theorem says that if ¢ (r) is an eigenstate of the Hamiltonian for an electron in a crystal lattice
with periodic boundary conditions, then

e

Ui(r + R) = ¢*Repy (r)  where k = %bi and m; € Z (3.13)

)

Some remarks on Bloch’s theorem:

e From Bloch’s theorem, we know that |ty (r)| is periodic. Define uy(r) such that |uy(r)]* =
i (r)[?, then we see that ¢y (r) = e uy(r) satisfies Bloch’s theorem. Therefore, an alter-
native form of Bloch’s theorem is that if 1 (r) is an eigenstate of the Hamiltonian for an
electron in a crystal lattice with periodic boundary conditions, then

Ui(r) = e®Tu(r)  where uy(r) is periodic in R (3.14)

3The Hamiltonian is invariant under translation operations, or T(R)H (r)y(r) = H(r + R)¢(r + R) = H(r)y(r +
R) = H(r)T(R)y(r)




e The wave vector k does not uniquely specify a Bloch wave 1y (r) because for any k in the
first Brillouin zone and G a reciprocal lattice vector

Yi(r 4+ R) = xRy (1)
Urra(r +R) = MRy o (r) = Ry a(r)

Therefore, we can constrain k to be in the first Brillouin zone without loss of generality.

(3.15)

k € first Brillouin zone

With this, we can also calculate the number of distinct k. The volume of the first Brillouin
zone is Vpz = by - (b2 x b3) and from (3.13) the reciprocal-space volume occupied by a single
k is (b1/N7) - (ba/N2) x (bg/N3) = Vpz/N. Therefore

# k in the first Brillouin zone = N (3.16)

e Plugging the Bloch wave into Schrodinger’s equation,

[;; (* —V?) + U(r)] uk(r) = exui(r) (3.18)

/

Hcff
There are infinitely many solutions for uy(r) because € can be arbitrarily large. Furthermore,
using the Bloch wave require imposing a periodic (Born-Von Karman) boundary condition

uk(r + Niai) (319)

and so we expect the set of solutions for uy(r) to be discrete, which we will label with the
index n.
Heft un x = €nk Unk (3.20)
Unx(r) = eik'rumk(r) (3.21)
Plotting the dispersion (e, k versus k), we find distinct bands of energy, each corresponding to
an n. By the Pauli exclusion principle, at most two electrons® can have the same wave vector

k. Also recall from the previous remark that there are a total of N distinct k°. Therefore,
there can be at most 2N electrons in a band.
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Figure 1: Example electronic band structure.

“Electrons have spin-1/2.
5That is, k in the first Brillouin zone.



4 Schrodinger equation for Bloch waves

In the previous remark, we started to write out Schrodinger’s equation for Bloch waves. Here, we
will go through the algebra more thoroughly. The Schrodinger equation has the form

—h?
[v2 n U(r)] b(r) = extc(r) (4.1)

2m
Notice that we can make two Fourier expansions:
1. uyk(r) is periodic in R. Therefore

P (r) = e ux(r)

_ ezk-r § :ck’Gesz-r

G (4.2)
— Z Ck’Gei(ka)-r
G
where
G = / d3r uy (r)e’CT
(r)
— d3r (¢k (r)e—ikr)ei(}-r
/<r> (4.3)
— / d3I' wk(r)e—i(k—(})r
(r)
= Ck-G
Putting everything together,
Pk (r) = ch_gei(k_c')'r where cix_g :/ d3r¢k(r)6_i(k_c')'r (4.4)
G (r)
2. The potential U(r) is also periodic in R. Therefore
U(r) = Z Uge 'CT  where Ug = / dPrU(r)eGT (4.5)
G (r)

Since we are free to define U(r) up to a constant. We can always add a constant energy such
that Up = 0. Furthermore, since U(r) is real, Uy = U_x.

Up=0, Uf=U_y (4.6)

Now, we plug everything into Schrodinger’s equation

h? i(k—G)-r —iG'r i(k—G)r i(k—G)-r
%ch_gﬂk— G\Qez(k G)r 4 (Z Ugre G ) (Z cx_ge'k—6) > = schk_Ge (k=G)
G G’ G

G
(4.7)



hz (k— T i(k—G—-G")-r
Z [2m|k - GJ° - €k] e T 4 Z Ugrex—ge'® 66T =9 (4.8)
G G,G

To simplify the second term in the expression above, we define G” = G + G’. Then

N / N 17
Z UG/Ck_Gez(k—G—G )r _ Z UG/Ck+G/_G//€z(k_G )r

GG/ G/,G"
_ Z ei(k—G”)'l‘ Z UG’Ck+G’G”]
G” L G/
(redefine G" — G) = Z e!k=C)r Z UG’Ck—GJrG’] (4.9)
G L G’

L G//

(i(k—G)r Z U(GG’)C(kG’)]
L G’

(redefine G” — G’

(deﬁne G” =G - G,) Z ei(k—G)-r Z U(G—G”)C(k—G”)]
G
)
G

Substituting this back into (4.8)

h2 i(k—QG)-r
> !<2mlk ~GJ* - 5k> Ca—c) T U(G_G')C(k_G')] k= Gr — g (4.10)
G G’

For each G, the term in the square bracket must vanish. So

2
(2h|k - GJ? —sk> ck-c)+ Y _Ug-a)ck-c) =0  for fixed k and all G (4.11)
2m_ =
“te-c)

We find that for a particular Bloch wave with wave vector k, in a periodic potential, the Schrodinger
equation becomes a set of coupled linear equations for c¢._qg). Note that G is a reciprocal lattice
vector not constrained to the first Brillouin zone!

Some remarks:

e This system of equations (4.11) is underdetermined because €y is an additional unknown. We
expect there to be a discrete and infinite set of ex for which we can find c(_q) that satisfies
the coupled equations above. This set of eigenenergies {e, k} precisely correspond to the
bands described in the previous section and each ¢, x yields a corresponding set of {Cm(k—G)}
with which we can construct 1, x via (4.4).

e We can write (4.11) in matrix form; recalling Uy = 0 (4.6)

ey —k  Uo-au) UGo-Ga) -\ [Cx-Go)
Uag,-a e an—¢ex  Ugi-c, C(k—-G
(G1-Go)  E(k-G1) e ) =GO g (4.12)
Ucs-coy)  U@-G1)  Ex-a, ~k C(k-G)



e Notice that we have not made any approximations. If we knew U(r), we could use (4.6)
to find all of the Ug®, then numerically solve (4.11) to find the bands structure {e,x} and
corresponding Bloch waves {c, «—q)}-

e As a sanity check, let’s examine (4.11) in the limiting case of the completely free electron:

U(r) =0. Here, Ug = 0 for all G, so

(5?k—G) - Ek> C(k—G) = 0 (4.13)
To be explicit, there is no implied summation over (k — G) on the LHS. Hence, for each G,

the expression above holds independently.

It must be true that at least one cx_g is non-zero; otherwise 1 (r) = 0. Let K € {G} and
K’ € {G} \ K, then
ck—k =0 which implies e, = 5(()k_K) (4.14)

Notice that e does not depend on G. Therefore if €y is

1. Non-degenerate”: then

ek — €k # 0  which implies ¢k =0 (4.15)
From (4.4), this yields a plane wave solution
h? 2 i(k—K)-r
k=5 (k—K)", tx(r)xe (4.16)

2. Degenerate®: then let’s first define K = K; and {K;...,K,,} to be the set of all
reciprocal lattice vectors for which ey = 5?k—1<i)' Furthermore, redefine K’ € {G}\{K;}.
It remains true that

5(()k—K’) —éx # 0  which implies ¢k =0 (4.17)

But now
E?kai) —éx =0 which implies cy_k,) = anything (4.18)

By (4.4), this yields a solution that is a linear combination of plane waves

h? KK )r
e =5 (k= K)?, u(r) o Y cpei,ye' K (4.19)

i
Regardless of if € is degenerate, we get the band structure (the set of all eigenenergies)

h?
=—(k-G, 4.2
En,k om ( ) ( O)

If we were to solve Schrodinger’s equation for a free electron normally, we would find the set
of eigenstates
) = i? P (r) ek T (4.21)
2m’
SThere are infinitely many Ug, but presumably, we may keep only a small subset of non-negligible terms for a
numerical approximation. For numerics, this is the approximation!
"In other words 5(()1(7}() # 6?](,1(,)
8There exists one or more K’ such that 5(()1(—1() = e?k_K,).
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where k’ is any vector in reciprocal space. Notice that (4.21) and (4.16, 4.19) become the

same (as they must!) when
K =k+G (4.22)

This makes sense because k is constrained to the first Brillouin zone while k’ is free to span
the entire reciprocal space. To further drive home this point, let’s examine the eigenenergies
in both pictures. To simplify things, we’ll work in one-dimension with a lattice spacing of a.

&

. : ER-H -
6@- @T—\\ Efﬁ_f’."\ 2,}‘: E:E

=\

Sy t o t t + t
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Figure 2: Left: the reduced zone scheme. Right: the normal dispersion.

As expected, ey is simply the energy of the free electron which depends quadratically on k'.
However, in the band structure picture, k/ outside the first Brillouin zone are mapped to k
within the first Brillouin zone with the subtraction of the reciprocal lattice vector G. Each
reciprocal lattice vector G defines a band with dispersion S?kic).

5 Nearly free electron model

Above we derived the exact form of Schrodinger’s equation for Bloch states (4.11); however, the
resulting expression can not in general be solved exactly. In the nearly free electron model, we
approach (4.11) perturbatively by treating the Hamiltonian as that of a free electron with a small
perturbation U(r).

Like all perturbative approaches, out analysis splits into the case where the bare free-electron
eigenenergies € are non-degenerate and degenerate.

Case I (non-degenerate): Let K be a particular reciprocal lattice vector and K’ € {G}\ K. For

fixed k, the band 5(()k_K) is non-degenerate if
E?ka) + E?ka/) for all K’ (5.1)

We can treat U(r) as a small perturbation if
U(r) < el k) — £k_kry for fixed k and all K’ (5.2)

Recall that for a free electron, K defines a band with dispersion 5?1«1{) and ¢k = 0. With a

small perturbing potential, we expect the bare energy z—:?ka) to shift slightly and cx_k/) = 0 to

be O(U).



Equation (4.11) takes the form
<5k - 6(()k—G)) C(k-G) = Z U(G—G’)C(k—G’) (53)
G/

Solving for the cy_g) terms

o)
——
C(ka) = M + U(G—K’) C(k—K’)
K fheq) KOk Sk-q) (5.4)
Uic-K)C(x-K
= E5 o)
fk T fk-q)
Then
<€k - g?k_K)> “k-K) = Z Uk-a) k@)
G/
Ex — E( el
Ve Uier-x0 ) (5.5)
B Z — &9 ce—x) + O(U”)
G/ €k (k—G')
U B
Z ‘Lc(k K) T oU?)
G/ Ek (k G/)
i — <0 +ZM o) -
k = S(k-K) €k (k o .
Valid up to first order, ) ~ 6(k_K), Therefore
2
Uk_qg
o= s + D gDl o (5.7)

& €(k-K) ~ S(k-G")

~

energy shift

From the expression above, we see that every band below 5(()1(—1{) contributes a term that raises ey
and every band above contributes a term that lowers ex. Therefore, non-degenerate bands repel
each other under weak perturbation by a potential.

Importantly, the energy shift of the perturbation to be O(U?). Therefore, to leading order, we need
only consider the energy shift of degenerate or nearly degenerate states.

Case II (degenerate): suppose now that for some fixed k, there exists a set of reciprocal lattice

vectors K; € {Kj,...,K,,} such that 5(()k—Ki) are degenerate or nearly degenerate
) — &) < U(r) (5.8)
(k—Ki) ~ “(k-K;) :

Define K’ € {G} \ {K;}. Once again, (4.11) takes the form

<€k—€(k G)) ZUG G (k-G (5.9)



In the free-electron case with degeneracies, recall ¢ _gsy = 0. But with a small perturbation, we
expect c_kr) to be at most O(U). Solving for the ¢ _q) terms

ow)

C-G) = 0 kG)(ZUGK (k-K, +ZUG K') kK/))

=1 (5.10)

— Ug_k,)Ckx;) + O(U?)
s S,

Then for ¢ = 1,...,m, the set of m coupled equations gives us the energy shifts

(61{ - g?k—K,',)> Ck—K;) = Z U(Ki—G')c(k—G')
G/

=D Uk, k) K,) + Y Uk, &)k K)
j=1 K’

m

Uk, —x,)cex,) + ) Usx) | ————— > Uk, cex,) + O(U%)
1 K’ kiek K’) J 1

M-

.
Il

Uk, -k Uk -k,
U(K —K;)C(k— K)+Z ( )« )C( _K)+O(U3)

M-

o K €k — E(k K’)
(5.11)
To leading order in U,
m
(z’:‘k - E?ka¢)> C(kai) = Z U(Kij)C(kaj) where i = 1, S 104 (5.12)
j=1

Solving the system of equations above yields new energies valid up to first-order in perturbation
theory. In matrix form, the system becomes (recalling Uy = 0)

€k — 8(()k—K1) _U(KI*KQ) T _U(Kl’Km) Ch—K1
“Ua-K1) €k~ k) - —UKe—Kn) Kz [ _ (5.13)
“Ukn-x) “Ukn-Ks) -+ &k~ E?kam k=Ko

If M is the matrix above, this is equivalent to det(M) = 0.
Remarks:

e Returning to the one-dimension lattice from the previous section, let’s find the band structure
in the nearly free electron model.

We notice that there are no degeneracies in the band structure except for when k£ = 0, +7/a.
Near these Bloch vectors, we find pairs of degenerate bands e(()k_ K) and E((]k_ K;) and, under

small perturbation U(r), we expect the dispersion in these regions to be O(U )

In particular, let’s focus on the degeneracy at k = 7/a and bands E?kico) and 6?1676,1) where
Go =0 and G = 7/a. To first-order in perturbation theory, (5.12) becomes

(Ek — g?k—Go) —Uco-cn) ) (C(kG0)> -0 (5.14)
*U(Gl—Go) Ek — 6(()k_G1) C(k—G1)

10



Noticing Ug, = Ug,—g1) and using (4.6)

0
0= det{ <€k ~ E(k—Go) _U(v)Gl > }
“Uc,* ek —€4_qy) (5.15)

= e} — ek [E?k—Go) - 5(()k—01)] — |Ue,

2
2
5(()k_GO) — 5(()k_G1) + \/(5(()19—6’0) — 5(()k_G1)) +4|Uq, |
€k = 2 (5.16)

1/2
0 /

el — ¢l €f — £ ’
ep = (k—Go) 5 (k—G1) 4 ( (k—Go) 5 (kGl)> +|UG1’2 (5.17)

We see that at the degeneracy, where two bands overlap, the perturbation separates the
bands, forming a band gap. From (5.17) magnitude this gap is 2|Ug,|. In three dimensions,
the band structure exhibits similar behavior but in general can be more complicated.

Free electron Free electron with perturbation

254

25+

204

15 A

Ek

10 2\Ueal

€kt E/\—
2
N L ol Uerl

-1.00 -0.75 -0.50 -0.25 0.00 025 050 075 1.00 -1.00 -0.75 =-0.50 -0.25 0.00 025 050 0.75 1.00
k (m/a) k (n/a)

Figure 3: Left: bare free electron dispersion. Areas with degenericies are highlighted. Right: perturbed bands from
a weak potential.

6 Wannier Functions

Before exploring the tight binding model, let’s develop the idea of Wannier functions. Wannier
functions are a method of representing a general Bloch wave. These functions are not specific to
the tight-binding model but are particularly relevant!

For fixed r, if we consider v, x as a function of k, from (3.14) we see that 1, x is periodic in the
reciprocal lattice. Therefore, we can write the Fourier expansion,

_ L r) e’®E  where r)= L r)e Rk
Une(r) = m;f@( ) here  for(r) m%}wm ) (6.1)

Notice that,

1 —
fno(r) = N Xk: Unx(r) = én(r) (6.2)

11



by Bloch’s theorem

fn \/>Z¢nk 71Rk
_ 1 . (6.3)
= mﬁkjwm R)
= ¢p(r — R)

We call ¢,(r — R) the Wannier functions. Any Bloch vector can be expressed in the basis of
Wannier functions

Y k(T \/» Z etkRy (r —R) for any Bloch function

(6.4)
—ik-R . q .
n(r) = — e k(T associated Wannier functions

We can show that Wannier functions at different lattice sites or different band indices are orthogonal.
First notice that the Bloch functions are orthogonal (they are eigenstates of the Hamiltonian, which
is Hermitian)

[ sl = Rl — RdE = 6t (6.5)
Then
/¢Z:(I’—R’)¢n(r—R)dI’:/ [\/»Z —ik’ R/wn k,(r—Rl ] [fze_Zkank(r_ ) dr

~ Ze—z(kR k’-R’) /wn, w(r —R)*Y, x(r — R)]dr

k,k’
~ Z e—i(k~R—k’~R’)6n’n,5k’k/ (6.6)
kK’
o G Zeik(R—R’)
Kk
X O/ OR, R/
/(ﬁzl(r — Rl)¢n (I’ — R)dr X 5n,n’5R,R’ (67)

7 Tight binding model

Now we take an entirely different approach to a toy model of a solid. Rather than examining the
case of a free electron, we by thinking about the case of a single atomic Hamiltonian, H,¢, outside
of the crystal lattice. In general, H,; will have a set of bound solutions vj(r) which are the atomic
orbitals.

Hat)j(r) = Ejib;(r) (7.1)

Now the corresponding crystal Hamiltonian is

H=> Hy(r—R)=Hau(r)+ > Hu(r-R) (7.2)
R

R+£0

12



H = Hy(r) + AU(r) where AU(r)= ) Hy(r—R) (7.3)
RA0

The ideal limit: If atomic eigenstates are sufficiently localized so that the overlap between 1);(r)
and AU(r) is exactly zero, then the localized atomic wave functions are eigenstates of the full
crystal Hamiltonian

Hipj(r) = [H + AU(r)] ¢;(r) = Hipj(r) + 0 = Ejih;(r) (7.4)

In this limit, for each atomic orbital 1);(r), we obtain a set of N eigenstates {1;(r—R)} of the orbital
localized on each site of the lattice. However, these eigenstates do not satisfy Bloch’s theorem, nor
the periodic (Born Von-Karman) boundary condition of the crystal. Instead, the wave functions
of an electron in the crystal must be some linear combination of these eigenstates that do satisfy
Bloch’s theorem.

Recall we can write any Bloch function in a basis of Wannier functions (6.4). Conveniently, if we
let the Wannier functions be the atomic orbitals, ¢,(r) = ¢, (r), then 1, x(r) is indeed a linear
combination of atomic orbitals. Hence, the eigenstates of the Hamiltonian are

U x(r e Ry, (r — R) (7.5)
&Y
We can also directly solve for the band structure

Hd)nk(

EH

Z Zde) )
R
k'R

1
- L ; R {7, (v~ R) .
_ 1 R e
(from (7.4)) = i %: [Enthn(r — R)]
= Enwn,k(r)

The bands are simply flat (independent k) with energies of the atomic orbitals. This is quite boring
and not informative.

Tight binding: unlike the ideal case, it is more realistic that the overlap of the bare atomic
orbitals 1;(r) and AU(r) is small but non-zero. Then 1);(r) are no longer eigenstates of the full
Hamiltonian H.

However, we still know that the eigenstates must be Bloch functions and the expansion in Wannier
functions is always valid. The eigenstates must be of the form

Uk (r \ﬁ Z *Rg,(r—R) (7.7)

While no longer eigenstates, the atomic orbitals nevertheless provide a complete basis. Therefore,

we can express
r) = bjiy(r) (7.8)
J

13



and the Bloch function becomes

_ 1 GRY
¢nk \/— %:zj: bn,ﬂ/)]( R) (7'9)
Yk e Ryi(r — R) (7.10)
)= tns 5 ¥ |
‘I’;kr(r)

Let’s plug this into the Schrodinger equation H, k(r) = e, k(r) and take the inner product with
¢m(r). First, expanding the RHS and LHS separately (we cancel the factor of 1/v/N on both sides)

/ G )ense [ by SRy (r — R)
j R

= enk ) bn (Z / ey (0);(r — R)dr>
7 R

(7.11)

[onwm |3

[0 a0+

bnj Y €™ Ry;(r — R)
R

g ]

=Sty (Z / Ryt (1) oty (r — R )+§jb,g (Z [ R AU - >)
i R

_ mZb,J<Z/ RRye (ep(r — R >+Zb,j(2/lk%m JAU (x4 (x — ))

(7.12)
Putting everything together
Z |:(5n,k — En) ym,j(R) — tm,j(R)] bnj =0 for fixed k and all j [exact] (7.13)
J
where
s ®) = Y [ T 0w - R)dr
S (7.14)
tmi(R) = Z / eZk’Rw;(r)AU(r)z/)j(r —R)dr
R
Some remarks:
e We can write the expression above in matrix form
(5n,k - El)’Yl,l —t11 (En,k - E1)’y1,2 —t12 ... b1

(enk — E2)y21 —t21  (enk — E2)y2,2 —t22 bn2 | =0 (7.15)
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e We have not made any approximations in our derivation of (7.13). Here we present the
standard assumptions for the tight-binding model:

1. Recall in the ideal case that when the overlap between the atomic orbital ¢ (r) and
AU(r) is zero, the Wannier functions are exactly the atomic orbitals ¢, (r) = 1, (r).
Therefore, when the overlap is small, it is reasonable that ¢, (r) & 1, (r).

While we exactly expanded the Wannier functions in the complete basis of atomic or-
bitals”? (7.8), since ¢,(r) ~ 1, (r) we can restrict restrict this expansion (7.8) to only
include orbitals that are close in energy to the energy of the valence electrons.

Suppose that we consider only m orbitals {¢y,, (r), ..., ¥y, (r)} rather than the complete
(infinite) set. Then the Bloch wave becomes (7.10) becomes a linear combination of
atomic orbitals (LCAO)

wmk(r) ~ ]; bn\I/j,k(I‘) where \I/j,k(r> = \/1N ; eik-ij (I‘ _ R) (7.16)

With this approximation (7.13) is unchanged except for the summation of n now runs
to m and not infinity.

2. Since we assume that the atomic orbitals are well localized, we will take overlap between
atomic orbitals located at different sites to be zero. Furthermore, recall the that atomic
orbitals (both at the same site) are orthonormal.

[ s = b, (7.17)

Therefore, v, ; becomes

i (R) =3 / Ry (£)hs(r — R)dr
R

—/w:z(r)%'(r)dr—i- Z /eik'wan(r)@bj(r—R)dr (7.18)

R=#0
& Om,j + 0

TYm,j =~ (st‘ (719)

3. Once again invoking well-localization of the atomic orbits, we argue that AU(r) can at
most couple atomic orbitals at the same site or nearest neighbors. Therefore

@)~ 3 [ Ry (1) AU @ (x - Ry (7.20)

R<N.N.

Putting everything together, (7.13) becomes
Z [(5n,k — I8 | g = fmd] bpj =0 forfixedkandj=1,...,m
J

b = ) / e Ryx (r)AU (1)1 (r — R)dr  [tight-binding]
R<N.N.

(7.21)

9Recall the complete basis of atom includes unbound states!
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In matrix form, the tight-binding equations becomes

(enx —E1) —t11 —t10 . ~t1m b1
~t21 (enkx — E2) —tan ... ~to.m by.2

. . . .| =0 (7.22)
*im,l *Em,2 (5n,,k - Em) - im,,m bn,m

e TODO: S, Px, Py, Pz example in Girvan and Yang
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