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Introduction to electronic structure theory (tight-binding method)

Magnetic systems — mean-field approximation

Electronic structure of selected materials

Correlation effects
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Introduction to electronic structure theory

Reference textbook: A.P. Sutton, Electronic Structure of Materials (Calderon Press, 1993)
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T, + Vee + VneJ¥({7}) = EV({7})

252
N B2V
T.(7) = — Z gm Electrons kinetic Energy
— 1 N (:-2 ®
Vee(T) = 32252 G Electron-Electron Interaction
. 5 | N, M e2Z; :
Ven(T, R) = —5 201 R, Electron-Nucleus Interaction
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T + Ve|o(7) = E9(7)
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H((7) = Ev(7)
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H(F)(7) = Ev(7)
H(7) (71) = B
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H(r)(rly) = E{rY)

Each state can be expanded onto a complete orthonormal
basis set |¢;)

M M
) = Z |hi) (il Y) = Z cil i)
(Pil@j) = dij
(Gilth) = ¢
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H() Y (71606516) = B Y (716;)(0,14)
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H) Y (716:)(6:1) = B (716,)(6:10)
If | now multiply both side by (¢;|7) = ¢ (7) and take [ dr

i[ [ droi )0 i [ [ @@

J=1
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H() Y (71606516) = B Y (716;)(0,14)

If | now multiply both side by (¢;|7) = ¢ (7) and take [ dr

M-

[ / 47} (7F)H (7)6;((7)] ¢; i | f 47} (7)65((7)
(@il H|p;) = (9i|#;)

1

J
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M
E Htjcj = Eﬂi
j=1
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HC = E1C
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HC = F1C
Hy1 Hia ... Hiyg G1
Hyy Hyy ... Hapy C2

Hyri Hyro ... Hyu CM

Basis set: atomic orbitals
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Basis orbital

. . . . ------------- H
1 2 3 4 N-1
: 1s orbital
€N ]f ’I,:l;.'
Hyj ={ v if j=itl

0 elsewhere

“on-site” energy

“hopping” parameter
v <0
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Basis orbital

co Y €0 Y e Vo€ €0 Y €
. . . . ------------- H
1 2 3 4 N-1 N
: 1s orbital

cg if 1=7
Hijj ={ v if j=i+1

0 elsewhere

“on-site” energy

“hopping” parameter
v <0
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(0 v 0 o o\ () )
T e e V2 >
0 v e .. .. vy | = E| 3

SR VATV Y
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numpy as np
matplotlib.pyplot as plt

eigenvalues, eigenvectors = diagonalize H(N)
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1 scipy.linalg import eigh tridiagonal

port matplotlib.pyplot as plt

dia BE_O i :I

eigenvalues, eigenvectors = diagonalize H(N)
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B €0 T,L‘Q 'ﬁbg

FUNLAYERS summer school Andrea Droghetti



e, Ca’ Foscar
) H, model ion

i of Venice https://www.supervenice.com
€ 1\ 5 U1
Yo € '¢'2 '¢'2

We have non-trivial solution only if:

g — E y B
det( 5 E[]—E)_O

(0 — E)* —9° =0
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So we have two solutions:

Ebr:rnd = €0 + 8
and
Eanti = €0 — B

with corresponding eigenvectors

1 1 1 1
whﬂlld_ﬁ(l)! wanti—ﬁ(_l)

— Typeset by Foil TEX -
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T T e e UE P2
0 FOEQ e e i‘}{}H =FE T"{JH'
\ 0 0 0 v e/ \ ¢n) Yn
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Finally we have obtained the spectrum of the Hx molecule

i
E,, =€ 2~ cos | ——— m=1,2...N
€0 + ¥ COS (ﬁr n 1)

and its eigenvalues [¢") = Z;’ V"' 7) where

m 2 i mm
pTh = | —— sin [ ——
¥ N +1 N+ 1/
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M(

N — o

This means that both N and m — o¢ however:

€,—2Y

mir m 1 m
e

K: = 71— — o
N+l "N1+1/N N

SO
E, = Fgx=¢e+2ycos K with 0<K<n7

This is called energy band or also dispersion relation. In this
case:

Eni—FE,—0 and A=FE,—E;=4[y| 0 K T
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g — @ — 4M
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DOS is the number of states S per unit enerqy E

p(p) _ 45 _ 8 ‘dk‘

~dE  dk |dE
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2
Ey, =€y + 2vcoska, k:ﬂ
Na
ds 5 Na Na
dk 2T T
dE
d—;:2aqsinka
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2
Ep =¢€y+ 2vcoska, k= smn

Na
ds 5 Na Na
dk or o N ) N .

a
D(FE) = = —
(E) m 2aysinka 7 [4y2 — (E — €)?|1/?

dE
d—;: 2a7ysin ka
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k =
d(E) o Y
Gﬁg_ . i
g /
|
|
|
\\1
" ‘ \

Az-"3
)
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awm o K2
cm
-'[\:;L E— —
Number of electrons at zero = ,/ \
temperature: i' Y Er
e | \
N =/ dE D(E) am\ \
| \
|
Jo 1\
Ry
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The eigenfunctions of a one-particle Hamiltonian with the translation
periodicity of a lattice

H(F)= HF+T)

is periodic up to a phase:

—

(7 + T) = e*Tp(7)

f translation vector
defining a lattice
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H[y) = E[y)

I iK7|
W‘):\/—N;e 17)
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I iKj|
I@b):\/_ﬁ;e |3>

N

N
Ze:&f{jﬂlj> — EZEtKj“?)
J

J
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1 a 1K g
V) Z\/—N;E 17)

N N
D ¢ MH|j) =B e'|j)
J J
N
> e H|j) = EZ e (1)
J
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1 N
v) == e ilj)
N J
N

N
Ze“";‘{{jHU} — EZetKj\u?)

J
N
3 e 1| j) = Ez iK1
J
N « A
B = 0 K00 j)
J
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® 9 ®
-1 ] I+
N
_ 1K (7—1 )
Ex =) U= 1|5
J
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T €0 Y
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T o€ Y
® @ ®
[-1 / /+1
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[-1 / [+1

Ex =€+ 2ycos K
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= ® . °
Ji+1
® ° ® ®
—11 LI w1l
R X ST le
ay ji-1
° ° . ®
HJ{ X
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(R'|H|R') = €

@ o ‘ L 2
: R'|H|R' + (0,a,)) =~
s e e (RH|R + (0,ay)) = 7y
o/ Il g/l gitllg ly (ﬁ’lﬂlﬁ’ + (0, —ay)) =y
)
y jI-1 Lo
® a, ® T g X (R ‘H‘R + (ﬂerD = Y

(R'|H|R' + (—a.,0)) = 72
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(E - ED) 1+ "}’I(Dmmai 4+ C—ikIaw) + ,Ty(c-ékyay + C—ikyay) _ U

E = ey + 2, cos(kya,) + 2v, cos(kya,)
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E = ey + 27, cos(kya,) + 27, cos(kya,)

—T [y < ky < T/a,

—m/a, <k, < m/a,
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(ka::ky) = (0:0) - (U,ﬂ'/{ly) - (ﬁ/a:ﬂaﬂ-/ay) - (030)

(kx*k’y):r_}Y_}S_PF 8- I\ 1 co =10

6__ i Y = —
4 \ Ty = —2

— [ IIIIII

3 \

ol II\ .

g =
Al lu'lll \ i
Iy \ ]
o/ . \
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N Ng
) = Z Z chruﬂ’f)
9 ¥

Vja = Aae'™?

N N, o N N, o
Y Y Aw™IB|H|ja) =E )Y ) A (18]ja)
J = q ¥
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1d atomic chain
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> Ag '\ €s 0 +
A, 0 €
Ysso Vspo i K Vssoe T Vspe i K As
-+ e + e A
~VYspo  Ippo Yspoe  Vppo P
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€s + 27¢s0 COs K 21Yspe sin K A, B A,
—2iVepo SIN K €, + 27, cOs K A, A,
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es(K) 4 €,(K) = \/[E&(K) — €,(K)]? + 16740 sin” K]

ep(K) = € + 27ppo cos K
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30

— Tight-Binding

20 —

10

-20 -20

e =12.9 eV, ¢, =155 €V, 750 =-1.3 €V, vy =5.2 eV,
’Yspg— :0,5 eV
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Since we have two atoms in the cell a better choice of basis

oo ¥

is [Rn):

where \ﬁ n) represents an atom n (n=1 for green atoms,
n=2 for black atoms) belonging to the cell located at R. We

Andrea Droghetti

assume an orthogonal basis set.
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2
E(k)AR, =375 " e =) AR 0/ | H | R n)
R‘ n
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On-site energy: coupling with the primitive cell

X
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1. Cell dy
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2. Cell {_1:2 — ﬁ]

<R"n’\mﬁf+az—aln>=( U g)

—
.

i B = = Bl
The phase factor is etk (Ut +a2—di—R) _
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M(

4. Cell —5‘:2 + ﬁfl

R -_‘_ _"J'_—ﬁ = = _r-_':‘ — =
The phase factor is ?* (B —datdi—R) — o—ik-(a2—a1)
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. € _flk
E(k)¥y; = L ) 0,
Yppr S ) €p
where:
k
R
Aj

. - - Vi k.
flk) =1+ e a2 4 e~ th(@2—a1) — 1 4 9 e_m-"*‘{ﬁ“ﬂ CGS(EyaO)
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det( ~ E(F) wf(k))
Yoo f(k)* € E(k)

E(F) = € % Yo\ £ (B) £ (F)*

k
=€, i"}’ppw\ 1 + 4 cos? ( y;ﬂ) + 4 cos (
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Vahvanvany. "
:0:0:0:¢ ;
— A’A’A’A’A > g CE
A’A’A’A’A’A ) N\
A’A’A’A’A o
A’A’A’A ’ 1
Momentum
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L
=

0.5 *

S -05
K
&
i 4
A ’t:A‘
LV polarization
-2.0

-10 -05 00 05 10 15
k (A™)

M. Kang, et al., Nat. Mater. 19, 163 (2020)
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Magnetic systems
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T + Vel$o(7) = E9(7)

magnetic field E — ﬁ X }T(ﬂ

vector potential
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T + Ve|o(7) = E9(7)

Two changes to the Hamiltonian

T A SA(F‘)]Z
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T + Ve|o(7) = E9(7)

Two changes to the Hamiltonian
1

2Mm,

1. T, =T, =

e - 1% .
[ﬁ_ _A(??’)] -Dlamagnetlsm.
c -

Zeeman coupling with the orbital angular momentum

neglected in the following
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[(_ - v2_1§;€22f)ﬂm_g%§§} ﬂf) B ﬂ?)
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2 M 4 4
[(_ h v2_128221)12x2—9ﬂ]3-§§} w(ﬂ :Ew(f)

2m, 24wy Gl T G
Y7 (7) = (Fly) Zﬂcb (Gil07) = D _ ¢ 6i(7)
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>

j=1

9B
2

%2B,
(B, +1B,)

_QP'*_B(B:E

2

2m,

—iB,)
+ g

S S

-,

-
—_
o
-

Andrea Droghetti
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i hij— %BB, —%2(B, —iB,)||c| _o[10]]e
=1 |-%2(B, +iB,) hy+%2B, |l|c 0 1||¢

magnetic field along z (collinear system)

Andrea Droghetti
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i hij—g2@Bz 0 C;,r B 10 CI
j=1 0 hfl'j+g'uTBBz C}L-' 0 1 Ci-’

(collinear system-> Hamiltonian matrix is block diagonal)
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i hij—%Bz 0 C;E B 10 CI
j=1 0 hij_l_QﬂTBBz C}L-' 0 1 Ci-’

H atomic chain
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1 0f |c
0 1| |c

4B B 0 C

N P — .
2 _
2 wnp ||| =

j=1 0 hfz'j -+ TBBZ C

S
H._).

—

e

=

El. =€)+ 2ycos(K) — B g

2
Ey. = €0 + 2y cos(K) + % 2
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ForB=1T
Band splitting: 1.16 x 104 eV

— Et(k)
1 — ELix)

T T T T T T
-3 -2 -1 o 1 2 3

El. =€)+ 2ycos(K) — %BZ
EY = ey + 2ycos(K) + %Bz
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[Te + VNE]w(ﬂ — E?P(’F)

Add electron-electron interaction V;E
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[Te -+ VNE]w(F) — Ew(??)

Add electron-electron interaction

Vee = v|n]
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[Te -+ VNE]QL‘(F) — Ew(??)

Add electron-electron interaction

Vee — “U[‘n,] Single particle potential

Electrostatic potential on an
electron due to the charge
density of all other electrons

FUNLAYERS summer school Andrea Droghetti



Sy, Ga Foscar . L. ﬂ
oL University Mean-field approximation

s i
mere Of Venice https://www.supervenice.com

[Te -+ VNE]w(F) — Ew(??)

Add electron-electron interaction

Vee = v|n]

V.. — v[n] + B,,[m]S
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[Te -+ VNE]w(F) — Ew(??)

Add electron-electron interaction

Vee = v|n]

V.. — v[n] + B,,[m]S

1
Ve = v[n] + Bp,..[m.]S. Bp..m,] = —EImz
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N 1
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2

Im,

hz'j + %Imz

.

L
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Example: 1d chain studied previously

Ifmz
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Example: 1d chain studied previously

| I Im,

Energy
—

-2

=1 | | | m, = NT — N*

-3 14— E-{kl

Number of electrons that occupy the lower band minus the number
of electrons that occupy that highest band
Andrea Droghetti
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Er 1 1
m, = / iE [D(E +5Im.) — D(E - §I'mz)]

o0
For small m, m, ~ Isz(EF)
1. trivial solution: 2. non-trivial solution:
m, =0 mz#O ID(EF)Zl
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1. trivial solution: 2. non-trivial solution:

Stoner’s picture

Stoner criterion
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ID(Er) > 1 Stoner criterion
Stoner’s picture

Fermi level

Fermi level

Im,
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Note energy scale: eV!!!

50

I 1 1
0 10 0 30 40
Atomic number (Z)

O. Gunnarsson, J. Phys. F: Met. Phys. 6, 587 (1976)
J.F. Janak, Phys. Rev. B 16, 255 (1977)
Andrea Droghetti
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% ]
- Sc (hep)

} T
" Ti(hcp)

Density of states, Ny e) (eV 'atom-)

e
! Zn (hcp) |

0 . L | N . &

-5
Energy, £ (eV)

Figure by C.D. Pemmaraju in J.M.D. Coey, Magnetism and Magnetic Materials (Cambridge University Press; 2010)
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- Fe (fcc)
2t Fe (bcc) T n e oatan w
IE 1] [ W w
S {
':-a-} h L . . N A
~ L Fe (fcc)
E 2_ Co (hcp) ‘t a=0.363 nm
Z 0
%‘; i w 4 metal Mrspa [j'.!.B fﬂ.tﬂm]
— -2
2 1 | 1 1 L l ' 1 Fc 2' 1 5
2 LL Niffee) Fe (fcc) o Co 1.56
g | M b | e-oseam b Ni 0.59
@
" W —\_‘“’MW
-2 | EF ¢ | EF * =
-5 0 0

Energy, £ (eV)

Figure by C.D. Pemmaraju in J.M.D. Coey, Magnetism and Magnetic Materials (Cambridge University Press; 2010)
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3 |
L 10 F
o [= H N P r NI H N P r N = o
Wavevector, k (nm™)
Band structure and DOS of bcc Fe
FUNLAYERS summer school
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2l Fet — Bulk
—— Monolayer

DOS (eV")

]
(2]
Olfccccaa

A. Halder, ...,and A. Droghetti, Nano Lett. 24,9221 (2024)
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Ht Im, t(1 + e?ka)
t(1 4 e 2tka) Im,
7 —Im.,  t(1+ e?*a)

t(l+e 2% —Im,
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S i S S - A - . .

ika ika
ot I'm, t(1 + e?ka) [ Im, t(1 + e?ke)
t(l 4+ e—?z’ka) Imz t(l + 6—2:ka) —Imz
ika _ 2ika
g | —Im t(1 + e2ika) b Imz_ t(1+ e™)
t(l 4+ e—?z’ka) _Imz t(l + 6—21ka) Imz

E} = I'm. + 2t cos(ka) El = £/(Im.)? + 42 cos?(ka)

E} = —I'm, + 2t cos(ka) Ef = +/(Im.)? + 42 cos? (ka)
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E} = I'm. + 2t cos(ka) El = £/(Im.)? + 42 cos?(ka)

B} = —I'm, % 2t cos(ka) Ey = £V/(Im.)? + 412 cos?(ka)

3 = FM Spin T — AFM
— FMSpin . 2 /\
2
1
-1
-2
-2

T T T T T T T T T T T T T T
-15 -1.0 0.5 0.0 05 10 15 -15 -1.0 0.5 0.0 05 10 15
k k

gy
o
gy
o
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Yy
M; = Mlcos(qj), sin(qj), 0]

g+ angle of rotation of the spin at lattice site j
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y

q=mn/6

M; = Mlcos(qj), sin(qj), 0]

The generalized Bloch theorem combines the spatial translation by a
lattice vector with a spin rotation by an angle g

L.M. Sandratskii. J. Phys.: Condens. Matter 3, 8565 (1991)
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Bloch theorem Generalized Bloch theorem
N N
) =) e™lj) ) = Y e* e 2 5)
J=1 j=1
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Bloch theorem Generalized Bloch theorem
N N
vi) =) e™]j) i) = Y €M)
ng p— hﬂ ng — h,j,g ]lgxz ‘|‘ IMJE jg
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Bloch theorem Generalized Bloch theorem
N N
kg - . iky _iqjo* /2] ;
Py =) e™lj) ) =Y eMeii /2| )
Jj=1 j=1
Hﬂ — hjl Hj,{ = hj,{ ]lgxz —+ IMJE jl
Z k(l—j S o
Ek — e’ ( J)Hﬂ Ekﬂ _ Zezku J)e 1qj)o /’QHjEez.chr /2
J j
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Ekﬂ _ Z eik(E—j)e—iqjaz/’QHﬂeinJzKE

J

E(k)1 = 2vcoskcos(q/2)1 — 2ysinksin (q/2)c* + IMo*

By, = 2ycoskcos (q/2) & \/(IM)2 + [27ysin ksin (q/2)]?2
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—_ E.K)
A(k]

— E.k) -2
34— Elk
-3 -2 -1 0 1 2 3
k k
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2 4 — E-ik)
24
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N q=Tm
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-1 4
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34— Elk
-3 -2 -1 0 1 2 3 -3 -2 -1 1 2 3
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Band structure of selected 2d materials
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Non- magnet|c band structure
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J. Strasdas et al., Nano Lett. 23, 10342 (2023)
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antiferromagnetic  Non-magnetic band structure

e [ @D 4.
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J. Strasdas et al., Nano Lett. 23, 10342 (2023)
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Spin Up Spin Down

ferromagnetic

each Cr atom S=3/2
0.8
z 06
>
20
2 0.4
[8 4]
0.2
0

l.V. Kashin et al. 2D Mater. 7, 025036 (2020)
J.L. Lado and J. Fernandez-Rossier, 2D Mater. 4 035002 (2017)
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a Ferromagnet b Antiferromagnet
Real space
< z
X X
y y
A\

Momentum space
Unidirectional splitting Non-splitting

Energy Energy

kx ; kx f
k k
14 4

Figure from Nat. Rev. Mater. 10, 473 (2025)
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a Ferromagnet

Alternating splitting

Real space
z
X
y
Momentum space
Non-splitting

Unidirectional splitting
Energy Energy

Figure from Nat. Rev. Mater. 10, 473 (2025)
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¥:

L. Smejkal, J. Sinova, T. Jungwirth, Phys. Rev. X 12, 040501 (2022)
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=il e e o ~-
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-1.0 J— Spin-T‘\
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B —x 5 Y X

M. Milivojevic et al., 2D Mater. 11, 035025 (2024)
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M. Milivojevic et al., 2D Mater. 11, 035025 (2024)
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Q. Song, ..., A. Droghetti, et al., Nature 642, 64 (2025)
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Electronic structure of ferromagnets
beyond the Stoner picture
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Fe(100): Experimnt

max

E-E, (eV)

min

Experiment: Mirko Cinchetti’s group (TU Dortmund, Germany)
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Stoner’s picture E

Fermi level

H, = +I{n_s)n, = +B;n,
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Stoner picture + scattering with particle-hole pairs

Stoner’s picture E

Fermi level

H;, = +I{n_,n, = +B;n,
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Stoner picture + scattering with particle-hole pairs

Stoner’s picture E

Fermi level

H;, = +I{n_,n, = +B;n,

[Bs +B,_n (w)]ng(w)
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Stoner picture + scattering with particle-hole pairs

Bp—h(“))na (w)

Y9 (w) ~ Ij dw' G°(w)yt (0w — w")

For example: D. M. Edwards and J. A. Hertz, J. Phys. F: Met. Phys. 3, 2191 (1973)
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2%(w) = ReX?(w) + iImZ°%(w)
Shift of the bands Broadening of the bands
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4 experiment

— DFT
— DFT+Z, (DMFT)

DOS eV’

A. Droghetti et al. Phys. Rev. B 105, 115129 (2022) — editors’ suggestion

FUNLAYERS summer school Andrea Droghetti



suys, Ca Foscar
: > University Fe surface

s of Venice https://www.supervenice.com

Fe(100): Experimnt

0

-1

-2

-3

-4

-5
> 2
-6 —
L 3
w @,
- <
1 _
w o
[ =
-~

d b & b M X o

D. Janas, A. Droghetti, et al., Adv. Mater., 35, 2205698 (2023)
Andrea Droghetti

FUNLAYERS summer school




https://www.supervenice.com

e2
—
)
O

Fe,

Ca' Foscari
University

)
O
&
=
y—
)

Andrea Droghetti

©
o
<
O
7
—
Q
S
S
S
7
%)
o
W
<
—
=
)
(T




Ca' Foscari

A?."’ University Fe4GeTe2

I of Venice

https://www.supervenice.com

Binding Energy (eV)

Experiment: Mirko Cinchetti’s group (TU Dortmund, Germany)

Calculations: Antik Sihi, Anita Halder, and Declan Nell (Trinity College Dublin)
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