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CHAPTER FOUR

Electronic Structur es of

M olecules and Solids

4.1 I ntroduction

Solid state materials are often classified according to how their electrical resistivity r varies as a
function of temperature T. Metals and semiconductors have positive and negative slopes in their p-
versus-T plots, respectively (Figures 4.1a and 4.1b). For some compounds, metallic states are stable
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Figure 4.1. Schematic resistivity-versus-temperature plots for (a) a
metal, (b) a semiconductor, (c) a meta undergoing a metal-to-
semiconductor phase transition, and (d) a metal undergoing a metal-to-
superconductor phase transition.
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only ina certain region of temperature so that a metal may become a semiconductor (Figure 4.1c) or a
superconductor (Figure 4.1d) when the temperature is lowered. In understanding such a phase
transition of solid-state materials, it is crucial to know their electronic structures.

The electronic structure of a molecule is characterized by discrete energy levels (Figure 4.2a),
and that of a solid by energy bands (Figure 4.2b). Asillustrated in Figure 4.2c, any given energy band
consists of N discrete levels, where N is the total number of unit cells in a solid. For al practical
purposes, all energy levels falling within aband are allowed because N - [J. In a one-electron picture
of electronic structure, each band level isfilled with two electrons. At T = 0 K anormal semiconductor
contains only completely filled and completely empty bands (Figure 4.2d), so an energy gap (i.e., band
gap Eg) exists between the highest occupied and the lowest unoccupied band levels. A normal
insulator has a band gap larger than 2 eV. A norma metal has at least one partialy filled band (Figure
4.2¢e), so there is no energy gap between the highest occupied level (i.e., the Fermi level ef) and the

lowest unoccupied level.

m
|
m

OO

(a) (b)
= o, [
= mre -
©) (d) )

Figure 4.2. (a) Discrete energy levels of a molecule. (b) Energy bands
of asolid. (¢) Schematic view of an energy band in terms of closely-
spaced discrete energy levels. (d) Band occupancy expected for a
normal semiconductor. (€) Band occupancy expected for a normal
metal.

The above discussion is based on one-electron theory, which neglects electron localization

resulting from electron-electron repulsion, electron-phonon interaction or random potentials.l
Magnetic insulators possess unpaired energy levels. Within a one-electron picture, these systems also
possess partially filled bands. However, the way the band levels are filled in magnetic insulators is
different from that in normal metals (see Section 4.6.1 for further discussion).2 Therefore, when a
solid system is predicted to be metallic by one-electron electronic band structure calculations, it is
extremely important to recall that such a system may not be a metal but a magnetic insulator. The
metallic versus magnetic insulating state of a solid is similar in nature to the low-spin versus high-spin

tate of a molecule.2

4.2 Electronic structures of molecules

4.2.1 Molecular orbital theory
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In molecular orbital (MO) theory, the electronic structure of a molecule is described by
molecular orbitals j (i = 1, 2, -, m) that are expressed as a linear combination of atomic orbitals Xy

M=12,m),

Wi= > Cui Xu (4.2)
u

where Cyj isthe coefficient of the atomic orbital x. The energies g of the MO's j are eigenvalues
associated with the effective Hamiltonian H*'

HET yi=q g (4.2)

so that g iswritten as

f f
(" |w) .
§= 7 1.\ 4.3
(w |w)
The energy € is optimum with respect to changes in the coefficients Ckj so that
ad 0 1,2 4.4
= K=1,2, -, m .
&, ( ) (4.4)

which leads to the m x m secular determinant

H,-€e3S,; H,-€¢S, -* Hn—€ S,
H,, —e,S,, H,—€S, H,, —€; S,

° . o o i :0 (45)
Hy €Sy He-€S, * « H,-&S,

where the matrix elements Hy,y and Sy are expressed as
Huv = <Xu||‘|6ff|Xv> (4.6)
Suv = <XulXv> (4.7

The matrix elements Hpy, Syy and Cpi (1, v, i =1, 2, -, m) form m x m matricesH, Sand C,
respectively. These matrices are related by the pseudo-eigenval ue equation,

HC = SCe (4.8)

where eis an m x m diagonal matrix with its diagonal elements given by g (i = 1, -, m). Thusif the

matrices H and S are determined, then the coefficient matrix C and orbital energies e are obtained by
solving the pseudo-eigenvalue problem, Eq. 4.8. If the overlap matrix S is approximated by the unit
matrix 1, then Eq. 4.8 issimplified as

HC =Ce (4.9)
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4.2.2 Population analysis

Each MO j can be occupied by nj electrons (nj = 2, 1 or 0) so that the total number of
electrons Ng g Of amolecule iswritten as

Netec= »  nitW, (W) (410)

because each MO is normalized to unity, i.e., ( U |ljJi ) = 1. Thisleads to the Mulliken population
analysis, which partitions the Nglec €lectrons of a molecule into its atoms and bonds. The net
population pyyyy of an atomic orbital x| is defined by

o= n (G, ). (4.11)
T
the overlap population py between atomic orbitals xp and Xy by
pw =) 2nC,C,S,, (4.12)
|
and the gross population gy of an atomic orbital X}, by
O = Py + 0.5 ; Py (4.13)
e

Thus the gross population Qa of atom A (i.e., the number of electronson A) is given by

QA= ) ay (4.14)

M1 UA

so that the net charge on atom A is Zp - Qa, where Zp is the effective nuclear charge of A (i.e, the
nuclear charge minus the number of the core electrons). The overlap population Pa B between atoms A
and B (i.e., the number of electronsin the bond A-B) is given by

PAB= ) > P (4.15)
HUA  vOB

4.2.3 Fragment molecular orbital analysis3

It is often convenient to consider a molecule in terms of its fragments (e.g., ethane CH3CH3 in
terms of two methyl groups CH3). In MO theory this amounts to expressing the MO’s of a molecule
AB in terms of the MO's of its fragments A and B, i.e,, in terms of the fragment molecular orbitals
(FMO's). For convenience of discussion, consider that the set of atomic orbitals {X1, X2, ", Xn» Xn+1,

Xn+2, ~, Cm) describing the molecule AB are arranged such that

XL X2, XnOA
Xn+1 Xn+2, =, Xm U B (4.16)
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Then the H and S matrices are partitioned as follows:

Y = OH,  HaeO
a_IBA HB E
|:|SA SAB D
S= (4.17)
B S H
where the elements of the submatrices are defined as
(HA)ij=(Xi|de|X,~> Xi-Xj OA
He)ij = { X [H"]x, ) Xi» Xj OB
(Hap)ij = Hea)i= (X [H|x,)  xi0A x08B
L | \ o
(Spdij =\ Xi| X/ Xi. Xj DA
L | \ o
(SB)ij=\Xi | X;/ Xi> XjUB
(sam)ij = Seaji = (X, | X, ) XiOA, X OB (4.18)

The MO’s of the fragments A and B are obtained by the pseudo-eigenval ue equations

HaA CA=Sa Caea
HBCB =SB CB eB (4.19)

To combine these two equations, we introduce the following matrices:

HO_EHA 0D
HO HgH
S - 5. 00
HO SgH
Co_[ﬁA 00
HO G,
& = . 00 (4.20)
HO egH '

These matrices satisfy the following pseudo-eigenvalue equation

H'C’=s’C’¢, (4.21)

53
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which isequivalent to Eq. 4.19. Thusthe FMO’s L|Ji0 can be re-written as

W= CiX, (4.22)

m

The FMO lIJiO belongsto fragment Aif 1<i<n,andtofragmentBif n+tl<i<m.
The MO’s i of amolecule is expressed in terms of itsFMO’s as

gj = z Tjqujo (4.23)

J

where Tjj is the coefficient for the FMO lIJjO inthe MO j.  The Tjj coefficients form the m x m

matrix T. Thismatrix relatesthe C and C” matrices as

c=CcT (4.24)
and is given by

T=()sc (4.25)

The overlap SJ- and the interaction energ)Hij between the FMOL|Ji0 of fragment A and the FMO
0 .
L|Jj of fragment B are given by

S ={wl ) =enfsC
Hy = (W) |H9ﬁ| lIJ,°> =(CHHC (4.26)

where CJ-0 is the column vector made up of the MO coefficie@gj, and (Cio)T is the row vector
made up of the MO coefficients,&

4.2.4 Density of states

Electronic structure of simple molecular systems are easy to describe in terms of the nodal
properties and energies of their MO’s. For large, complex molecular systems this approach is
intractable and hence useless. To discuss the electronic structures of such systems it is convenient to
use the concepts of density of states (DOS), projected DOS (PDOS), and “density of overlap

populations” (DOP) in analogy with electronic band structure description for ofids.

The DOS, n(e), refers to the number of the energy levels lying between e and e + de, where de is
a small positive number. That is, n(e) is the probability of the energy level at e. The MO levels
allowed for any molecular system are discrete so that its DOS curve, i.e., the n(e)-vs.-e plot, is difficult
to visualize. To overcome this difficulty, each discrete MO level may be replaced with a Gaussian
function centered at the energy level. For examglensider an MO leveljewnith the probability of
occurrence p(= 1 for each nondegenerate MO levéljglre 4.3a). This discrete level atj enay be

replaced by theGaussian functionjfe) centered atj@s shown ifrigure 4.3b, so that
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1 Oe-e {0
gi(e = J—poiexpg ETH 5 (4.27)

where 6 is the smoothing parameter. The function gj(e) becomes flatter with increasing o, and
satisfies the normalization condition

J’ gi(e)de = pj (4.28)

(b) 9@ ‘

[A
i

Figure 4.3. (a) Discrete energy level g with probability pj. (b)
Representation of the discrete level in terms of the Gaussian function
gi(e).

The DOS, n(e), at any given energy e is then obtained by summing contributions from the
Gaussian functions gj(e) for all the MO levelsi=1, 2, ---, m,

m
n(e) = _Zl 26i(e) (4.29)
| =

where the factor of 2 is introduced because each level can be occupied by two electrons. In other
words, we neglect high-spin states, for which some levels are singly filleSe(s$iem 4.6.1).

Suppose that we calculate the gross populateg{ &) of an atomic orbital X, for each
individual MO level ¢ alone assuming that it is doubly occupied. Then the DOS-weighted gross

population, g(e), of the orbitalx, is given as

du© =) gile)que) (4.30)

Then qy(e) represents the PDOS of the atom orbjgl The PDOS, @(e), of an atom A is given by

Qal®) = au(e). (4.31)
PR

which satisfies the normalization condition
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n(e) = Qp(e) (4.32)
aIZA A

The gross population Q, of atom A is then written as

€¢

Qp= J’ Qa(e)de, (4.33)

where ¢ refersto the HOMO level.

In a similar manner, the overlap population pyy(€j) between two atomic orbitals Xy and Xy
can be calculated for each individual MO level & alone assuming that it is doubly occupied. Then the
DOS-weighted overlap population pyy(€) between orbitals xj and Xy isgiven by

Pwv© =D gi@puv( e, (434)

which represents the DOP between orbitals X and Xy. The DOP, ppg(€), between atoms A and B is
given by

PAR(E) = Puv(€) (4.35)
AB XN%A )(EDA Y

v

and the overlap population Pa B between atoms A and B is written as

€¢

Pag= [ Pap(e)de (4.36)

Electronic structures of molecules can be discussed solely on the basis of their DOS and or DOP
values. This approach totally neglects the information about the nodal properties of MO’s. However,
consequences of orbital interactions leading to calculated MO levels can be easily deciphered by
constructing appropriate DOS, PDOS and DOP pilots.

4.3 EHTB calculations ©

The crucial difference between first principles and semi-empirical methods of electronic
structure calculations lies in the way of constructingHhheatrix of the pseudo-eigenvalue equation
Egs. 4.8. Once a set of basis atomic orbitals is chosen for a system under consideration, first principles
methods construct the matrix using the Hamiltonian appropriate for the system and refine it in a self
consistent field manner. In semi-empirical methods, the constructidnso€arried out empirically by
introducing a number of simplifying approximations.

In the EHTB metho®, only valence electrons are considered, and valence atomic orbitals are
approximated by Slater type orbitals (STO)g). Single-zeta STO's are defined by

Xu(r.8, @ O MLlexp(r) (6, 9 (4.37)

where n is the principal quantum numbérjs the exponent, and §( ¢) is the spherical harmonics.
In double-zeta STO's, a linear combination of two exponential functions is used as
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Xu(r.6, @ O
r-1{cq exp(-Lar) + c2 exp(-22n)] Y (6, ¢) (4.38)

Thevaluesof { for single-zetaSTO's, and those of {1, {2, c1 and co for double-zeta STO's,

can be taken from results of atomic electronic structure calculations using the Hartree-Fock method.’
These calculations do not provide information about unoccupied valence atomic orbital(s) of an atom
(e.g., 2p orhital of Li, 4p orbitals of Ti, etc.).

In the EHTB method the exact mathematical forms of the effective Hamiltonian HE is not
specified. Instead, the matrix representation of Heff s empirically constructed. The diagonal element
Hup = <XuHSTxy> (1 = 1, 2, -, m) is approximated by the valence-state ionization potential
(vsip),89

The VSIP values of valence atomic orbitals can be approximated by their orbital energies from suitable
atomic electronic structure calculations.’
The off-diagonal matrix element between orbitals X, and Xy, i.e, Hpy = <xu|Heff|xv>, is

approximated by the Wolfsberg-Helmholz formul a8
HIJV = KSHV(HUM + HV\))/Z (440)

where §y isthe overlap integral between X and Xy, Syy = <Xplxv>, K isaconstant (i.e., 1.75), and
Hup and Hyy are the VSIP's of the orbitals Xy, and Xy, respectively. In the weighted Wolfsberg-
Helmholz approximation,10 the constant K is replaced with another constant K’

K' =K +A2 + A%(1 - K) (4.41)

where A = (Hyp - Hyv)/(Hup + Hyy). The weighted Wolfsberg-Helmholz formula reduces the extent
of the so-called counterintuitive orbital mixing that occurs when a very contracted orbital interact with

avery diffuse orbital .10
The EHTB method solves Eq. 4.8 for molecules using the matrix elements defined as above.
The simple Huckel method solves Eqg. 4.9. Thé and H,y values of the STO's to be used in

constructing theHd and S matrices are stored in the data base ofGAESAR program package (see
Section 5.2.2 for details).

4.4 Electronic structures of solids 9:10

4.4.1 Bloch orbitals

Consider a 3D orthorhombic lattice with repeat distaagbsandc along the crystallographic a-
, b- and c-direction, respectively, as showrrigure 4.4a. Each unit cell has a set of atomic orbitals

{X1,x2, ", Xnm¥- An atomic orbital X (1 =1, 2,+, m) in the unit cell located at the sitegmb, pc)
is written as X (r-ma-nb-pc), where m, n and p are integers. To determine the electronic energy bands

arising from such atomic orbitals, one first defines the Bloch orbigglsor each atomic orbitalxy
as
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Pu(kakb.ke) =
NS exp(ik,ma) exp(ik,nb) exp(ik, pe) xu(r-ma-nb-pc) (442
. f
- :
V" r X
(a)

(b)

Figure 4.4. (a) Schematic representation of the direct lattice sites
generated by the repeat vectors a, b and ¢. (b) Schematic diagram of
the FPZ, where G = (0, 0, 0), X = (1/2,0,0), Y = (0, /2, 0), and Z =
(0, 0, /2).

Here the three wave vectors kg, kp and k¢ are used to describe all possible phase relationships between

the atomic orbitals located at different unit cells along the a-, b- and c- directions, respectively. Due to
the periodic nature of the coefficients exp(ikgma), exp(ikpnb) and exp(ikcpc), one can use only the

wave vectors (Kg, kp, Kc) lying in the following region

-Tla <kg<1a
-'b <kp< b (4.43)
-Tlc <kc<TUC

in constructing the Bloch orbitals. These wave vectors define the first primitive zone (FPZ) shown in
Figure 4.4b, where I =(0, 0, 0), X = (174, 0, 0), Y =(0, 1b,0)andZ=(0, 0, T7C).

4.4.2 First primitive zone

In describing electronic band structures of general 3D solids, the concepts of the direct and
reciprocal lattices are employed. For a 3D lattice with repeat vectors a, b and c, the positions of lattice
sites (ma, nb, pc) are represented as vectors R,

R=ma+nb+pc (4.44)
A set of these vectors is called the direct lattice. The reciprocal lattice of a given direct lattice is

defined as a set of vectors K satisfying the relationship, exp (K*R) = 1. The vectors K are expressed
as

K =ma* + nb* + pc* (4.45)

where a*, b* and ¢* are the reciprocal vectors associated with the vectors a, b and ¢ asfollows:
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b xc
a* =2m
\Y/
CcC X a
b* =21 (4.46)
axbhb
c* =21
V

where V is the volume of the unit cell defined by the repeat vectors a, b and ¢ (i.e., V = axb-c). Thus,
for the orthorhombic lattice, the lengths af, b* and c* are given by 21/a, 2r/b and 2vc,
respectively, and their directions are alatp andc, respectively.

It is convenient to express a general positiqrof the reciprocal space in units of the reciprocal
vectors, that is,

k =xa* + yb* + zc* (4.47)

wherex, y andz are dimensionless numbers. For any general 3D lattice, the terrk-&)pan be
written as

exp(k*R) = exp(ikgma) exp(ikynb) exp(ikspc) (4.48)

where lg = x(217a), kp = y(217b) and k =z(217c). Therefore, the wave vectors(lkn, kc) introduced

to construct the Bloch orbitals of a 3D orthorhombic lattice are also valid for any other non-
orthorhombic lattice.

For simplicity, the wave vectdt = (xa*, yb*, zc*) is often represented by, (y, 2. With this
notation, the special points of the FPZFigure 4.4b is given by I' = (0, 0, 0), X = (0.5, 0, 0), Y = (O,
0.5,0)and Z = (0, 0, 0.5). Likewise, the FPZ of the reciprocal space is defined by

-05 <x <05
-05<y <05 (4.49)
-05<z<05

The first Brillouin zone (FBZ) is defined as the Wigner-Seitz cell of a reciprocal space. For an
orthorhombic lattice, the FPZ is identical with the FBZ. This is not necessarily the case for other
lattices. One can use wave vectors of either FPZ or FBZ in constructing electronic band structures.

4.4.3 Crystal orbitals

Our notations for Bloch orbitals and their related expressions are considerably simplified by
using the symbolk andR. An atomic orbital x|, located aR is given by xu(r-R) (4 = 1, 2,-+, m),
so the Bloch orbitafp is written as

quk)= N2 S exp(kR)xu(r-R) (4.50)
R

The crystal orbitalsyj are given as linear combinations of the Bloch orbitgls



60 Chapter 4 Electronic Structures of Molecules and Solids
Wik =D Cuitauk) (451)
7
and their energies gj(k) are eigenvalues associated with the effective Hamiltonian Heff

HET (k) = ei(k) wik) (4.52)

so the energy (k) iswritten as

(@ (K)[H" [ (k))
(g, (k) |w (k)

The energy €j(k) is optimum with respect to changesin coefficients Cgj(Kk), i.e.,

&i(k) = (4.53)

o8 (K) _ (k=12 - m) (4.54)
dCai (k)

which leads to the m x m secular determinant

H11( k) - ei( k)sll( k) le( k) - ei( k)slz( k) ¢ Hlm( k) - ei( k)slm( k)

H21( k) - ei( k)821( k) sz( k) - ei( k)szz( k) ¢ HZm( k) - ei( k)szm(k)

Hu(k) = e (k)Su( k) Hp(k) —e(k)S,(k) « « H (k) —e(k)S,(k)
(4.55)

where the matrix elements Hyy (k) and Sy (k) are expressed as
Huv (k) = <qu(k)IHE oy (k)> = <xp(rIHE Ty (r)>

+ 5 {exp(-ik [R)<Mr —R)‘He” | XAr))
R

« exp(ik RN H x(r -R)} s
Suv(k) = <qu)lpv(k)> = <xXu(r)ixv(r)>

+ Z{exp(-i K ER)<X;Xr B R)‘X‘(r)>
R

« explik Ry r(r -R) sy
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The summations of Egs. 4.56 and 4.57 are known as lattice sums. The summations start from
the reference unit cell at R = 0 and go over the neighboring unit cells located a R (# 0). The matrix

elements ()(y( r) |Heff |XK r - R)) and ()(y( r)yix(r - R)) become smaller with
increasing the distance between the reference and the neighbor cells. Eventually, they become
negligible beyond a certain value Rg = nga + npb + ncc, where ng, Nnp and ne are the n-th nearest

neighbors along the a- b- and c-directions, respectively. Thus the lattice sums can be truncated by
dropping terms associated with the unit cells beyond R.

For a unit cell containing m atomic orbitals {X1, X2, ", Xm}, the matrix elements Hyy(k),

Suv(k) and Cyj (k) (W, v, i =1, 2, -, m) form m x m matrices H(k), S(k) and C(k), respectively.
These matrices are related by the pseudo-eigenvalue equation,

H(k) C(k) = S(k) C(k) e(k) (4.58)

where (k) is an m x m diagonal matrix with its diagonal elements given by €j(k) (i =1, -, m). Thus
if the matrices H (k) and S(k) are determined, then the crystal orbitals C(k) and orbital energies e(k) are
found by solving the pseudo-eigenvalue problem, Eq. 4.58. If the overlap matrix S(K) is approximated
by the unit matrix 1, then Eq. 4.58 issimplified as

H(K) C(k) = C(K) e(k) (4.59)

4.5 Describing electronic structures of solids

4.5.1 Dispersion relations

A study of the electronic band structure of a given solid requires solving Eq. 4.58 for a set of k-
points. To obtain a dispersion relation for a band j(k) aong a specific line segment of the FPZ, one
needs to calculate its energy €j(k) at a number of k-points covering that direction. Thisisillustrated in
Figure 4.5a for a band of a 1D system, where the circles refer to the calculated energies at chosen k-
values. The dispersion relation is then obtained by connecting those calculated energy values (solid

line in Figure 4.5a). Typicaly dispersion relations are plotted along the boundaries of the FPZ. For
the FPZ of a 3D lattice, the special points of interest are

r=(0,0,0)

X = (0.5, 0, 0)

Y =(0, 0.5, 0)

Z=(0,0,0.5)

XY = (0.5, 0.5, 0) (4.60)
XZ = (0.5, 0, 0.5)

YZ =(0, 0.5, 0.5)

XYZ = (0.5, 0.5, 0.5)

and dispersion relations can be drawn between any two points. For the purpose of labeling in
dispersion plots, simpler labels are needed for the XY, XZ, YZ and XY Z points. In this book and the
CAESAR package, the following notations are adopted: M = XY, N=XZ,L =YZ,and R=XYZ.

A complicated situation arises when two bands overlap in energy as shown in Figure 4.5b. If
the symmetries of the two band levels differ at al k-points dlong I - X, the two band dispersion
curves cross as indicated in Figure 4.5b. However, if the two bands have an identical symmetry along
I - X, crossing of the dispersion curves is not possible so that there result in two narrower bands as
illustrated in Figure 4.5c. To determine which is correct, one may either analyze the symmetry of the
crystal orbitals describing the two bands or calculate the €j(k) values for a fine mesh of k-pointsin the

vicinity of the crossing (or intended crossing) point. Even when band dispersions cross as in Figure



62 Chapter 4 Electronic Structures of Molecules and Solids

4.5b, it isimportant to notice the meaning of an energy band from the viewpoint of energy surface as a
function of wave vector; the lower energy surface (i.e., that lying below the crossing point) of Figure
4.5b is one band, and the upper surface (i.e., that lying above the crossing point) is another. This
classification isimportant in understanding Fermi surfaces of partialy filled bands (see later).

/\

r X r X r X

(@) (b) (c)

Figure 4.5. Determination of band dispersion relations along the line
segment G-X for the cases of (@) one band, (b) two bands with crossing,
(c) two bands with avoided crossing.

4.5.2 Fermi level and k-point sets

Y M
A x
(@
M M

A

r X r

(b) (©)

Figure 4.6. FPZ of asquare lattice. (a) One whole FPZ. A set of wave
vectors lying in the shaded triangle can be used to sample the wave
vectors of the whole FPZ. (b) Uniform distribution of k-points
excluding the borders of the FPZ. (c) Uniform distribution of k-points
including the borders of the FPZ.

We now discuss how the Fermi level (here used to mean the highest occupied energy level) can
be determined by considering a 2D square lattice, for which the FPZ isasquare in reciprocal space. To
know the dependence of €j(k) and j(k) on the wave vectors k of the FPZ, it is necessary to calculate
them for a set of k-points evenly distributed in the FPZ. Because of the symmetry €j(k) = gj(-k), itis

sufficient to use a set of k-points covering half the FPZ. Depending on the symmetry of the FPZ, a set
of k-points can be chosen from a smaller part of half the FPZ. For example, in Figure 4.6a, only the
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wave vectors in the shaded triangle are necessary to consider. To examine the ej(k)-versus-k

relationship for the k values of the shaded triangle, a set of L points {k1, k2,-, k|.} may be evenly

distributed to cover the shaded triangle. For example, Figures 4.6b and 4.6c show two ways of
distributing a set of 10 k-points. The k-points avoid the boundary lines in Figure 4.6b, while thisis not
the casein Figure 4.6¢c. In a set of evenly distributed k-points, each k-point represents al the k-values
in the small square surrounding that point, because in reciprocal space al k-points are equally allowed.
Depending upon where the k-point lies, it may represent only a fraction of the little square. For
instance, each k-point of Figure 4.6b lying on the ' -~ M line represents half the little square. In
general, it isnecessary t o define the weight Wj of each kj points such that Wj is proportiona to the

area kj represents and satisfies the normalization condition

L
_Zl wWj=1 (4.61)
I =

Thus, in Figure 4.6c, the weights of the k-points (0, 0), (1/2, 0), (1/3, 0), and (1/3, 1/6) have the ratios
U8:14:1/2: 1.

When the crystal orbitals yin(k) are generated using a set of atomic orbitals {x1, X2,", Xyt

per unit cell, one obtains a set of m orbital energies {e1(kj), e2(kj), -, em(kj)} for each kj point.
Each band level en(kj) has its probability of occurrence pn(kj), which is the same as the weight Wi of

the k-point kj. Thus, there are a set of probabilities { p1(kj), p2(ki),, pm(Kj)} to consider for each ki
point, where

Pn(ki) = Wi (n=1,2,,m) (4.62)

The probability pn(kj) has the meaning that a doubly occupied crystal orbital Yn(kj) accounts for
2pn(kij) electrons. If electronic band structure calculations are performed for the L points of a set {k1,

ko, -, KL}, one obtainsm x L band levels and their probabilities
{ea(ki), e2(ki),.em(ki)} (i=1,2, L) (4.63)
{p1(ki), p2(ki),pm(ki)} (i1=1,2, -, L) (4.64)

Them x L band levels of Eq. 4.63 may now be rearranged in ascending order of energy. This ordered
set of m x L levels can be simply written as

{elv €2, €m, Em+1, 7, €2m, emXL} (465)

The m x L probabilities of Eq. 4.64 can also be arranged as in the orbital energy sequence of Eq. 4.63
to give the ordered set of m x L probabilities, which may be written as

{p11 P2, -, Pm: Pm+1, --- P2m; -+ meL} (466)

As dready mentioned, each doubly occupied level g of Eqg. 4.65 accounts for 2p;j electrons.
Therefore for any number of electrons N per unit cell, one can find the energy levels emax and emax+1
satisfying the constraint

max+1

nmax
2pp €N < 2pi (4.67)
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In considering the Fermi level e, it isimportant to consider the emax and emax+1 values for the case
when N refers to the total number of electrons, Nglec, in a unit cell. Then emax and emax+1 are the

highest occupied and lowest unoccupied levels, respectively. Thus, for normal semiconductors and
insulators, the energy difference emax+1 - €max is the band gap. For norma metas, this energy

difference should be zero in principle, but may be nonzero in practice because a set of finite k-pointsis
used in sampling the FPZ. In a special case like a single graphite sheet, the Fermi surface consists of
only one k-point, i.e., K = (1/3, 1/3). The FPZ of the 2D graphite lattice is given by a rhombus so that
when this FPZ is sampled by a set of evenly distributed k-points, the point (1/3, 1/3) is not included in
the set. Therefore, the energy difference emax+1 - €max Will be nonzero. In this case, the true Fermi
level can be approximated by ef = (emax+1 + emax)/2 if the k-point set employed did not include the K
point. To be precise, one should carry out calculations for the K point.

For convenience, the highest occupied level of a given system determined as described above is
defined as the Fermi level ef of the system. However, it should be recalled that the double occupancy
of each band level is assumed in obtaining thislevel. Therefore, thislevel is not relevant for discussing
the highest occupied level of magnetic insulators, for which one must consider the single occupancy of

all band levels for some bands (see Section 4.6.1).2

45.3 Density of states

When the electronic band structure of a solid is calculated for a fine mesh of k-points covering
the FPZ, one obtains a set of mxL discrete energy levels and their probabilities of occurrence (Egs.
4.65 and 4.66). Then, as describe@aation 4.2.4, the DOS n(e) at a given energy e can be obtained
by summing contributions from the Gaussian functiq(e) ghat represent for all the mxL levels,

mx L

ne)=) 2d(e) (4.68)
i=1

where the factor of 2 is introduced because each level can be occupied by two electrons. (We neglect
the possibility of electron localization, which in a one-electron band picture is represented by singly
filled band levels. Segection 4.6.1.) The smoothing parametey of gj(e) (see Eq. 4.27) is chosen
according to the size of the k-points mesh. The accuracy of n(e) is improved by using a small value of
o with a large set of k-points.

n(e) means the probability of the energy level at e, so that it is nonzero within the allowed energy
region of a band and vanishes in the forbidden energy region. An important DOS value in describing
the physical properties of metals is the DOS value at the Fermi level, if., méerms of n(e), the

electronic energy Eecof a system is written as

€¢

Eelec= J’ n(e) e de (4.69)

— 0

A band of nonmagnetic systems can accommodate two electrons per unit cell so the DOS values of a
given band i, [{e), satisfy the normalization condition

J’ni(e)de =2 (4.70)

Suppose that we calculate the gross populatipej) of an atomic orbitalxy, as well as the
overlap population py(€) between two atomic orbitalxy and Xy for each individual level je
assuming that it is doubly occupied. Then the PD@)qof orbital x},, the PDOS Q (e) of atom A,



Chapter 4 Electronic Structures of Molecules and Solids 65

the PDOP pyy(e) for orbitals xp and Xy, and the PDOP pp g(€) for the bond between atoms A and B
are defined as described in Section 4.2.4. The PDOP plots for solids are known as crystal orbital

overlap population (COOP) curves.4

Electronic band structure calculations for a solid generate a large number (i.e,, mxL) of levels.
Thus as in the case for large, complex molecules, it is practical to use appropriate DOS, PDOS and
DOP plots in describing electronic structures of solids.

4.6 Partially filled bands

From the viewpoint of one-electron band theory, a system with partially filled band(s) is
metallic. However, it should be recalled that such a system can be a magnetic insulator due to electron-
electron repulsion. Normal metals and magnetic insulators are similar in that they both possess
partially filled energy levels. Whether a system with partially filled band(s) is metallic or magnetic

insulating depends on how the partially filled bands are occ@pied.

4.6.1 Normal metallic versus magnetic insulating states of a partially filled band

To examine what controls the relative energies of metallic and magnetic insulating states of a
partially filled band system, we consider a hypothetical 1D chain with one ongitahd one electron

on each lattice site F{gure 4.751).2v12 The energy factors governing the relative energies of the two
states of this chain are similar to those that govern the relative energies of the high-spin and low-spin
states of a molecular diméfigure 4.8a). The molecular orbitals of the dimer can be approximated by

Xt X
W, 5
(4.71)
[/j = 2(1;2(2
2 V2

X(re))  X()  X(r-a) x(r-2a)

[« B =+~ B —I~ B —

(a)

(b) (c)

Figure4.7. (a) 1D lattice with one orbital and one electron per site. (b)
Magnetic insulating state of a 1D chain with one electron per site, in
which an electron is localized at each site. (c) Intermediate stage of the
electron transport process in a 1D chain with one electron per site.
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if the overlap integral <x1[x2> is neglected. Then, the energies of these orbitals are givenby e1 = a +

Bandex= a- B, where B=<x1HET[xo>. With two electrons, one may construct the low-spin state
(Figure 4.8b) or the high-spin state (Figure 4.8c). In a one-electron picture, in which electron-electron
repulsion is neglected, the low-spin state is always more stable than the high-spin state. This is not
necessarily the case when electron-electron repulsion is taken into consideration.

(a) -
xl xZ
T — % -+ ¥,
(b) 2|8l (c)
-y, +
!
(d) P L (e)
nt=n}=i/2 nt=1 ,nizo

Figure 4.8. (a) Dimer with one orbital and one electron per site. (b)
Electron configuration in the low-spin state of the dimer. (c) Electron
configuration in the high-spin state. (d) On-site electron density
distribution in the low-spin state. (e) On-site electron density
distribution in the high-spin state.

To simplify our discussion, we neglect all repulsion integrals but the on-site repulsion U =
(X1x1lx1x1) = (x2x2lx2x2). Then, in any electronic state, an atomic site with the up-spin and down-
spin electron densities nt and ni, respectively, contributes the amount of repulsion given by ntni U.
The on-site charge densities associated with the low-spin (Figure 4.8b) and high-spin (Figure 4.8c)
states are depicted in Figures 4.8d and 4.8e, respectively. In terms of the on-site repulsion, the low-
spin state is less stable than the high-spin state by U/2. In terms of the orbital energies, however, the
low-spin state is more stable than the high-spin state by 2|3|, which is equal to W/2, where W is the
bandwidth of the corresponding 1D chain (Figure 4.7a). Consequently, the high-spin state becomes

more stableif U > W.2
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Figure 4.9. Arrangements of localized spins in a 1D chain with one
electron per site: (a) Ferromagnetic arrangement, (b) antiferromagnetic
arrangement. (c) No long-range order.

Consider the 1D lattice in Figure 4.7a. When U >> W, favorable electronic states are those in
which each site has one electron with either up or down spin (Figure 4.7b). All these states are
insulating in nature, because el ectron hopping from one site to another leads to a situation in which two
electrons reside on a single site thereby causing on-site repulsion (Figure 4.7c). Such insulating states

resulting from partialy filled bands are referred to as Mott-Hubbard localized states. 12 Figures 4.9a
and 4.9b represent ferromagnetic and antiferromagnetic arrangements of spins, respectively. These two
states have along range order. The spin arrangement of Figure 4.9c is an example with no long-range
order. Within the one-electron band picture, the ferromagnetic state Figure 4.9a is represented by the
electronic structure that results when all the band levels are singly occupied with an identical spin, as
depicted in Figure 4.10a, which is a solid state analog of the dimer high-spin state Figure 4.8c. If one
neglects electron-electron repulsion terms except for the on-site and the nearest-neighbor intersite
Coulomb repulsions, the electronic energies of the three states Figures 4.9a-4.9c are identical.
Consequently, the high-spin band filling scheme Figure 4.10a represents any localized electronic state
arising from a half-filled band.

(a) (b)

Figure 4.10. Band orbital pictures of the () magnetic insulating state
and (b) normal metallic state of a system with half filled band.

It is difficult to describe the energies for the low-lying excited states of a Mott-Hubbard
localized state (e.g., the energy differences between the states, Figures 4.9a-4.9c) within a band
electronic structure theory, because this theory is based upon the assumption that electrons are
delocalized throughout the lattice. Localized electronic systems are typically examined in terms of
model Hamiltonians (e.g., spin and Hubbard Hamiltonians) designed to study their low-lying excited
states.

For ahalf-filled metallic system, the low-spin band filling in Figure 4.10b is appropriate when U
<< W. Thisis a solid state analog of the dimer low-spin state in Figure 4.8b. The energies for the
low-lying excited states of the metallic state Figure 4.10b are well described by the band orbital energy
differencesin the vicinity of the Fermi level.

For asolidinwhich U =W, it isdifficult to predict whether a metallic or a magnetic insulating
state is more stable. In certain cases the total energy is lowered by introducing spin polarization on
each lattice site (i.e,, nt > ni or nt < n@), because it reduces the contribution of on-site repulsion to
the total energy. This leads to a magnetic metallic state, which has weakly localized electrons. It is
important to consider how spin polarization can be introduced in a band picture. Since each band level
can have up-spin and down-spin electrons, one can consider that each band is made up of two
subbands, i.e., one band for up-spin electrons, and the other band for down-spin electrons. For
example,Figure 4.11a depicts a normal metallic state in this picture, whegerefers to the Fermi
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level of the normal metallic state. Spin polarization can be introduced into a norma metallic state by

shifting the up-spin band with respect to the down-spin band.13 For simplicity, it may be assumed that
the spatial orbital character of these subbands is essentially unaffected by the spin polarization. With
respect to the norma metallic state (Figure 4.11a), one can obtain more up-spin electrons by raising
the Fermi level to efg + At, and less down-spin electrons by lowering the Fermi level to efg - Al

(Figure 4.11b). When the up-spin and down-spin bands are shifted so that the efg + At and efg- Al
levels become identical (i.e., adjusted to the new Fermi level ef), a spin-polarized state results (Figure

4.11c). The electronic state of Figure 4.11c represents a magnetic metallic state. 13 In this picture, the
case for U >> W is represented by the state in which the up-spin and down-spin bands are completely
separated (Figure 4.11d). Thus the up-spin is completely filled while the down-spin band is compl etely
empty thereby representing a magnetic insulating state. The states represented by Figures 4.10a and
4.11d are equivalent.

B e,+A+_______e°
Nk Inks
(a) (b)

(c) (d)

Figure 4.11. Up-spin and down-spin subband representations of the
various states of a system with a half-filled band. (a) Norma metallic
state. (b) Electron redistribution in the up-spin and down-spin
subbands. (c) Spin polarized state. (d) Magnetic insulating state.

4.6.2 Normal metallic states and Fermi surfaces

For the metallic state of a partially filled band, wave vectors in a certain region of the FPZ lead
to occupied band levels (i.e., levels below the Fermi level), and wave vectors in the remaining region of
the FPZ lead to unoccupied band levels (i.e., levels above the Fermi level). For simplicity, wave
vectors leading to occupied and unoccupied levels of a partiadly filled band are referred to as occupied
and unoccupied wave vectors, respectively. All wave vectors of the FPZ are equally probable, so that
the occupancy of a partialy filled band is equal to the ratio of the area of the occupied wave vectors to
that of the FPZ. The Fermi surface of a partialy filled band is the boundary surface separating the
occupied wave vectors from the unoccupied wave vectors, i.e., the surface made up of the Fermi wave
vectors kf.



Chapter 4 Electronic Structures of Molecules and Solids 69

(b) (c)

Figure 4.12. (a) FPZ of a non-orthorhombic 2D lattice. (b) Dispersion
relation of a band across the Fermi level. (c) Schematic illustration of
how to determine a Fermi surface.

We examine how to calculate a Fermi surface first by considering the normal metallic state of a
2D system as an example. To make our discussion general, this 2D system will be assumed to be non-
orthorhombic, so that the FPZ are given by a parallelogram (Figure 4.12a). Suppose the n-th band is
partialy filled. With a set of k-points{k1, k2, -+, k| .} covering one half the FPZ (indicated by shading
in Figure 4.12a), the Fermi level ef can be determined. Given the n-th band energies en(kj) calculated
for this set of k-points, one can generate an analytical expression of en(k) as a function of k by a 2D

cubic spline fitting procedure.14 For this fitting purpose the FPZ is more useful than the FBZ because
the former provides a much simpler set of evenly distributed k-points. Once an analytical expression of
en(k) and the Fermi level ef are obtained, it is easy to find the Fermi vector kg, for which en(kf) = ef,
along any wave vector direction desired (see Figure 4.12b). To present a Fermi surface as a contour in
the FPZ, one needs to find a large number of kf values. Thisis achieved by examining the dispersion
relations of the band en(k) along severa sets of paralel wave vector lines dividing the FPZ. This is
illustrated with two sets of paralel wave vector lines in Figure 4.12c, where the k¢ points found are
represented by heavy dots. |f one applies afiner mesh of parallel wave vector lines, more kf points are
found. Then, the Fermi surface is given by the contour line connecting those kf points as shown by the
solid linein Figure 4.12c.

The above discussion can be easily extended for a 3D system. The 3D FPZ of a 3D crystal can
be sliced by a set of cross sections paralel to the a*b*-, b*c*- or a*c*-plane. For each cross-section
plane, 2D Fermi surface contours can be calculated as described above. When these contours on all
cross-section planes are collected, one obtains the Fermi surfaces of the 3D system.

A Fermi surface is made up of the Fermi wave vectors Kf, and the crystal momentum 7 ki
shows the direction of electron movement on the Fermi surface. In other words, there exists a nonzero
carrier density for electrica conduction along the direction perpendicular to the Fermi surface.
Therefore, in a representation of a Fermi surface using wave vectorsin al three directions, a 1D metal
has two Fermi surface sheets perpendicular to the direction of its electrical conduction, a 2D metal has
a cylinder-like Fermi surface running along the direction of the least electrical conductivity, and a 3D
metal has a completely closed Fermi surface.

4.6.3 Effective mass
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The energy of afree electron g(k) isgiven by

(nk )?
2m,

g(k) = (4.72)

where me is the mass of an electron. Given the energy of a partialy band as €j(k), it is convenient to
describe its behavior around the Fermi level in terms of a parabolic relationship

(nk)?
ei(k) = ot (4.73)

Here the effective mass m” is used to describe any deviation of the band ej(k) from the free electron

behavior €( k). In genera, dispersion relations of a band depend on the directions of wave vectors,
and so do the effective mass. For a Fermi surfacein a2D FPZ or for a Fermi surface on a cross-section

plane of a3D FPZ, it is convenient to consider the average effective mass defined by 12

L7 dA ’
M = 2nde (4.74)

where A refers to the area of either the occupied or the unoccupied wave vector region of the 2D FPZ
or the cross-section plane of the 3D FPZ.

4.7 States derived from a metallic state ©.16

4.7.1 Fermi surface nesting

Fermi surfaces are important in explaining the electronic instabilities of partially filled band
systems. When a piece of a Fermi surface can be translated by a vector g and superimposed on another
piece of the Fermi surface, the Fermi surface is said to be nested by the vector q. Since the Fermi
surface of Figure 4.13a consists of two parallel lines, it is nested by an infinite number of wave vectors,
two examples of which are shown in Figure 4.13a. For the discussion of Fermi surface nesting, it is
important to consider Fermi surfaces in the entire reciprocal space, which is achieved by repeating the
Fermi surface pattern of the FPZ in reciprocal space.
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Figure 4.13. (a) Nesting vectors of a 1D Fermi surface. (b) Filled and
empty wave vectors of the FPZ given by a 1D Fermi surface, where the
filled region isindicated by shading.
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4.7.2 Orbital mixing and new states

In discussing metal-insulator and metal-superconductor transitions, it is convenient to describe
the insulating and the superconducting states as a consequence of perturbation on the metallic state. A
metallic state predicted by one-electron band theory (i.e., a norma metallic state) is not stable when its
Fermi surface is nested, and becomes susceptible to a metal-insulator transition under a suitable
perturbation. We now examine the nature of the nonmetallic states that are derived from a normal
metallic state upon mixing its occupied and unoccupied band levels. In Figure 4.13b, the occupied
wave vector region is indicated by shading, and the vector g is one of many possible nesting vectors.
To simplify our notations, the occupied and unoccupied wave vectors are denoted by k and k’,
respectively. Each unit cell will be assumed to contain one atomic orbital X, so the Bloch orbitals ¢
defined in Eq. 4.50 are the crystal orbitals as well. Suppose we choose the k and k’ values to satisfy
the relationship

q=k-k (4.75)

The orbitals @k) and @(k’) are eigenfunctions of the unperturbed Hamiltonian HO. If a certain
perturbation H’ is introduced, these orbitals may not be eigenfunctions of HO + H’ anymore, so that
they interact to give modified orbitals (k) and w(k’)

W(k) O @k) +y (k')
W(k) O -y @k) + @k (4.76)

where vy is a mixing coefficient. These orbital mixings are possible when the interaction matrix
elements <q@(k)|H’[p(k")> are nonzero. If the k and k' values are chosen from the Fermi surface, then
@k) and @(k’) are degenerate. In other cases, @k) and @k’) are nondegenerate, but the energy
difference between @(k) and @(k’) becomes smaller ask approaches the Fermi surface.

The electron density distributions associated with (k) and (k') are given by

W)W* (k) 0 @k)e (k) + 2 o) (k) + Bp
W)W (k') 02 @)@ (K) + @k ) (k') - Ap (4.77)

where
Ap =y [ (K)ek’) + k)@ (k)] (4.78)

If we expand @*(k)g(k’) and @(k)@* (k') using Eq. 4.50 and keep only the diagonal terms x(r-R)x*(r-
R), it can be shown that

np0 Y cos(q R Xr ~RX(r -R) (4.79)

Therefore, with respect to @( k) or @k’), (k) and Y(k’) each have density wave character whose

periodicity in real space is governed by the term cos(q-R). According to Egs. 4.77 and 4.79, (k)
leads to density accumulation where (k') has density depletion, and vice versa. If the density
distribution arising from @k) or @(k’) is represented by a straight line, then the density accumulation
and depletion associated with @(k) and @(k’) occur as a wave form as shown in Figure 4.14, where
shaded and unshaded half waves represent density accumulation and depletion, respectively.

Suppose that the orbital mixings defined in Eq. 4.79 are carried out for all occupied k of the FPZ
under the condition q = k - k’ to obtain sets of modified orbitals {W(k)} and {Ww(k’)} from sets of
unmodified orbitals { @(k)} and {@(k’)}. The normal metallic state is one in which all the ¢(k) orbitals
are doubly occupied. Then as illustrated in Figure 4.15a for a 1D chain, each site has no magnetic
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moment and has an identical amount of charge. A charge density wave (CDW) state occurs when the
(k) orbitals are doubly occupied. Asillustrated in Figure 4.15b for a 1D chain, a CDW state has no
local magnetic moment but charge densities on atomic sites vary in a wave manner. When (k) and
(k") are each singly occupied by up-spin and down-spin electrons, respectively, a spin density wave
(SDW) state results. As shown in Figure 4.15c for 1D chain, the SDW state has a local magnetic
moment at atomic sites but the total charge density on each atomic site isidentical.
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Figure 4.14. Density wave formation that results when a filled orbital
@(k) interacts with the empty orbital @(k’)s related by the nesting vector
g=k -k.
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Figure 4.15. Electron distributions at the lattice sites of a 1D chain
with one electron per sitein various electronic states. (a) Metalic state,
(b) CDW state, (c) SDW state.
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Figure 4.16. Effect of a CDW formation on the dispersion relation and
the energy band of a 1D system with a half filled.

Unless (k) and @(k’) are degenerate, which occurs when k is on the Fermi surface, the mixing
of the unoccupied orbital @k’) into the occupied level @(k) has an energy-raising effect, although it
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can be more than compensated by the energy lowering associated with the interaction energy
<@K)H'|p(k")>. Thus the orbital mixing between k) and @Kk’) becomes more favorable as the
energy difference between them decreases, i.e., when the k value approaches the Fermi surface. As
illustrated in Figure 4.16 for apartialy filled 1D band system, the orbital mixing between @ k) and
@(k’) changes their energiesin the vicinity of the Fermi level most significantly and opens a band gap at
the Fermi level. In Figure 4.16 the band gap is given by 2A, where A = <@(k)|H’|p(k")> evaluated for
k = kf. When there exists a Fermi surface nesting, the favorable orbital mixing can be achieved for a
large region of k-values in the vicinity of the Fermi surface. This explains why a metal with nested
Fermi surface is susceptible toward a phase transition that leads to orbital mixing between the levels
around the Fermi level thereby creating a band gap.
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Figure 4.17. Schematic diagrams illustrating the effect of a CDW
formation on the Fermi surface in case of an incomplete Fermi surface
nesting.

-T

Figure 4.18. Resitivity-versus-temperature plot showing a metal-to-
semiconductor-to-metal phase transition.

By definition, Fermi surfaces disappear when a band gap opens at the Fermi level. So far in our
discussion, a complete Fermi surface nesting (e.g., Figure 4.13a) has been assumed. In such a case, all
the Fermi surface is removed by an appropriate orbital mixing. In certain cases, a Fermi surface
nesting may be incomplete, as illustrated in Figure 4.17a, if some parts of the Fermi surface have
different curvatures. In this case, only the nested portion of the surface is removed by orbital mixing as
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illustrated in Figures 4.17b and 4.17c, so that the unnested portion is left as small Fermi surface
pockets as shown in Figure 4.17d, which represents a metallic state. Compared with Figure 4.17a,
Figure 4.17d has a smaller Fermi surface area and hence a smaller number of carriers (i.e., those
electrons at the Fermi level). Suppose that a phase transition induced by temperature lowering gives
rise to the Fermi surface change from Figure 4.17a to Figure 4.17d. Such aphase transition islikely to
exhibit a resistivity-versus-temperature plot as shown in Figure 4.18. However, if a Fermi surface
nesting is complete, Figure 4.1c will be observed.

4.7.3 CDW ingtability

So far we have implicitly assumed that a band level below ef is completely filled (i.e., occupancy
of 1), and that above ef is completely empty (i.e., occupancy of 0). This picture is valid for al levels
when T = 0, but only for the levels lying outside the vicinity of the Fermi level (e.g., e < ef - 4kgT and
e > ef + 4kgT, where kg is the Boltzmann constant) when T > 0. For the levels lying close to the
Fermi level (e.g., ef - 4kgT < e< ef + 4kgT), whose orbital mixing plays a crucial role in lowering the
energy of ametal with nested Fermi surface, thereby leading to a metal-insulator transition, their orbital
occupancy f(e) at nonzero temperature is given by the Fermi-Dirac distribution function

1
f(e)=
(e-e, O (4.80)
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Figure 4.19. Schematic diagrams illustrating the effect of temperature
on the CDW formation in individual chains of a 1D metallic system.
@T>T1D, (0) TID>T>Tx, () Tc<T<Tx,and(d) T<Tg.

Thus, f(e) < 1 for e < ef, and f(e) > O for e > ef. For example, in the vicinity of the Fermi level of
Figure 4.13b, the occupancy of @K) is less than 1, and that of @(k’) is larger than O (at T > 0).

Consequently, the energy gain resulting from the orbital mixing between @k) and @(k’) is maximum
at T =0and decreasesas T israised. Thus, only when T is lowered below a certain temperature does
the energy gain associated with the orbital mixing become substantial enough to cause a metal-insulator
transition.



Chapter 4 Electronic Structures of Molecules and Solids 75

Metal-insulator transition arising from a CDW instability is not abrupt, but typically undergoes a

series of steps.17 This process can be illustrated by considering a 1D metal as composed of weakly
interacting chains. At a high temperature, each chain has no tendency for CDW formation, so all
chains have uniform density distributions, as illustrated by straight lines in Figure 4.19a. Below a
certain temperature T 1D, each chain has a tendency for CDW formation. As depicted in Figure 4.19b,

a CDW isformed and destroyed dynamically at many parts of each chain, and CDW formation in one
chain is independent of those in other chains. The average length of a CDW segment (i.e., coherence
length) is &5. At a certain temperature Ty below T1p, CDW segments among different chains begin
to order dong the interchain direction as shown in Figure 4.19c, where & is the coherence length
along the interchain direction. Finally, at a certain temperature T below Ty, CDW formation in each
chain is complete and CDW's among different chains are ordered, as shown in Figure 4.19d.
Therefore, a long range order sets in. The coherence lengths &5 and &p increase gradualy upon

lowering the temperature as the extents of long-range order along the intra- and interchain directions
increase. These coherence lengths become infinite when a long-range order is complete in both
directions.

(c) (d)

Figure 4.20. Schematic diagrams illustrating the diffraction patterns
that correspond to the various temperature regimes of Figures 3.19a-d:
@T>T1D, (L) TID>T>Tyx, () Tc<T<Ty,and(d) T<T¢.

The temperature dependence of CDW formation in rea space, discussed above, is deduced
typically from single-crystal X-ray diffraction measurements. 17 AtT> T1D, the diffraction pattern of
a 1D metal shows only Bragg peaks, as shown in Figure 4.20a. At Tx < T < T1D, the diffraction
pattern shows diffuse lines (or sheetsin 3D representation) perpendicular to the kg-direction, which are
located at g (i.e., +2k) from the rows of the Bragg peaks, as showRigure 4.20b. The thickness

of the diffuse line is given b)Ea'l. At Tc < T < Ty, the diffuse lines are transformed into diffuse spots
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(or rods in 3D representation) centered at (2kf, gp) and its equivalent positions, as shown in Figure

4.20c. The thicknesses of a diffuse spot along the kg- and kp-directions are given by Ea'l and Eb'l,
respectively. Below T < T¢, a long-range order sets in so that the diffuse spots are converted into
superlattice spots, as shown in Figure 4.20d. The diffuse spot thicknesses along the intra- and
interchain directions are inversely proportional to the coherence lengths x5 and ¢&p, respectively.
Thus the diffuse spots become smaller as the extent of long-range order along the two directions
increases, and eventually become superlattice spots after a long-range order sets in along both
directions.

The perturbation causing the CDW state associated with a nesting vector q is a lattice vibration
with the wave vector q. When the CDW state is formed, the lattice distorts so that the lattice vibration
of wave vector q is softened. Consequently, the vibrational energy band shows a frequency lowering in

the vicinity of the nesting value g as shown in Figure 4.21, which is known as the Kohn anomaly.18
For a Fermi surface consisting of parallel lines (in 2D representation) as in Figure 4.13b, an infinite
number of nesting vectors q are present. However, only one specific q value is likely to be adopted by
the partialy-filled band system because distortion induces lattice strain. Thus the chosen q value isthe
one that leads to an optimum energy lowering for the system by balancing the electronic energy gain
and the lattice strain. When CDW vectors q are integer fractions (i.e., 1/2, 1/3, 1/4, etc.) of reciprocal
lattice vectors, the CDW'’s are said to be commensurate. Otherwise, they are called incommensurate.
The perturbation causing the CDW state associated with a nesting vector q is a lattice vibration
with the wave vector . When the CDW state is formed, the lattice distorts so that the lattice vibration
of wave vector q is softened. Conseguently, the vibrational energy band shows a frequency lowering in

the vicinity of the nesting value g as shown in Figure 4.21, which is known as the Kohn anomaly.l8
For a Fermi surface consisting of parallel lines (in 2D representation) as in Figure 4.13b, an infinite
number of nesting vectors g are present. However, only one specific q valueislikely to be adopted by
the partially-filled band system because distortion induces lattice strain. Thus the chosen q value is the
one that leads to an optimum energy lowering for the system by balancing the electronic energy gain
and the lattice strain. When CDW vectors q are integer fractions (i.e., 1/2, 1/3, 1/4, etc.) of reciprocal
lattice vectors, the CDW'’s are said to be commensurate. Otherwise, they are called incommensurate.

wlk)

0 q w/a

Figure 4.21. Kohn anomaly associated the CDW formation associated
with the nesting vector @.

4.7.4 Super conducting state 19

When the temperature is lowered, a metal may become susceptible to another type of electronic
instability, i.e., formation of a superconducting state. For ametal to become superconducting, it should
avoid the electronic instability toward a metal-insulator transition leading to a CDW or an SDW state.
In general, the Fermi surface of a 1D metal is well-nested, so a 1D metal rarely undergoes a metal-
superconductor transition. From the viewpoint of one-electron band theory, a superconducting state
also involves orbital mixing among band levels above and below the Fermi level. However, the way
this orbital mixing comes about is quite different from that discussed for CDW and SDW
gate;_16c,190
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Charge carriers of a superconducting state are not individual electrons as in a normal metallic
state, but pairs of electrons (called Cooper pairs) having opposite momenta (i.e., opposite wave
vectors). Thus, Cooper pairs are described by product functions @(k)@(-k) and @k )@(-k’), where k

and k' refer to occupied and unoccupied wave vectors of a norma metallic state, respectivel y.16C'190
The energy lowering that brings about superconductivity is induced by the interaction of an occupied
pair function @k)g(-k) with an unoccupied pair function @k’ )@(-k"), i.e., <@Kk)@Q(-K)|H'[@(k)p(-k")>,
where the perturbation H' causing this mixing is electron-phonon interaction in traditional
superconductors described by the BCS theory.19 As a consequence of the interaction between the pair
functions, the character of the unoccupied pair function is mixed into that of the occupied pair function.
In this indirect way, a superconducting state incorporates unoccupied orbital character into the
occupied orbital character. Interactions between the pair functions @(k)@(-k) and @k’ )@(-k’) introduce
an energy gap at the Fermi level, as do the interactions between @Kk) and @(k’) in forming CDW and
SDW states. It should be recalled that charge carriers of a superconducting state are Cooper pairs. A
superconducting energy gap prevents Cooper pairs from breaking up when there is no excitation energy
greater than the gap. The latter is a few multiples of kgT¢ at absolute zero temperature, where T is
the superconducting transition temperature, and gradually decreasesto zero at Te.

© O 4 o
€2
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o o7
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52193 o

Figure 4.22. Schematic diagram showing the formation of a Cooper
pair (i.e., the charge carrier of a superconducting state) as a result of
electron-phonon coupling.

For traditional superconductors, Cooper pair formation is induced by electron-phonon

interaction:19  As depicted in Figure 4.22, a moving electron causes a dight, momentary lattice
deformation around itself. The deformation affects the motion of a second electron (moving in the
opposite direction) in the wake of the first in such away that, effectively, the two electrons move as an
entity as if bound together by an attractive force. The extent of electron-phonon coupling is measured
by the electron-phonon coupling constant A. The superconducting transition temperature T¢ and the

coupling constant A are governed by the expression 19

Wl _LO1+N) O
L™ T+ (1+0 508

Te=

where © isthe Debye temperature and p* is the effective Coulomb pseudopotential, which is of the
order of 0.1. Among the factors affecting the magnitude of T¢ in Eq. 4.81, the most important one is
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the electron-phonon coupling constant A. In general, T¢ increases with increasing A. For a lattice
with atoms of mass M and with a vibrationa band conducive for electron-phonon coupling, the
constant A isgiven by 190

(e ){1?%)

- (4.82)
M{ )

where <I2> is the square of the electron-phonon interaction element averaged over the Fermi surface,

and <w?> is the square of the phonon frequency averaged over the vibrational band. The M <w?2>
term has the dimension of a force constant, so alarge A results when the lattice has a low-frequency
phonon spectrum (i.e., soft phonons arising from vibrations with shallow potential wells). Therefore,
when the lattice is soft toward the low-frequency phonons crucial for superconductivity, the electron-
phonon coupling constant A islarge, thereby raising the TC.ZO

Certainly, for a superconducting state to occur, the energy increase associated with the
introduction of unoccupied orbital character should be smaller than the energy gain resulting from
interaction among Cooper pair functions. Depending upon the nature and strength of the perturbations
causing orbital mixing, a normal metallic state with nested Fermi surface may lead to a superconducting
state when the temperature is lowered if CDW or SDW formation associated with the nesting can be
prevented. Such a case occurs when the interaction matrix elements <@(k)|H’|o(k")> responsible for
CDW or SDW formation are small compared with the interaction matrix elements <@(k)@(-
K)H'Jo(k")@(-k")> that cause a superconducting state. When the relative stabilities of CDW, SDW, and
superconducting states are similar, preference of one state over the other is delicately balanced by a

change in temperature and presure.21
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