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environment for tight-binding bands 
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Cavendish Laboratory, Cambridge, UK 
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Abstract. Some new methods are presented for calculating the density of states n(E) and 

other aspects of electronic structure in a tight-binding band, without use of Bloch’s theorem 

or the band structure E(k) .  The methods are therefore applicable to calculating the local 

density of states at surfaces, impurities etc and relate the electronic structure to the local 

atomic environment. They depcnd on developing the Green function as an infinite continued 

fraction. There is no difficulty in obtaining n(E) in a few minutes computing time correct to 
the first 50 moments for an s band and 10 moments for d bands. The present paper discusses 

the methods and ideas, with specific applications to follow. 

1. Electronic structure and local environment 

The present work concerns calculating the electronic structure of a solid when this can 
be represented in a tight-binding formalism (or the lattice vibrations in a force constant 
model). The method does not involve the use of Bloch’s theorem or the band structure 
E(k)  in any way. Instead, the electronic structure at one atomic site is related to the local 
environment of near neighbouring atoms. The method can therefore be applied to the 
electronic structure at a surface, with or without an adsorbed atom, or at an impurity 
in the bulk. Even for the bulk properties of a perfect crystal the method may have some 

advantages. Firstly the density of states n(E)  is obtained as an analytic expression 
without sampling E(k). Secondly the electronic structure is related to the chemical bond- 
ing of an atom to its near neighbours, and the variation of the bond order through the 
band can be obtained for example. The transport properties of solids are most naturally 
discussed in terms of E(k) with the machinery of Fermi surfaces, effective masses, electrons 
and holes. But in other situations the wavevector k may be irrelevant, a given property 
depending perhaps on just the density of states. Our method will be used to discuss how 
large a cluster of similar atoms is required before the central atom behaves the same way 
as in bulk material. It is equally applicable to a finite cluster with a small number of 
atoms, as to an infinite solid. It seems the method might also be used for disordered alloys 
and random structures. Specific applications currently under study in Cambridge include 
the electronic structure of transition metals at a surface, the relatihe energies of different 

phases for transition metals, in particular some complex alloy phases, the atomic 
moments in magnetic alloys, and lattice vibrations at surfaces. 

In order to discuss electronic structure when perfect periodicity is lacking, Friedel 
introduced the ‘local density of states’ (Friedel 1954, Kittel 1963, p 339. Heine and 
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b̄



chlorofyll	
  a

C55H72MgN4O



chlorofyll	
  a

 400  500  600  700

!

" [nm]

tddft
expt



chlorofyll	
  a

 400  500  600  700

!

" [nm]

tddft
expt



color	
  and	
  func3on	
  of	
  anthocyanins

cyanidin-­‐3-­‐glucoside



TDDFT	
  ?

color	
  and	
  func3on	
  of	
  anthocyanins

cyanidin-­‐3-­‐glucoside



TDDFT	
  ?TDDFT	
  :-­‐(

color	
  and	
  func3on	
  of	
  anthocyanins

cyanidin-­‐3-­‐glucoside

300 400 500 600 700

ab
so
rp
3o

n

λ	
  [nm]

tddfpt
octopus
gaussian



op3cal	
  effect	
  of	
  the	
  solvent
!"
#$
%&
'$

(

400 500 600

)!#
&*+

,-.(+/



op3cal	
  effect	
  of	
  the	
  solvent
!"
#$
%&
'$

(

400 500 600

)!#
&*+

,-.(+/



C21H21O11Cl@(H2O)95
339	
  atoms
938	
  electrons

op3cal	
  effect	
  of	
  the	
  solvent
!"
#$
%&
'$

(

400 500 600

)!#
&*+

,-.(+/



op3cal	
  effect	
  of	
  the	
  solvent
!"
#$
%&
'$

(

400 500 600

)!#
&*+

,-.(+/



op3cal	
  effect	
  of	
  the	
  solvent
!"
#$
%&
'$

(

400 500 600

)!#
&*+

,-.(+/

average



400 500 600

!"#
$%&'()*
+,-'()*

.'/0#1

(2
34
,!
54

0

op3cal	
  effect	
  of	
  the	
  solvent
!"
#$
%&
'$

(

400 500 600

)!#
&*+

,-.(+/

average



op3cal	
  effects	
  of	
  intramolecular	
  mo3on

200 300 400 500 600 700 800
wavelength  (nm)

ab
so

rp
tio

n 
(a

rb
it.

 u
ni

ts
)

    0 %
-10 %
+10 %

200 300 400 500 600 700 800
wavelength  (nm)

ab
so

rp
tio

n 
(a

rb
it.

 u
ni

ts
)

    0 %
+30 %
+45 %

200 300 400 500 600 700 800
wavelength  (nm)

ab
so

rp
tio

n 
(a

rb
it.

 u
ni

ts
)

    0 %
+30 %
+45 %

O.B.	
  Malcioğlu,	
  A.	
  Calzolari,	
  R.	
  Gebauer,	
  D.	
  Varsano,	
  and	
  S.B.,	
  JACS	
  133,	
  15425	
  (2011)





www.quantum-­‐espresso.org

http://www.quantum-espresso.org
http://www.quantum-espresso.org




IOP PUBLISHING JOURNAL OF PHYSICS: CONDENSED MATTER

J. Phys.: Condens. Matter 21 (2009) 395502 (19pp) doi:10.1088/0953-8984/21/39/395502

QUANTUM ESPRESSO: a modular and
open-source software project for quantum
simulations of materials
Paolo Giannozzi1,2, Stefano Baroni1,3, Nicola Bonini4,
Matteo Calandra5, Roberto Car6, Carlo Cavazzoni7,8,
Davide Ceresoli4, Guido L Chiarotti9, Matteo Cococcioni10,
Ismaila Dabo11, Andrea Dal Corso1,3, Stefano de Gironcoli1,3,
Stefano Fabris1,3, Guido Fratesi12, Ralph Gebauer1,13,
Uwe Gerstmann14, Christos Gougoussis5, Anton Kokalj1,15,
Michele Lazzeri5, Layla Martin-Samos1, Nicola Marzari4,
Francesco Mauri5, Riccardo Mazzarello16, Stefano Paolini3,9,
Alfredo Pasquarello17,18, Lorenzo Paulatto1,3, Carlo Sbraccia1,†,
Sandro Scandolo1,13, Gabriele Sclauzero1,3, Ari P Seitsonen5,
Alexander Smogunov13, Paolo Umari1 and
Renata M Wentzcovitch10,19

1 CNR-INFM Democritos National Simulation Center, 34100 Trieste, Italy
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5 Institut de Minéralogie et de Physique des Milieux Condensés, Université Pierre et Marie
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FIG. 1. Rydberg series of argon, converging to the first ion-
ization limit, 'PI' of Ar II. Photographed with a 6.65-m normal-
incidence spectrograph in the second order; 10-,u slit width;
15-min exposure times; helium continuum as background. Emis-
sion bands in the top spectrum are the fourth positive band of
CO, used for comparison.

widths in the dipole series are sensitive to both argon
pressure and temperature; line broadening occurs either
by increasing the pressure or by lowering the tempera-
ture; it is more significant in strong lines originating in

TABLE III. 3p'nd(!2)j <- 3p' 'So series.

)t

3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
80

6obs (A)
894.310
842.806
820.123
809.928
802.859
799.132
796.095
794.291
793.025
791.811
791.059
790.451
789.962
789.568
789.257
788.863
788.686
788.496
788.329
788.185
788.059
787.948
787.850
787.763
787.688
787.619
787.557
787.500
787.450
787.403
787.361
787.3222

I
52
43
43
35
32
36
30
27
35
30
29
22

9
23
34
30
30
29
28
24
20
19
17
16
14
15
14
13
12
12
10
10

8 Member lines with n >34
nd(3/2)i8 series, respectively.

h Strongly perturbed line.

V (cm-,)

111 818.0
118 651.3
121 932.9
123 467.7
124 554.8
125 135.8
125 613.1
125 898.5
126 099.4
126 292.7
126 412.9
126 510.1
126 588.3
126 651.5
126 701.4
126 764.7
126 793.2
126 823.8
126 850.6
126 873.8
126 894.0
126 911.9
126 927.7
126 941.7
126 953.9
126 965.0
126 975.0
126 984.0
126 992.2
126 999.7
127 006.5
127 012.7
127 110.0i0.4

Vobs-Vprev

-0.1
-0.1

0.0
-0.3
-0.1

0.0
0.0

-0.1
0.0
0.0
0.0
0.1

n*

2.6788
3.6018
4.6040
5.4890b
6.5534
7.4557b
8.5623
9.518

10.421b
1 1.59b

12.55
13.53
14.50
15.47
16.39b
17.83b
18.61
19.58
20.57
21.56
22.54
23.54
24.54
25.54
26.52
27.52
28.52
29.52
30.53
31.56
32.58
33.6

are not resolved from a >34 lines of the

transitions to low-lying levels than in transitions to
highly excited levels. The degree and wavelength
direction of asymmetry of the broadening are char-
acteristics of the levels involved and are often marked
enough to produce overlapping of neighboring diffuse
structures. This line broadening can be attributed, for
the most part, to transitions between the associated
molecular states that arise from combination of the
level under consideration with another normal argon
atom, at large internuclear distance.7

B. Rydberg Series Originating in
Electric-Dipole Transitions

1. 3p'ns(4) 1
0 - 3p6 'So Series

This is the Rvdberg series in which the first resonance
line at 1066.66 A occurs as the first member and, of
course, it should converge to the 3p' 'P1

0 state of Ar ii.
Beutler2 reported seven members with n=4-10. In
the present work, the series is extended to n = 22. The
data are listed in Table I. Members with n> 22 cannot
be resolved from those of the nd(4)10 series described
in the next section. As shown in the fifth column of the
table, the term values of the upper levels of the lines
are in excellent agreement with previous data,' which
are, within an accuracy of 0.1 cm-l, consistent with
later data from emission line studies.'0-" In the present
work, the udd(4)10 series should yield the most accurate
value for vOO (see Table II). This value is therefore used,
together with our measurements of v0, in the Rydberg
formula for the calculation of the effective quantum
numbers given in the sixth column of Table I. The
energy at the convergence limit of the ns(-),' series,
as obtained directly from the observed P. of that series,
is 127 110.2±40.4 cm-1, slightly larger than the vO
mentioned above but within the estimated error. Ir-
regularities occur at some n* values, such as those at
n=8, 10, 13 and 20; these are caused by perturbations

G 40 30 20 17 I5 14
I '! ~~1 1 5,~ , 15 t 13 12

Ia I! I 1 1 ;8 j A ' j

-X11~1~,, 8 rA\L
1 3 12 11 s(111 2)

20 I9 nd 13/2

eP k s6

~, /II f1llutr7
p 15 0708

778 780 782 784 786
X(l)

FIG. 2. Rydberg series of argon converging to the second
ionization limit, 'PI' of Ar II. Conditions other than the pressure
are approximately the same as in Fig. 1. Several upward peaks
between 17 and 20s' lines are impurity emission lines existing in
the background. In the bottom curve, all absorption lines except
those in the series-limit region are saturated.
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between 0.005 and 24 torr. The absorption cell could
be cooled with liquid nitrogen.

For the study of the weak forbidden lines and effects
of pressure on the dipole-transition lines in room-
temperature argon, the main body of the spectrograph
served as the absorption cell. This provides about 13 m
of path length. Airco high-purity tank argon was intro-
duced, through a cold trap, into the spectrograph at
quite low pressure (p < 1 torr). It was pumped through
the main vacuum line with or without the diffusion
pump, depending upon the pressure desired. For argon
pressures higher than 1 torr, the gas was enclosed inside
the spectrograph. Leakage through the optical slit into
the spectrograph then caused not more than 1 torr of
helium pressure during a 60-min exposure and caused
practically no problem for present purposes. Argon
pressures ranged from 0.001 to 17 torr during these
experiments.

The helium continuum, produced as described previ-
ously, 7 was used as source background. Hydrogen
molecular bands appeared weakly as an impurity
absorption. Nitrogen absorption bands were also
observed weakly when the spectrograph was used as an
absorption cell and at high argon pressure (p> 20 torr).
Kodak SWR plates were used. Exposure times varied
over the range 5-60 min with a 10-gu slit width. All
wavelengths were measured with fourth-positive bands
of CO as standards. They were precalibrated within an
accuracy of -h0.001 A, by use of emission lines of Ar II,
o I, 0 II, N i, N II, C i, and C II listed by Edl6n.9

TABLE I. 3p'ns(I),' <- 3p' 'So series.

n Xobs () I v (cm-') Vbbs-Vperb 1t*

4
5 879.948 70 113 643.1 0.1 2.8546
6 835.001 56 119 760.3 0.1 3.8640
7 816.463 41 122 479.5 0.1 4.8682
8 806.869 42 123 935.8 -0.1 5.8798e
9 801.394 41 124 782.6 -0.1 6.8667

10 797.882 15 125 331.8 -0.1 7.8559e
11 795.447 30 125 715.4 -0.1 8.8708
12 793.750 42 125 984.3 0.0 9.874
13 792.513 28 126 180.9 -0.4 10.868e
14 791.566 30 126331.8 -0.2 11.88
15 790.840c 60 126 447.9 12.88
16 790.266 36 126539.6 13.87
17 789.803 36 126 613.9 14.87
18 789.425 33 126 674.4 15.87
19 789.113 30 126 724.5 16.87
20 788.841 36 126 768.3 17.92e
21 788.629 34 126 802.3 18.89
22 788.440d 59 126 832.8 19.90
.0 127 110.2±t0.4

a Estimated relative intensity measured from densitometer traces here
and throughout. The n = 3 line in Table II is taken as I = 100, the strongest
line in the region below 1000 A.

b See Ref. 1 here and throughout.
0 Superimposed upon the 13d(3/2) 0, see Table II.
d Member lines with an 22 are not resolved from iti 20 lines of thend(3/2)i0 series, respectively.
e Strongly perturbed line.

TABLE II. 3p5nd (4)I' l- 3p6 'So series.

'ob.oVprmv

-0.1
0.2
0.1

0.0

0.0

3 Superimposed upon the 1Ss(3/2)s" line.
b Member lines with s !20 are unresolved from is 222 lines of the

its(3/2)10 series, respectively.
o These are slightly less accurate than others and are not included in the

series-limit calculation.
d This is the strongest line in the region below 1000 A.
o No previous value is available, see Ref. 1.
Strongly perturbed line.

RESULTS

A. General

A total of 232 lines is identified as belonging to 11
Rydberg series, of which five are electric-dipole tran-
sitions and six are electric-quadrupole transitions. Line

n
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58

00

Xob. (A)

876.058
834.390
816.231
806.470
801.357
797.595
795.430
793.781
792.367
791.551
790.840a
790.270
789.813
789.440
789.140
788.827
788.623
788.440b
788.280
788.141
788.020
787.913
787.819
787.736
787.661
787.595
787.535
787.482
787.434
787.389
787.349
787.312
787.280
787.249
787.220
787.194
787.170
787.148
787.128
787.108
787.090
787.074
787.058
787.044
787.030
787.017
787.006
786.994
786.984
786.973
786.964
786.955
786.947
786.938c
786.929c
786.923"

I
lOOd

78
69
67
51
53
49
42
47
42
60
45
34
29
18
41
40
59
41
36
37
36
38
40
39
39
36
36
34
33
32
32
30
29
29
28
26
25
25
25
24
22
21
17
14
12
10

9
6
4
3
3
2
0
0
0

v (cm-') I

114 147.6
119 848.0
122 514.4
123 997.1e
124 788.3
125 376.9"
125 718.1
125 979.4
126 204.1
126 334.2
126 447.9
126 539.0
126 612.3
126 672.0
126 720.2
126 770.5
126 803.2
126 832.8
126 858.5
126 880.8
126 900.4
126 917.5
126 932.7
126 946.1
126 958.1
126 968.8
126 978.5
126 987.0
126 994.8
127 002.0
127.008.4
127 014.4
127 019.7
127 024.7
127 029.3
127 033.5
127 037.3
127 041.0
127 044.2
127 047.7
127 050.3
127 052.8
127 055.5
127 057.7
127 059.9
12-7 062.0
127 063.9
127 065.7
127 067.4
127 069.2
127 070.6
127 072.0
127 073.4
127 074.9
127 076.2
127 077.3
127 109.940.1

11*

2.9096
3.8873
4.8866
5.9374'
6.8751
7.9575f
8.8794
9.852

11.007f
11.89
12.87
13.86
14.85
15.83
16.78f
17.98f
18.92
19.90
20.89
21.89
22.89
23.88
24.89
25.88
26.89
27.89
28.90
29.88
30.88
31.89
32.88
33.9
34.9
35.9
36.9
37.9
38.9
39.9
40.9
41.9
42.9
43.8
44.9
45.9
46.9
47.9
48.8
49.8
50.8
51.9
52.8
53.8
54.8
56.0
57.1
58.0
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  much	
  less	
  so	
  when	
  dealing,	
  e.g.,	
  with	
  
Mo\	
  insulators,	
  where	
  those	
  concepts	
  poorly	
  apply);

a	
  useful	
  ansatz	
  for	
  the	
  reference	
  KS	
  system	
  should	
  lead	
  to	
  an	
  XC	
  func3onal	
  
that	
  we	
  can	
  ra3onalize	
  and	
  use	
  using	
  physical	
  intui3on;

for	
  spectroscopic	
  applica3ons,	
  a	
  useful	
  XC	
  kernel	
  should	
  reflect	
  the	
  physics	
  
of	
  the	
  eh	
  interac3on:	
  this	
  can	
  only	
  be	
  obtained	
  giving	
  up	
  a	
  pure-­‐density	
  
dependence	
  of	
  the	
  kernel,	
  and	
  singling	
  out	
  a	
  non-­‐local	
  (Fock-­‐like),	
  possibly	
  
screened,	
  exchange	
  interac3on	
  from	
  the	
  XC	
  poten3al.
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