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Energy & thermoelectricity? organic solar cells

 absorption of light -> exciton formation (e-h pair)
 exciton diffusion to the donor-acceptor interface
 exciton dissociation at the interface into separate electron and hole carriers
 electron and hole diffusion towards the electrodes
 charge collection at electrodes  

[Bredas et al, ACR 2009]

5 steps in the generation of current
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 ARPES: 

the role of intramolecular vibrations and disorder
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the role of intermolecular vibrations and the concept of transient localization

 Kubo formula revisited: carrier diffusivity from optical experiments
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hopping dynamics

(incoherent)

Bloch-Boltzmann transport

(wave-like)?

Organic semiconductors:
somewhere “in-between”

Si, graphene
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Organic semiconductors:
somewhere “in-between”

Do electrons behave as predicted by band theory? 

- narrow electronic bands
- large electron-phonon coupling (molecular vibrations)
- intrinsically large disorder (plastic is soft)

Everything seems to favor electron localization
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 carrier mobility in Time of Flight experiments shows 
ubiquitous “band-like” power-law dependence on temperature

 moderate values of mobility, ~ 10 cmˆ2/Vs
 In FETs, clear “band-like” behavior is only seen in 4 compounds 
(rubrene is one of them)

vd = µECarrier mobility: TOF vs FET 
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is given by  ! =
√

E 2
Cytop/PMMA − E 2

0   . We fi nd 
 ∆   ≈  20 meV for Cytop and  ∆   ≈  41 meV for 
PMMA, comparable to–but smaller than–
the values estimated by Veres et al. (37 meV 
for Cytop and 70 meV for PMMA [  21  ] ) for the 
same gate dielectrics. The smaller magni-
tude of the potential fl uctuations obtained 
in the case of PDIF-CN 2  FETs is expected 
due to the presence of the fl uorocarbon sub-
stituents, which spatially separate the device 
channel from the gate dielectric. Indeed, it 
can be easily estimated that the core substit-
uents roughly double the distance between 
the dipoles at the surface of the dielectric and 
the charge carriers, as compared to the case 
where no substituents are present: given the 
slow spatial dependence of Coulomb poten-
tial and the molecular size of the dipoles 
responsible for the disorder, the observed 
suppression of  ∆  has the correct order of 
magnitude. 

 Finding that the molecular structure 
has a large effect on suppressing coupling 
between the charge carriers in the channel 
and the electrical polarization in the gate 
dielectric provides an important indica-
tion as to the microscopic mechanisms that 
affect the carrier mobility in organic FETs. 
PDIF-CN 2  single crystals consist of alter-
nating  π -conjugated perylene and insulating 
fl uorocarbon layers, an arrangement that 
is typical for several high-mobility organic 
semiconductors. The fl uorocarbon chains 
linked to the perylene core do not only 
screen the electrons accumulated in the fi rst 
 π -conjugated layer (i.e., the FET channel) 
from the gate insulator, but also from the 
nearby  π -conjugated layers in the crystal, 
that are equally effective in determining the 
dielectric environment through their polar-
izability. Indeed in devices with vacuum as 
gate insulator the dielectric environment 

seen by the charge carriers is entirely determined by the nearby 
 π -conjugated molecular layers. Since, irrespective of the specifi c 
microscopic transport mechanism, all experiments [  18  ,  19  ,  21  ]  and 
theoretical calculations [  20  ,  30  ,  35  ]  indicate that coupling of the car-
riers to a polarizable environment suppresses their mobility, we 
suggest that this intrinsic dielectric response of the semicon-
ductor crystal plays a key role in determining which molecular 
semiconductors are more likely to show high mobility and 
band-like transport. 

 The infl uence (on the fi eld-induced charge carriers) of the 
dielectric polarizability of the  π -conjugated molecular layers in 
the organic semiconductor can be reduced by either increasing 
their distance (as discussed above for PDIF-CN 2 ) or by 
decreasing their polarizability. This second point is important 
because the polarizability tensor of individual rod-like aromatic 
molecules is anisotropic: it is larger along the longest mole-
cular axis and smaller for the other directions. [  35  ]  Molecular 

(see the Supporting Information for details). This is pre-
cisely what is observed in our experiments, when comparing 
devices with vacuum, Cytop, and PMMA as gate insulators 
(Figure  2 d). 

 To estimate the role of the dielectric dipolar disorder in the 
band-like transport regime we use a simple phenomenological 
model which we have developed to analyze the behavior of 
TMTSF single-crystal FETs [  14  ]  (for details see supporting infor-
mation). With this model, we fi t the measured mobility tem-
perature dependence for the FETs based on the three dielectrics 
and extract the width of the band tail (Figure  2 d). The result 
obtained for the vacuum-gap dielectric, where the dielectric 
dipolar disorder is absent, gives the energy width  E  0  of the band 
tail in PDIF-CN 2  crystals (38 meV) due to the disorder present in 
the semiconductor only. For the devices with Cytop and PMMA 
gate dielectrics,  E  Cytop   ≈  43 meV and  E  PMMA   ≈  56 meV, respec-
tively, include the effect of dipolar disorder, whose magnitude 

     Figure  2 .     Panels (a–c) show the gate voltage dependence of the mobility of PDIF-CN 2  single-
crystal OFETs with different gate dielectrics (vacuum, Cytop, and PMMA, respectively). The gate 
voltage range is different because of the different relative dielectric constant and thickness of 
the three insulators. Devices on Cytop and PMMA regularly break in a range of temperatures 
just below 200 K–probably because of differences in the thermal expansion coeffi cient of the 
substrates–and could not be measured at lower temperatures. d) Temperature dependence of 
the mobility for devices on the three different dielectrics. The mobility values are determined at 
large gate voltage values, where   µ  ( V  GS ) is approximately constant. The open circles, triangles, 
and squares correspond to data measured on vacuum-gap, Cytop, and PMMA devices, respec-
tively. The continuous lines are fi ts to the model discussed in the main text.   
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PDIF-CN2 FET
[Minder Adv Mat (2012)]

The Hall measurements in the studied devices are lim-
ited at lower T by a rapid growth of the fluctuations of VH
(note the error bars in the upper panel in Fig. 3). These
fluctuations are related to the noise of the "background"
offset voltage, which does not depend on the applied
magnetic field (Fig. 4). We found that the power density
of this noise SV ! h"V # hVi2i exhibits the 1=f frequency
dependence. The T dependence of the normalized density
of the 1=f noise, SV=V2, which presumably reflects the
fluctuations of the channel resistance, is shown in Fig. 4. In
the intrinsic conduction regime (T $ 240 K), the noise

density SV=V2 is T independent, whereas in the trap-
dominated regime, it increases dramatically with decreas-
ing temperature. The magnitude of 1=f noise decreases
with the applied negative gate voltage and, thus, with the
increase of charge density in the channel. The nature of
these fluctuations requires further study; at this stage, we
can only speculate that the noise may be related to fluctua-
tions of the number of mobile charge carriers in the chan-
nel because of trapping.

Let us start the analysis of the experimental data with the
discussion of the OFET conductivity. The charge carriers
field-induced above the threshold (jVGj> jVG

thj) partici-
pate in the current flow along the conduction channel.
According to the multiple trap-and-release model (see,
e.g., [16]), these carriers can be trapped over the time scale
!tr by shallow traps (i.e., the trap states with the energies
within a few kBT above the highest occupied molecular
orbital band). The effect of trapping on the channel con-
ductivity " % en# can be described using two approaches.
According to a more conventional approach (see, e.g., [9]),
all the carriers at a density n contribute to the current flow,
but, because of trapping, the effective mobility of these
carriers is reduced in comparison with its ‘‘intrinsic,’’ trap-
free value #0"T&:

#eff !
"
en

% #0
!

!' !tr
: (5)

Here ! is the average time that a polaron spends traveling
between shallow traps. In the studied vacuum-gap OFETs
with the density of shallow traps N ( 1010 cm#2, the
average distance between these traps is (10#5 cm [9].
According to Eq. (5), the intrinsic regime of conduction
occurs when ! ) !tr; in the opposite limit, the transport
is dominated by trapping events. Observation of a non-
monotonic temperature dependence of #eff indicates that
both regimes realize in the studied temperature interval
(150–300 K. Alternatively, in the second approach, one
can take into account that, among n charges field-induced
above the threshold [Eq. (4)], only a certain number is
mobile, namely,

neff % n
!

!' !tr
; (6)

and the motion of these charges is characterized with the
intrinsic mobility #0. The other charges with the concen-
tration n-neff are temporarily immobilized by the shallow
traps.

Both approaches are equivalent when one analyzes " %
en#. An advantage of the Hall measurement is that it
allows independent measurements of n and #. The quan-
tity n that is determined in the Hall measurements is the
density of charges that are moving at a given moment of
time, i.e., nH % neff . Indeed, the charges that are tempo-
rarily trapped in shallow traps do not contribute to the Hall
voltage. The mobility extracted from the Hall experiments
should coincide with the intrinsic, trap-free mobility #0.

FIG. 4 (color online). The temperature dependence of the
normalized power density of 1=f noise of the ‘‘background’’
offset voltage caused by the asymmetry of Hall probes. The inset
shows VH recorded as a function of time at several temperatures,
when B was swept from 0 to 6 T and back to 0.

FIG. 3 (color online). Upper panel: The temperature depen-
dence of the Hall mobility #H (solid circles) and the mobility
extracted from the conductivity " using the density n calculated
from the gate-channel capacitance (open circles). Lower panel:
The temperature dependence of the ratio of the Hall carrier
density nH to the density n.

PRL 95, 226601 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
25 NOVEMBER 2005

226601-3
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Problem: breakdown of semiclassical assumption
 Boltzmann approach: particles moving freely between (rare) scattering events 
 (Quantum) quasiparticle picture must be valid, q.p. well defined 
 on a lattice the semiclassical assumption breaks when mean free path ≈ lattice spacing
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Extractred from fitting the hole  mobility in naphthalene  via tight 
binding band-structure calculations 
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 in OSC breakdown of semiclassical assumption occurs around room temperature

Extractred from fitting the hole  mobility in naphthalene  via tight 
binding band-structure calculations 
[Cheng et al.  J. Chem. Phys. 118, 3764 (2003)]

we need new tools to 
describe this regime, 
beyond Boltzmann 

theory

Problem: breakdown of semiclassical assumption
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Optical properties

 Rubrene optical conductivity
 light quasiparticles (m*≈1-2) from sum rules
 BUT: unexplained peak at 500 cm-1=61meV

 -> indicative of localization
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The molecular crystal: band structure
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range, the scissors approximation becomes more complicated
due to the increasing ! character of energy bands. In the
subsequent construction of the BSE, we make use of this
scissors operator for states near the gap to facilitate the cal-
culations.

IV. OPTICAL EXCITATIONS

We find the two structures studied to show similar optical
spectra. The imaginary part of the calculated dielectric func-
tion is presented in Fig. 3 for polarization of light parallel to
the three main crystallographic directions. For both the struc-
tures, several peaks below the quasiparticle energy gap ap-
pear and they correspond to optical transitions involving
charge transfer excitons. In the energy range 1–4 eV, the
weak absorption of light with polarization along direction c
is a signature of the underlying molecular character of elec-
tronic states. For an isolated pentacene molecule, the highest
occupied molecular orbital "HOMO# and lowest unoccupied
molecular orbital "LUMO# states belong to group represen-
tations B1g and B2u , respectively "molecular pentacene itself
belongs to symmetry group D2h), and selection rules prevent
optical transitions between these states with polarization per-
pendicular to the molecular short axis "see Fig. 1#. The lower
symmetry of the crystalline environment breaks this selec-
tion rule, resulting in weak optical activity for polarization
along c and strong optical activity for polarization along a.
In the solution of the BSE, we use a discrete sampling of

the Brillouin zone, with 384 regularly spaced k-points. This
corresponds to a supercell of dimensions 8!8!6, enough
for a good description of charge transfer states with correla-
tion length of about four molecules or less. The accuracy in
the calculated quasiparticle excitation energies is about 0.1
eV, typical of the GW approximation, but exciton binding
energies are accurate to within 0.02–0.04 eV. A comparison
between density of excited states $obtained from Eq. "2# with
the full interaction kernel K], and the interband joint density
of quasiparticle states "null kernel# shows that the absorption
peaks below the gap in Fig. 3 are really due to discrete ex-
citon states, instead of a continuum "see Fig. 4#. As Eq. "3#
shows, the density of excited states and the absorption spec-
trum differ by the oscillator strength contribution, related to

FIG. 2. Band structure of pentacene in structures S "a# and V "b#.
Only the bands close to the energy gap are shown. Energies are
referenced to the valence band maximum. The density of states is
shown in the right panel. The Brillouin zone "sketched in the inset#
is oriented so that directions %"X and %"B are orthogonal to
planes bc and ab , respectivelly.

TABLE I. Calculated GW energy gap and bandwidths W for the
highest occupied pair of bands "HOMO# and the lowest unoccupied
pair of bands "LUMO#. W is defined to be the energy separation of
the pairs of bands at the E point. For comparison, the Kohn-Sham
gaps within the GGA are given in parenthesis. All quantities are in
eV.

Structure S Structure V

W "HOMO# 0.36 0.54
W "LUMO# 0.57 0.67
energy gap 2.2 1.9

"0.8# "0.7#

FIG. 3. Calculated imaginary part of the dielectric function for
structures S "upper panel# and V "lower panel#, for all three inde-
pendent polarization directions. In each case, the quasiparticle en-
ergy gap is indicated by a vertical line.

AB INITIO CALCULATION OF THE ELECTRONIC AND . . . PHYSICAL REVIEW B 67, 115212 "2003#

115212-3

The molecular crystal: band structure

 Van der Waals bonding 
➞ Narrow bands, W~350 meV, “persistence of molecular identity”  

 Two inequivalent Pn sites result in two HOMO bands H1,H2

HOMO

LUMO

en
er

gy

[GW, M. Tiago and S. Louie, PRB (2003)]
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ARPES Pentacene: Expt. vs ab initio 

Crystalline film on Bi(001) substrate
HOMO band dispersion at T=75K

[S. Ciuchi, R. C. Hatch, H. Höchst, C. Faber, X. Blase, S. Fratini, PRL (2012) to appear]

ab initio band structure
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ARPES Pentacene: Expt. vs ab initio 

 ab initio calculations never fully agree with experiment (even GW)
 Unpredicted large H1/H2 separation systematically observed in all recent ARPES 
measurements in clean organic semiconductors (Pn and rubrene)

 Experimental bandwidth is W = 450±15 meV >> calculated W= 350±5 meV (DFT,GW)
 peaks are extremely broad --> interactions! 

Crystalline film on Bi(001) substrate
HOMO band dispersion at T=75K

[S. Ciuchi, R. C. Hatch, H. Höchst, C. Faber, X. Blase, S. Fratini, PRL (2012) to appear]

ab initio band structure
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Peierls

INDO Calculations by [A. Girlando, et al., J. Chem. Phys. 135, 084701 (2011)]

Holstein

by courtesy of A. Girlando

Interactions with molecular vibrations
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 separation of energy scales between low energy intermolecular modes and high 
energy intramolecular modes

 Intramolecular (Holstein) FAST: ω0≈120-200meV ≈ bandwidth W 
 Intermolecular (Periels) SLOW: ω0≈3-20meV << bandwidth  W

Peierls

INDO Calculations by [A. Girlando, et al., J. Chem. Phys. 135, 084701 (2011)]

Holstein

by courtesy of A. Girlando

Interactions with molecular vibrations
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 separation of energy scales between low energy intermolecular modes and high 
energy intramolecular modes

 Intramolecular (Holstein) FAST: ω0≈120-200meV ≈ bandwidth W 
 Intermolecular (Periels) SLOW: ω0≈3-20meV << bandwidth  W

->  below experimental resolution, neglect

INDO Calculations by [A. Girlando, et al., J. Chem. Phys. 135, 084701 (2011)]

Holstein

by courtesy of A. Girlando

Interactions with molecular vibrations
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DFT+GW+DMFT
[S. Ciuchi, R. C. Hatch, H. Höchst, C. Faber, X. Blase, S. Fratini PRL to appear (2012) ]

Holstein model + disorder (Anderson)

H =
�

<ij>

(tijc
+
i cj + h.c.) +

�

i

Ω(a+i ai + 1/2) (1)

+
�

i

(. . .)
√
λc+i ci(a

+
i + ai) +

�

i

�ic
+
i ci (2)

1

ab initio band structure dispersionless molecular vibrations

local electron-vibration coupling gaussian disorder in molecular energy
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DFT+GW+DMFT

 relevant parameters: 
- noninteracting bandwidth W from DFT/GW

    - Intramolecular Holstein EMV coupling λ = 2 EP / W = 0.4 from GW
    - Einstein model phonon frequency Ω/W=0.5
    - Anderson local gaussian disorder variance Δ/W=0÷0.5

 Non perturbative approach in both disorder and EMV interaction

[S. Ciuchi, R. C. Hatch, H. Höchst, C. Faber, X. Blase, S. Fratini PRL to appear (2012) ]
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DFT+GW+DMFT

DFT

GW

DMFT
loop

local gaussian disorder

tight-binding params.

EMV interaction
A(k,ω)

[S. Ciuchi, R. C. Hatch, H. Höchst, C. Faber, X. Blase, S. Fratini PRL to appear (2012) ]

 relevant parameters: 
- noninteracting bandwidth W from DFT/GW

    - Intramolecular Holstein EMV coupling λ = 2 EP / W = 0.4 from GW
    - Einstein model phonon frequency Ω/W=0.5
    - Anderson local gaussian disorder variance Δ/W=0÷0.5

 Non perturbative approach in both disorder and EMV interaction
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Density of states: 
between molecules and bands

Density of States

!" #$% &'() *'&%+,&-. -/%0 -&& +'*% ',1 '2 1$% !" 3&-(% !(
3%(1-+%(% 4'. 1%1.-+%(%" 5$!&%6 !( .,7.%(%6 1$%8 -.% %*9
7%::%: !( 1$-1 3&-(% 40%% ;!)< ="< >0 - +'(0%?,%(+%6 1$% &'()
*'&%+,&-. -/%0 '2 -:@-+%(1 *'&%+,&%0 -&'() 1$% :!-)'(-& 4$%.9
.!()7'(%" :!.%+1!'(0 -.% 3-.-&&%& !( 3%(1-+%(%6 5$!&% 1$%8 -.%
-&*'01 3%.3%(:!+,&-. !( .,7.%(%< #$!0 %/3&-!(0 1$% 0*-&&%.
1.-(02%. !(1%).-&0 -&'() 1$% :!-)'(-& :!.%+1!'(0 !( .,7.%(%<

!!" >&'() 1$% +.801-& ! :!.%+1!'(6 2'. 5$!+$ 1$% $!)$%01 7-(:9
5!:1$0 -.% +-&+,&-1%:6 1$% .,7.%(% *'&%+,&%0 -.% 2',(: 1' 2'.*
- !901-+A 5!1$ - 01-+A!() :!01-(+% '2 =<BC DE -&1$',)$ 1$!0 :!09
1-(+% !0 &-.)%. 1$-( !( - 183!+-& !901-+A6FGH6GIJ - *-@'. 2%-1,.% !0
1$-1 (' :!03&-+%*%(1 '++,.0 -&'() 1$% 0$'.1 *'&%+,&-. -/%0< K(
3%(1-+%(% 4'. 1%1.-+%(%"6 1$% 0$'.19-/!0 :!03&-+%*%(10 -.% 0'
&-.)% 1$-1 -:@-+%(1 *'&%+,&%0 -&'() ! !(1%.-+1 5%-A&86 !( 03!1%
'2 - L%.8 0$'.1 !901-+A :!01-(+% '2 M<NI D 40%% ;!)< ="<

O$!&% (' 0$'.19-/!0 :!03&-+%*%(1 '++,.0 -&'() 1$% ! :!.%+9
1!'( !( .,7.%(%6 1$% 3$%(8& 0!:% ).',30 2-+!&!1-1% - L%.8 &-.)%
0&!:!()6 '2 P<G= D6 '2 '(% *'&%+,&% 5!1$ .%03%+1 1' 1$% (%/1
-&'() 1$% &'() *'&%+,&-. -/!0 40%% ;!)< ="< #$!0 &%-:0 1' 1$% -39
3%-.-(+% '2 1$% 0&!33%:9+'2-+!-& +'(2!),.-1!'( !&&,01.-1%: !(
;!),.% =< Q,+$ &'()9-/!0 :!03&-+%*%(10 -.% A('5( 1' .%:,+%
1$% %&%+1.'(!+ +',3&!() 7%15%%( -:@-+%(1 *'&%+,&%0 45$!+$ !0
*-/!*-& 2'. 1$% 3%.2%+1&8 +'2-+!-& 0!1,-1!'(6 '0+!&&-1%0 7%15%%(
3'0!1!L% -(: (%)-1!L% L-&,%0 -0 - 2,(+1!'( '2 !(+.%-0!() :!09
3&-+%*%(16 -(: L-(!0$%0 2'. &-.)% :!03&-+%*%(10FI6GRJ"< #$,06
1$% ?,%01!'( 1$-1 (%%:0 1' 7% -(05%.%: -1 1$!0 01-)%6 !0 $'5
0,+$ - 3.'(',(+%: &'()9-/!0 0&!:!() +-( 7% +'(0!01%(1 5!1$ 1$%
&-.)% 7-(:5!:1$0 1$-1 -.% +-&+,&-1%: -&'() 1$% ! :!.%+1!'( '2
1$% .,7.%(% +.801-&< #$%.%2'.%6 5% %/-*!(%:6 -1 1$% KSTU &%L9
%&6 1$% %L'&,1!'( '2 1$% VUWU -(: XYWU 1.-(02%. !(1%).-&0
2'. - +'*3&%/ *-:% '2 15' .,7.%(% *'&%+,&%0< O% 01-.1%:
2.'* - 3%.2%+1&8 +'2-+!-& 0!1,-1!'(6 5!1$ 1$% 15' *'&%+,&%0
0,3%.!*3'0%: -1 - :!01-(+% '2 =<BC D6 -(: 1$%( !(+.%-0!()&8
:!03&-+%: 1$% 1'3 *'&%+,&% -&'() 1$% &'() *'&%+,&-. -/!0< S'1%
1$-1 5% -+1,-&&8 .%3&-+%: 1$% 3$%(8& 0!:% ).',30 3.%0%(1 !( .,9
7.%(% 78 $8:.')%( -1'*0 41$%.%78 %22%+1!L%&8 +'(0!:%.!() 15'

1%1.-+%(% *'&%+,&%0"6 0!(+% 1$% 3$%(8&0 :' ('1 3&-8 -(8 0!)(!2!9
+-(1 .'&% !( 1$% VUWU '. XYWU 5-L%2,(+1!'(0 '2 .,7.%(%
40%% ;!)< G" -(: 1$%!. 3.%0%(+% 5',&: '7L!',0&8 &%-: 1' *-@'.
01%.!+ !(1%.-+1!'(0 ,3'( :!03&-+%*%(1< #$% .%0,&10 -.% 3.%9
0%(1%: !( ;!),.% C< #$% 183!+-& '0+!&&-1!() %L'&,1!'( '2 1$%
VUWU -(: XYWU 1.-(02%. !(1%).-&0 !0 2',(: 1' '++,. ,3'(
:!03&-+%*%(1< Z%*-.A-7&86 1$% :!03&-+%*%(1 '2 P<G= D '79
0%.L%: !( 1$% .,7.%(% +.801-& +&'0%&8 +'..%03'(:0 1' %/1.%*- !(
1$% '0+!&&-1!'(0 '2 7'1$ 1$% VUWU -(: XYWU 1.-(02%. !(1%9
).-&0< #$!0 .%0,&1 +&-.!2!%0 5$86 %L%( -1 0,+$ - &-.)% &'()9-/!0
:!03&-+%*%(16 1$% 1.-(02%. !(1%).-&0 -.% 01!&& - 0!)(!2!+-(1 2.-+9
1!'( '2 1$% L-&,%0 2',(: 2'. 1$% +'2-+!-& +-0%<

!
"
#

#
$
%
&!

'
(&
"
%
)

!"#$ ! "##$ %&'()*+,- +./012 345- 6 ,78 931:; %.<=>.<4 %&&'())***+,-./,&+-0 !"#$ %&'()$ 1""2; *+; ?78 @; :A/<0 B@

345670 8+ &00CDE/1E<7= 7F E>. 01EE<G. A1/14.E./D H<E><= E>. &, 01I./ 7F G/IDE100<=. /C5/.=. J/<2>EK 1=L A.=E1G.=. J0.FEK8 M>. D>7/E*1N<D 1=L 07=2*1N<D L<D*
A01G.4.=ED 107=2 E>. !*DE1GOD <= E>. & L</.GE<7= 1/. 10D7 <=L<G1E.L8

0 2 4 6 8 10 12 14
-200

-100

0

100

200

300

t (
m

eV
)

displacement (Å )

 HOMO
 LUMO

345670 $+ (P70CE<7= 7F E>. &?QR -RSR 1=L 'TSR E/1=DF./ <=E.2/10D 1D
1 FC=GE<7= 7F L<DA01G.4.=E; F7/ 1 G74A0.N 41L. 7F EH7 E.E/1G.=. 470.*
GC0.D DE1GO.L 107=2 E>. /C5/.=. & L</.GE<7= H<E> 1 !*DE1GO<=2 L<DE1=G. 7F
U8VW X8 M>. L7EE.L 0<=. <=L<G1E.D E>. 412=<ECL. 7F E>. 07=2*1N<D L<DA01G.*
4.=E; Y8BU X; F7C=L <= E>. /C5/.=. G/IDE108 M>. 470.GC01/ 2.74.E/<.D
H./. 7AE<4<Z.L 1E E>. Q[M*\U')]^Y*UB3JL;AK 0.P.08

Friday, June 1, 2012



Density of states: 
between molecules and bands

Density of States

!" #$% &'() *'&%+,&-. -/%0 -&& +'*% ',1 '2 1$% !" 3&-(% !(
3%(1-+%(% 4'. 1%1.-+%(%" 5$!&%6 !( .,7.%(%6 1$%8 -.% %*9
7%::%: !( 1$-1 3&-(% 40%% ;!)< ="< >0 - +'(0%?,%(+%6 1$% &'()
*'&%+,&-. -/%0 '2 -:@-+%(1 *'&%+,&%0 -&'() 1$% :!-)'(-& 4$%.9
.!()7'(%" :!.%+1!'(0 -.% 3-.-&&%& !( 3%(1-+%(%6 5$!&% 1$%8 -.%
-&*'01 3%.3%(:!+,&-. !( .,7.%(%< #$!0 %/3&-!(0 1$% 0*-&&%.
1.-(02%. !(1%).-&0 -&'() 1$% :!-)'(-& :!.%+1!'(0 !( .,7.%(%<

!!" >&'() 1$% +.801-& ! :!.%+1!'(6 2'. 5$!+$ 1$% $!)$%01 7-(:9
5!:1$0 -.% +-&+,&-1%:6 1$% .,7.%(% *'&%+,&%0 -.% 2',(: 1' 2'.*
- !901-+A 5!1$ - 01-+A!() :!01-(+% '2 =<BC DE -&1$',)$ 1$!0 :!09
1-(+% !0 &-.)%. 1$-( !( - 183!+-& !901-+A6FGH6GIJ - *-@'. 2%-1,.% !0
1$-1 (' :!03&-+%*%(1 '++,.0 -&'() 1$% 0$'.1 *'&%+,&-. -/%0< K(
3%(1-+%(% 4'. 1%1.-+%(%"6 1$% 0$'.19-/!0 :!03&-+%*%(10 -.% 0'
&-.)% 1$-1 -:@-+%(1 *'&%+,&%0 -&'() ! !(1%.-+1 5%-A&86 !( 03!1%
'2 - L%.8 0$'.1 !901-+A :!01-(+% '2 M<NI D 40%% ;!)< ="<

O$!&% (' 0$'.19-/!0 :!03&-+%*%(1 '++,.0 -&'() 1$% ! :!.%+9
1!'( !( .,7.%(%6 1$% 3$%(8& 0!:% ).',30 2-+!&!1-1% - L%.8 &-.)%
0&!:!()6 '2 P<G= D6 '2 '(% *'&%+,&% 5!1$ .%03%+1 1' 1$% (%/1
-&'() 1$% &'() *'&%+,&-. -/!0 40%% ;!)< ="< #$!0 &%-:0 1' 1$% -39
3%-.-(+% '2 1$% 0&!33%:9+'2-+!-& +'(2!),.-1!'( !&&,01.-1%: !(
;!),.% =< Q,+$ &'()9-/!0 :!03&-+%*%(10 -.% A('5( 1' .%:,+%
1$% %&%+1.'(!+ +',3&!() 7%15%%( -:@-+%(1 *'&%+,&%0 45$!+$ !0
*-/!*-& 2'. 1$% 3%.2%+1&8 +'2-+!-& 0!1,-1!'(6 '0+!&&-1%0 7%15%%(
3'0!1!L% -(: (%)-1!L% L-&,%0 -0 - 2,(+1!'( '2 !(+.%-0!() :!09
3&-+%*%(16 -(: L-(!0$%0 2'. &-.)% :!03&-+%*%(10FI6GRJ"< #$,06
1$% ?,%01!'( 1$-1 (%%:0 1' 7% -(05%.%: -1 1$!0 01-)%6 !0 $'5
0,+$ - 3.'(',(+%: &'()9-/!0 0&!:!() +-( 7% +'(0!01%(1 5!1$ 1$%
&-.)% 7-(:5!:1$0 1$-1 -.% +-&+,&-1%: -&'() 1$% ! :!.%+1!'( '2
1$% .,7.%(% +.801-&< #$%.%2'.%6 5% %/-*!(%:6 -1 1$% KSTU &%L9
%&6 1$% %L'&,1!'( '2 1$% VUWU -(: XYWU 1.-(02%. !(1%).-&0
2'. - +'*3&%/ *-:% '2 15' .,7.%(% *'&%+,&%0< O% 01-.1%:
2.'* - 3%.2%+1&8 +'2-+!-& 0!1,-1!'(6 5!1$ 1$% 15' *'&%+,&%0
0,3%.!*3'0%: -1 - :!01-(+% '2 =<BC D6 -(: 1$%( !(+.%-0!()&8
:!03&-+%: 1$% 1'3 *'&%+,&% -&'() 1$% &'() *'&%+,&-. -/!0< S'1%
1$-1 5% -+1,-&&8 .%3&-+%: 1$% 3$%(8& 0!:% ).',30 3.%0%(1 !( .,9
7.%(% 78 $8:.')%( -1'*0 41$%.%78 %22%+1!L%&8 +'(0!:%.!() 15'

1%1.-+%(% *'&%+,&%0"6 0!(+% 1$% 3$%(8&0 :' ('1 3&-8 -(8 0!)(!2!9
+-(1 .'&% !( 1$% VUWU '. XYWU 5-L%2,(+1!'(0 '2 .,7.%(%
40%% ;!)< G" -(: 1$%!. 3.%0%(+% 5',&: '7L!',0&8 &%-: 1' *-@'.
01%.!+ !(1%.-+1!'(0 ,3'( :!03&-+%*%(1< #$% .%0,&10 -.% 3.%9
0%(1%: !( ;!),.% C< #$% 183!+-& '0+!&&-1!() %L'&,1!'( '2 1$%
VUWU -(: XYWU 1.-(02%. !(1%).-&0 !0 2',(: 1' '++,. ,3'(
:!03&-+%*%(1< Z%*-.A-7&86 1$% :!03&-+%*%(1 '2 P<G= D '79
0%.L%: !( 1$% .,7.%(% +.801-& +&'0%&8 +'..%03'(:0 1' %/1.%*- !(
1$% '0+!&&-1!'(0 '2 7'1$ 1$% VUWU -(: XYWU 1.-(02%. !(1%9
).-&0< #$!0 .%0,&1 +&-.!2!%0 5$86 %L%( -1 0,+$ - &-.)% &'()9-/!0
:!03&-+%*%(16 1$% 1.-(02%. !(1%).-&0 -.% 01!&& - 0!)(!2!+-(1 2.-+9
1!'( '2 1$% L-&,%0 2',(: 2'. 1$% +'2-+!-& +-0%<

!
"
#

#
$
%
&!

'
(&
"
%
)

!"#$ ! "##$ %&'()*+,- +./012 345- 6 ,78 931:; %.<=>.<4 %&&'())***+,-./,&+-0 !"#$ %&'()$ 1""2; *+; ?78 @; :A/<0 B@

345670 8+ &00CDE/1E<7= 7F E>. 01EE<G. A1/14.E./D H<E><= E>. &, 01I./ 7F G/IDE100<=. /C5/.=. J/<2>EK 1=L A.=E1G.=. J0.FEK8 M>. D>7/E*1N<D 1=L 07=2*1N<D L<D*
A01G.4.=ED 107=2 E>. !*DE1GOD <= E>. & L</.GE<7= 1/. 10D7 <=L<G1E.L8

0 2 4 6 8 10 12 14
-200

-100

0

100

200

300

t (
m

eV
)

displacement (Å )

 HOMO
 LUMO

345670 $+ (P70CE<7= 7F E>. &?QR -RSR 1=L 'TSR E/1=DF./ <=E.2/10D 1D
1 FC=GE<7= 7F L<DA01G.4.=E; F7/ 1 G74A0.N 41L. 7F EH7 E.E/1G.=. 470.*
GC0.D DE1GO.L 107=2 E>. /C5/.=. & L</.GE<7= H<E> 1 !*DE1GO<=2 L<DE1=G. 7F
U8VW X8 M>. L7EE.L 0<=. <=L<G1E.D E>. 412=<ECL. 7F E>. 07=2*1N<D L<DA01G.*
4.=E; Y8BU X; F7C=L <= E>. /C5/.=. G/IDE108 M>. 470.GC01/ 2.74.E/<.D
H./. 7AE<4<Z.L 1E E>. Q[M*\U')]^Y*UB3JL;AK 0.P.08

Friday, June 1, 2012



Density of states: 
between molecules and bands

Density of States

!" #$% &'() *'&%+,&-. -/%0 -&& +'*% ',1 '2 1$% !" 3&-(% !(
3%(1-+%(% 4'. 1%1.-+%(%" 5$!&%6 !( .,7.%(%6 1$%8 -.% %*9
7%::%: !( 1$-1 3&-(% 40%% ;!)< ="< >0 - +'(0%?,%(+%6 1$% &'()
*'&%+,&-. -/%0 '2 -:@-+%(1 *'&%+,&%0 -&'() 1$% :!-)'(-& 4$%.9
.!()7'(%" :!.%+1!'(0 -.% 3-.-&&%& !( 3%(1-+%(%6 5$!&% 1$%8 -.%
-&*'01 3%.3%(:!+,&-. !( .,7.%(%< #$!0 %/3&-!(0 1$% 0*-&&%.
1.-(02%. !(1%).-&0 -&'() 1$% :!-)'(-& :!.%+1!'(0 !( .,7.%(%<

!!" >&'() 1$% +.801-& ! :!.%+1!'(6 2'. 5$!+$ 1$% $!)$%01 7-(:9
5!:1$0 -.% +-&+,&-1%:6 1$% .,7.%(% *'&%+,&%0 -.% 2',(: 1' 2'.*
- !901-+A 5!1$ - 01-+A!() :!01-(+% '2 =<BC DE -&1$',)$ 1$!0 :!09
1-(+% !0 &-.)%. 1$-( !( - 183!+-& !901-+A6FGH6GIJ - *-@'. 2%-1,.% !0
1$-1 (' :!03&-+%*%(1 '++,.0 -&'() 1$% 0$'.1 *'&%+,&-. -/%0< K(
3%(1-+%(% 4'. 1%1.-+%(%"6 1$% 0$'.19-/!0 :!03&-+%*%(10 -.% 0'
&-.)% 1$-1 -:@-+%(1 *'&%+,&%0 -&'() ! !(1%.-+1 5%-A&86 !( 03!1%
'2 - L%.8 0$'.1 !901-+A :!01-(+% '2 M<NI D 40%% ;!)< ="<

O$!&% (' 0$'.19-/!0 :!03&-+%*%(1 '++,.0 -&'() 1$% ! :!.%+9
1!'( !( .,7.%(%6 1$% 3$%(8& 0!:% ).',30 2-+!&!1-1% - L%.8 &-.)%
0&!:!()6 '2 P<G= D6 '2 '(% *'&%+,&% 5!1$ .%03%+1 1' 1$% (%/1
-&'() 1$% &'() *'&%+,&-. -/!0 40%% ;!)< ="< #$!0 &%-:0 1' 1$% -39
3%-.-(+% '2 1$% 0&!33%:9+'2-+!-& +'(2!),.-1!'( !&&,01.-1%: !(
;!),.% =< Q,+$ &'()9-/!0 :!03&-+%*%(10 -.% A('5( 1' .%:,+%
1$% %&%+1.'(!+ +',3&!() 7%15%%( -:@-+%(1 *'&%+,&%0 45$!+$ !0
*-/!*-& 2'. 1$% 3%.2%+1&8 +'2-+!-& 0!1,-1!'(6 '0+!&&-1%0 7%15%%(
3'0!1!L% -(: (%)-1!L% L-&,%0 -0 - 2,(+1!'( '2 !(+.%-0!() :!09
3&-+%*%(16 -(: L-(!0$%0 2'. &-.)% :!03&-+%*%(10FI6GRJ"< #$,06
1$% ?,%01!'( 1$-1 (%%:0 1' 7% -(05%.%: -1 1$!0 01-)%6 !0 $'5
0,+$ - 3.'(',(+%: &'()9-/!0 0&!:!() +-( 7% +'(0!01%(1 5!1$ 1$%
&-.)% 7-(:5!:1$0 1$-1 -.% +-&+,&-1%: -&'() 1$% ! :!.%+1!'( '2
1$% .,7.%(% +.801-&< #$%.%2'.%6 5% %/-*!(%:6 -1 1$% KSTU &%L9
%&6 1$% %L'&,1!'( '2 1$% VUWU -(: XYWU 1.-(02%. !(1%).-&0
2'. - +'*3&%/ *-:% '2 15' .,7.%(% *'&%+,&%0< O% 01-.1%:
2.'* - 3%.2%+1&8 +'2-+!-& 0!1,-1!'(6 5!1$ 1$% 15' *'&%+,&%0
0,3%.!*3'0%: -1 - :!01-(+% '2 =<BC D6 -(: 1$%( !(+.%-0!()&8
:!03&-+%: 1$% 1'3 *'&%+,&% -&'() 1$% &'() *'&%+,&-. -/!0< S'1%
1$-1 5% -+1,-&&8 .%3&-+%: 1$% 3$%(8& 0!:% ).',30 3.%0%(1 !( .,9
7.%(% 78 $8:.')%( -1'*0 41$%.%78 %22%+1!L%&8 +'(0!:%.!() 15'

1%1.-+%(% *'&%+,&%0"6 0!(+% 1$% 3$%(8&0 :' ('1 3&-8 -(8 0!)(!2!9
+-(1 .'&% !( 1$% VUWU '. XYWU 5-L%2,(+1!'(0 '2 .,7.%(%
40%% ;!)< G" -(: 1$%!. 3.%0%(+% 5',&: '7L!',0&8 &%-: 1' *-@'.
01%.!+ !(1%.-+1!'(0 ,3'( :!03&-+%*%(1< #$% .%0,&10 -.% 3.%9
0%(1%: !( ;!),.% C< #$% 183!+-& '0+!&&-1!() %L'&,1!'( '2 1$%
VUWU -(: XYWU 1.-(02%. !(1%).-&0 !0 2',(: 1' '++,. ,3'(
:!03&-+%*%(1< Z%*-.A-7&86 1$% :!03&-+%*%(1 '2 P<G= D '79
0%.L%: !( 1$% .,7.%(% +.801-& +&'0%&8 +'..%03'(:0 1' %/1.%*- !(
1$% '0+!&&-1!'(0 '2 7'1$ 1$% VUWU -(: XYWU 1.-(02%. !(1%9
).-&0< #$!0 .%0,&1 +&-.!2!%0 5$86 %L%( -1 0,+$ - &-.)% &'()9-/!0
:!03&-+%*%(16 1$% 1.-(02%. !(1%).-&0 -.% 01!&& - 0!)(!2!+-(1 2.-+9
1!'( '2 1$% L-&,%0 2',(: 2'. 1$% +'2-+!-& +-0%<

!
"
#

#
$
%
&!

'
(&
"
%
)

!"#$ ! "##$ %&'()*+,- +./012 345- 6 ,78 931:; %.<=>.<4 %&&'())***+,-./,&+-0 !"#$ %&'()$ 1""2; *+; ?78 @; :A/<0 B@

345670 8+ &00CDE/1E<7= 7F E>. 01EE<G. A1/14.E./D H<E><= E>. &, 01I./ 7F G/IDE100<=. /C5/.=. J/<2>EK 1=L A.=E1G.=. J0.FEK8 M>. D>7/E*1N<D 1=L 07=2*1N<D L<D*
A01G.4.=ED 107=2 E>. !*DE1GOD <= E>. & L</.GE<7= 1/. 10D7 <=L<G1E.L8

0 2 4 6 8 10 12 14
-200

-100

0

100

200

300

t (
m

eV
)

displacement (Å )

 HOMO
 LUMO

345670 $+ (P70CE<7= 7F E>. &?QR -RSR 1=L 'TSR E/1=DF./ <=E.2/10D 1D
1 FC=GE<7= 7F L<DA01G.4.=E; F7/ 1 G74A0.N 41L. 7F EH7 E.E/1G.=. 470.*
GC0.D DE1GO.L 107=2 E>. /C5/.=. & L</.GE<7= H<E> 1 !*DE1GO<=2 L<DE1=G. 7F
U8VW X8 M>. L7EE.L 0<=. <=L<G1E.D E>. 412=<ECL. 7F E>. 07=2*1N<D L<DA01G.*
4.=E; Y8BU X; F7C=L <= E>. /C5/.=. G/IDE108 M>. 470.GC01/ 2.74.E/<.D
H./. 7AE<4<Z.L 1E E>. Q[M*\U')]^Y*UB3JL;AK 0.P.08

Friday, June 1, 2012



Density of states: 
between molecules and bands

Density of States

!" #$% &'() *'&%+,&-. -/%0 -&& +'*% ',1 '2 1$% !" 3&-(% !(
3%(1-+%(% 4'. 1%1.-+%(%" 5$!&%6 !( .,7.%(%6 1$%8 -.% %*9
7%::%: !( 1$-1 3&-(% 40%% ;!)< ="< >0 - +'(0%?,%(+%6 1$% &'()
*'&%+,&-. -/%0 '2 -:@-+%(1 *'&%+,&%0 -&'() 1$% :!-)'(-& 4$%.9
.!()7'(%" :!.%+1!'(0 -.% 3-.-&&%& !( 3%(1-+%(%6 5$!&% 1$%8 -.%
-&*'01 3%.3%(:!+,&-. !( .,7.%(%< #$!0 %/3&-!(0 1$% 0*-&&%.
1.-(02%. !(1%).-&0 -&'() 1$% :!-)'(-& :!.%+1!'(0 !( .,7.%(%<

!!" >&'() 1$% +.801-& ! :!.%+1!'(6 2'. 5$!+$ 1$% $!)$%01 7-(:9
5!:1$0 -.% +-&+,&-1%:6 1$% .,7.%(% *'&%+,&%0 -.% 2',(: 1' 2'.*
- !901-+A 5!1$ - 01-+A!() :!01-(+% '2 =<BC DE -&1$',)$ 1$!0 :!09
1-(+% !0 &-.)%. 1$-( !( - 183!+-& !901-+A6FGH6GIJ - *-@'. 2%-1,.% !0
1$-1 (' :!03&-+%*%(1 '++,.0 -&'() 1$% 0$'.1 *'&%+,&-. -/%0< K(
3%(1-+%(% 4'. 1%1.-+%(%"6 1$% 0$'.19-/!0 :!03&-+%*%(10 -.% 0'
&-.)% 1$-1 -:@-+%(1 *'&%+,&%0 -&'() ! !(1%.-+1 5%-A&86 !( 03!1%
'2 - L%.8 0$'.1 !901-+A :!01-(+% '2 M<NI D 40%% ;!)< ="<

O$!&% (' 0$'.19-/!0 :!03&-+%*%(1 '++,.0 -&'() 1$% ! :!.%+9
1!'( !( .,7.%(%6 1$% 3$%(8& 0!:% ).',30 2-+!&!1-1% - L%.8 &-.)%
0&!:!()6 '2 P<G= D6 '2 '(% *'&%+,&% 5!1$ .%03%+1 1' 1$% (%/1
-&'() 1$% &'() *'&%+,&-. -/!0 40%% ;!)< ="< #$!0 &%-:0 1' 1$% -39
3%-.-(+% '2 1$% 0&!33%:9+'2-+!-& +'(2!),.-1!'( !&&,01.-1%: !(
;!),.% =< Q,+$ &'()9-/!0 :!03&-+%*%(10 -.% A('5( 1' .%:,+%
1$% %&%+1.'(!+ +',3&!() 7%15%%( -:@-+%(1 *'&%+,&%0 45$!+$ !0
*-/!*-& 2'. 1$% 3%.2%+1&8 +'2-+!-& 0!1,-1!'(6 '0+!&&-1%0 7%15%%(
3'0!1!L% -(: (%)-1!L% L-&,%0 -0 - 2,(+1!'( '2 !(+.%-0!() :!09
3&-+%*%(16 -(: L-(!0$%0 2'. &-.)% :!03&-+%*%(10FI6GRJ"< #$,06
1$% ?,%01!'( 1$-1 (%%:0 1' 7% -(05%.%: -1 1$!0 01-)%6 !0 $'5
0,+$ - 3.'(',(+%: &'()9-/!0 0&!:!() +-( 7% +'(0!01%(1 5!1$ 1$%
&-.)% 7-(:5!:1$0 1$-1 -.% +-&+,&-1%: -&'() 1$% ! :!.%+1!'( '2
1$% .,7.%(% +.801-&< #$%.%2'.%6 5% %/-*!(%:6 -1 1$% KSTU &%L9
%&6 1$% %L'&,1!'( '2 1$% VUWU -(: XYWU 1.-(02%. !(1%).-&0
2'. - +'*3&%/ *-:% '2 15' .,7.%(% *'&%+,&%0< O% 01-.1%:
2.'* - 3%.2%+1&8 +'2-+!-& 0!1,-1!'(6 5!1$ 1$% 15' *'&%+,&%0
0,3%.!*3'0%: -1 - :!01-(+% '2 =<BC D6 -(: 1$%( !(+.%-0!()&8
:!03&-+%: 1$% 1'3 *'&%+,&% -&'() 1$% &'() *'&%+,&-. -/!0< S'1%
1$-1 5% -+1,-&&8 .%3&-+%: 1$% 3$%(8& 0!:% ).',30 3.%0%(1 !( .,9
7.%(% 78 $8:.')%( -1'*0 41$%.%78 %22%+1!L%&8 +'(0!:%.!() 15'

1%1.-+%(% *'&%+,&%0"6 0!(+% 1$% 3$%(8&0 :' ('1 3&-8 -(8 0!)(!2!9
+-(1 .'&% !( 1$% VUWU '. XYWU 5-L%2,(+1!'(0 '2 .,7.%(%
40%% ;!)< G" -(: 1$%!. 3.%0%(+% 5',&: '7L!',0&8 &%-: 1' *-@'.
01%.!+ !(1%.-+1!'(0 ,3'( :!03&-+%*%(1< #$% .%0,&10 -.% 3.%9
0%(1%: !( ;!),.% C< #$% 183!+-& '0+!&&-1!() %L'&,1!'( '2 1$%
VUWU -(: XYWU 1.-(02%. !(1%).-&0 !0 2',(: 1' '++,. ,3'(
:!03&-+%*%(1< Z%*-.A-7&86 1$% :!03&-+%*%(1 '2 P<G= D '79
0%.L%: !( 1$% .,7.%(% +.801-& +&'0%&8 +'..%03'(:0 1' %/1.%*- !(
1$% '0+!&&-1!'(0 '2 7'1$ 1$% VUWU -(: XYWU 1.-(02%. !(1%9
).-&0< #$!0 .%0,&1 +&-.!2!%0 5$86 %L%( -1 0,+$ - &-.)% &'()9-/!0
:!03&-+%*%(16 1$% 1.-(02%. !(1%).-&0 -.% 01!&& - 0!)(!2!+-(1 2.-+9
1!'( '2 1$% L-&,%0 2',(: 2'. 1$% +'2-+!-& +-0%<

!
"
#

#
$
%
&!

'
(&
"
%
)

!"#$ ! "##$ %&'()*+,- +./012 345- 6 ,78 931:; %.<=>.<4 %&&'())***+,-./,&+-0 !"#$ %&'()$ 1""2; *+; ?78 @; :A/<0 B@

345670 8+ &00CDE/1E<7= 7F E>. 01EE<G. A1/14.E./D H<E><= E>. &, 01I./ 7F G/IDE100<=. /C5/.=. J/<2>EK 1=L A.=E1G.=. J0.FEK8 M>. D>7/E*1N<D 1=L 07=2*1N<D L<D*
A01G.4.=ED 107=2 E>. !*DE1GOD <= E>. & L</.GE<7= 1/. 10D7 <=L<G1E.L8

0 2 4 6 8 10 12 14
-200

-100

0

100

200

300

t (
m

eV
)

displacement (Å )

 HOMO
 LUMO

345670 $+ (P70CE<7= 7F E>. &?QR -RSR 1=L 'TSR E/1=DF./ <=E.2/10D 1D
1 FC=GE<7= 7F L<DA01G.4.=E; F7/ 1 G74A0.N 41L. 7F EH7 E.E/1G.=. 470.*
GC0.D DE1GO.L 107=2 E>. /C5/.=. & L</.GE<7= H<E> 1 !*DE1GO<=2 L<DE1=G. 7F
U8VW X8 M>. L7EE.L 0<=. <=L<G1E.D E>. 412=<ECL. 7F E>. 07=2*1N<D L<DA01G.*
4.=E; Y8BU X; F7C=L <= E>. /C5/.=. G/IDE108 M>. 470.GC01/ 2.74.E/<.D
H./. 7AE<4<Z.L 1E E>. Q[M*\U')]^Y*UB3JL;AK 0.P.08

Friday, June 1, 2012



Density of states: 
between molecules and bands

+ structural and thermal disorder (because of VdW bonding, 
these materials are soft and easily deformable)

Density of States
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Evolution of bands with EMV coupling

 band is split into multiphonon resonances upon increasing the coupling strength
--> tends to spectrum of the individual molecule! 

 redistribution of spectral weight: EMV interaction shifts the top of band upwards 
(molecular relaxation energy Ep) and increases the range of electronic excitations
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 disorder: wipes out multiphonon peaks, and further increases the bandwidth
 only two dominant bands are visible, as in the experiment  
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Evolution of bands with EMV coupling

 band is split into multiphonon resonances upon increasing the coupling strength
--> tends to spectrum of the individual molecule! 

 redistribution of spectral weight: EMV interaction shifts the top of band upwards 
(molecular relaxation energy Ep) and increases the range of electronic excitations

 disorder: wipes out multiphonon peaks, and further increases the bandwidth
 only two dominant bands are visible, as in the experiment  
 from the GW calculated value λ=0.4, estimate disorder Δ=75±15meV 
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ARPES: experiment vs theory (EMV interaction and disorder)

 interplay of EMV interaction and disorder explains the observed band dispersion
(H1 band is shifted upwards by the molecular relaxation energy Ep)

 multiphonon fine structure could be seen in future experiments

experiment theory
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ARPES Pentacene: hallmarks of EMV 3

also allows one to include the presence of disorder that
is expected to be relevant in experimental samples, in
the form of spatial fluctuations of the molecular energy
levels. Experimental estimates of the energy spread ∆
range from few tens of meV in single crystals to ∆ ∼ 0.1
eV or above in amorphous samples [28]. Our crystalline
films should be located between these two limits as in-
dicated by the sharpness of our reflection high energy
electron diffraction (RHEED) patterns. Finally, the in-
teraction with low-frequency vibrations of the molecules
[14, 29], in the range �ω � 40 meV, is effectively included
in the calculation via an increased value of ∆. These low-
frequency modes related both to the large molecular size
and to the mechanical softness of the material do not give
rise to observable features in the photoemission spectra,
as their energy lies below the experimental resolution,
but they do act as an additional intrinsic source of fluc-
tuation for the molecular energy levels [30, 31].

Molecular origin of the band separation.— Fig. 1b is a
color density plot of the hole spectral function obtained
from the theory including both molecular and itinerant
aspects on the same footing, as described in the preced-
ing paragraph. We take the calculated value EP = 69
meV for the molecular relaxation energy (corresponding
to a reorganization energy 2EP = 138 meV), �Ω = 174
meV for the average energy of intra-molecular vibrations
[18], a non-interacting bandwidth W0 = 348 meV and
assume a total disorder strength ∆ = 75 meV. The sim-
ilarity with the experimental spectra is remarkable. The
most striking point is that the separation between the H1
and H2 bands is much larger than in the band-structure
prediction, restoring the agreement with the locus of the
experimental peaks (dots). Also in agreement with the
experiment, the features of the calculated spectrum ex-
hibit a considerable broadening, a point that will be dis-
cussed below.

To ascertain the microscopic origin of the observed
H1/H2 separation, Fig. 1c shows the HOMO band dis-
persion obtained from the theory upon the subsequent
inclusion of disorder (blue curve) and EMV interactions
(red curve) on top of the band structure as parametrized
in Ref. 19. Disorder in the molecular energy levels causes
a rather uniform increase of the band dispersion, but does
not modify the overall band shape [32]. Instead, adding
the interaction with high-frequency molecular vibrations
causes a sizable upwards shift of the H1 band, leaving
the H2 band dispersion essentially unchanged from the
non-interacting case. This shift is caused by the molec-
ular relaxation energy gain EP , that is reflected in the
extended states of the solid through a stabilization of the
H1 branch. We conclude that the interplay between EMV
coupling and disorder is at the origin of the large H1/H2
separation observed in the experiment. The present anal-
ysis confirms the results obtained in Ref. [30] based on a
related one-dimensional model.

Spectral hallmarks of EMV interactions.— Having
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FIG. 2: (a) Photoemission spectrum measured at the M̄ point.

The dashed line is a fit of the data with three gaussian peaks.

(b) Calculated spectrum and fit. Parameters are EP = 69

meV and ∆ = 75 meV. W is the total bandwidth defined as

the distance between the H1 and H2 peak. (c) The fine struc-

ture induced by the EMV interaction is unveiled by removing

the disorder in the calculation. (d) The calculated spectrum

in the absence of EMV interactions, but with the same degree

of disorder. In (b,c,d) the spectrum has been convoluted with

a Gaussian of FWHM = 40 meV to mimic the experimental

resolution.

shown that the main dispersive features of the ARPES
data can be explained by the proper inclusion of inter-
actions with high-frequency molecular vibrations and a
moderate amount of disorder, we now proceed to show
that additional hallmarks of the EMV coupling are seen
in the angle-resolved spectra, providing support to the
proposed scenario. Fig. 2a reports the photoemission
intensity measured at the M̄ point (full line), and Fig.
2b is the corresponding calculated spectrum. In addition
to the H1 and H2 peaks that are clearly resolved, an ex-
tra feature can be actually recognized, whose existence is
substantiated by fitting the spectra with three gaussian
peaks (dashed lines). Being located at a distance � �Ω
from the main H1 peak, it is tempting to associate this
feature with a vibrational overtone of the main electronic
excitation. That this is indeed the case is demonstrated
by repeating the theoretical calculation in the absence of
disorder, which reveals all the fine structure that is oth-
erwise smeared out by the energy fluctuations (Fig. 2c).
The overtone actually disappears as expected when the
EMV interaction is turned off (Fig. 2d).
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    H1 overtone is there, but broadened by disorder
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extended states of the solid through a stabilization of the
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shown that the main dispersive features of the ARPES
data can be explained by the proper inclusion of inter-
actions with high-frequency molecular vibrations and a
moderate amount of disorder, we now proceed to show
that additional hallmarks of the EMV coupling are seen
in the angle-resolved spectra, providing support to the
proposed scenario. Fig. 2a reports the photoemission
intensity measured at the M̄ point (full line), and Fig.
2b is the corresponding calculated spectrum. In addition
to the H1 and H2 peaks that are clearly resolved, an ex-
tra feature can be actually recognized, whose existence is
substantiated by fitting the spectra with three gaussian
peaks (dashed lines). Being located at a distance � �Ω
from the main H1 peak, it is tempting to associate this
feature with a vibrational overtone of the main electronic
excitation. That this is indeed the case is demonstrated
by repeating the theoretical calculation in the absence of
disorder, which reveals all the fine structure that is oth-
erwise smeared out by the energy fluctuations (Fig. 2c).
The overtone actually disappears as expected when the
EMV interaction is turned off (Fig. 2d).
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eV or above in amorphous samples [28]. Our crystalline
films should be located between these two limits as in-
dicated by the sharpness of our reflection high energy
electron diffraction (RHEED) patterns. Finally, the in-
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[14, 29], in the range �ω � 40 meV, is effectively included
in the calculation via an increased value of ∆. These low-
frequency modes related both to the large molecular size
and to the mechanical softness of the material do not give
rise to observable features in the photoemission spectra,
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from the theory including both molecular and itinerant
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meV for the molecular relaxation energy (corresponding
to a reorganization energy 2EP = 138 meV), �Ω = 174
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[18], a non-interacting bandwidth W0 = 348 meV and
assume a total disorder strength ∆ = 75 meV. The sim-
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most striking point is that the separation between the H1
and H2 bands is much larger than in the band-structure
prediction, restoring the agreement with the locus of the
experimental peaks (dots). Also in agreement with the
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hibit a considerable broadening, a point that will be dis-
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(red curve) on top of the band structure as parametrized
in Ref. 19. Disorder in the molecular energy levels causes
a rather uniform increase of the band dispersion, but does
not modify the overall band shape [32]. Instead, adding
the interaction with high-frequency molecular vibrations
causes a sizable upwards shift of the H1 band, leaving
the H2 band dispersion essentially unchanged from the
non-interacting case. This shift is caused by the molec-
ular relaxation energy gain EP , that is reflected in the
extended states of the solid through a stabilization of the
H1 branch. We conclude that the interplay between EMV
coupling and disorder is at the origin of the large H1/H2
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ysis confirms the results obtained in Ref. [30] based on a
related one-dimensional model.
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of disorder. In (b,c,d) the spectrum has been convoluted with

a Gaussian of FWHM = 40 meV to mimic the experimental

resolution.

shown that the main dispersive features of the ARPES
data can be explained by the proper inclusion of inter-
actions with high-frequency molecular vibrations and a
moderate amount of disorder, we now proceed to show
that additional hallmarks of the EMV coupling are seen
in the angle-resolved spectra, providing support to the
proposed scenario. Fig. 2a reports the photoemission
intensity measured at the M̄ point (full line), and Fig.
2b is the corresponding calculated spectrum. In addition
to the H1 and H2 peaks that are clearly resolved, an ex-
tra feature can be actually recognized, whose existence is
substantiated by fitting the spectra with three gaussian
peaks (dashed lines). Being located at a distance � �Ω
from the main H1 peak, it is tempting to associate this
feature with a vibrational overtone of the main electronic
excitation. That this is indeed the case is demonstrated
by repeating the theoretical calculation in the absence of
disorder, which reveals all the fine structure that is oth-
erwise smeared out by the energy fluctuations (Fig. 2c).
The overtone actually disappears as expected when the
EMV interaction is turned off (Fig. 2d).
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Outline
 Introduction: somethingʼs wrong with the “common wisdom” 

 ARPES: 

the role of intramolecular vibrations and disorder

 Transport properties: 

the role of intermolecular vibrations and the concept of transient localization

 Kubo formula revisited: carrier diffusivity from optical experiments

 Concluding remarks

Friday, June 1, 2012



 separation of energy scales between low energy intermolecular modes and high 
energy intramolecular modes

 Intramolecular (Holstein) FAST: ω0≈120-200meV ≈ bandwidth W 

 Intermolecular (Periels) SLOW: ω0≈3-20meV << bandwidth  W

Peierls

INDO Calculations by [A. Girlando, et al., J. Chem. Phys. 135, 084701 (2011)]

Holstein

by courtesy of A. Girlando

Interactions with molecular vibrations
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 separation of energy scales between low energy intermolecular modes and high 
energy intramolecular modes

 Intramolecular (Holstein) FAST: ω0≈120-200meV ≈ bandwidth W
    these modes are too fast to really affect electron transport, and no T dependence

 Intermolecular (Periels) SLOW: ω0≈3-20meV << bandwidth  W

Peierls

INDO Calculations by [A. Girlando, et al., J. Chem. Phys. 135, 084701 (2011)]

Interactions with molecular vibrations
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The model
 modulation of the transfer integral t due to relative intermolecular vibrations

DFT
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 t fluctuates by ~100% , beyond the usual electron-phonon coupling scenario
 better seen as a large dynamical disorder (off-diagonal) 
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The model
 modulation of the transfer integral t due to relative intermolecular vibrations

DFT molecular dynamics

 t fluctuates by ~100% , beyond the usual electron-phonon coupling scenario
 better seen as a large dynamical disorder (off-diagonal) 

the material is
soft (cf. A. Chin talk)
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The model

[Friedman PR 1964]
[Gosar & Choi PR 1966]
[Duke & Schein, Physics Today 1980] 
[Munn & Silbey JCP 1985]
[M. Capone et. al PRB 1997]
[Hannewald & Bobbert PRB 2004]
[Troisi et. Al PRL 2006,Adv Mat 2007]
[Picon PRB 2007]

H = −J

�

i

[1− α(Xi −Xi+1)](c
+
i ci+1 + c

+
i+1ci)+Hph(X)

 modulation of the transfer integral t due to relative intermolecular vibrations
 t fluctuates by ~100% , beyond the usual electron-phonon coupling scenario
 better seen as a large dynamical disorder (off-diagonal) 
 linear coupling --> Su Schrieffer Heeger

a single Einstein mode
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The model

[Friedman PR 1964]
[Gosar & Choi PR 1966]
[Duke & Schein, Physics Today 1980] 
[Munn & Silbey JCP 1985]
[M. Capone et. al PRB 1997]
[Hannewald & Bobbert PRB 2004]
[Troisi et. Al PRL 2006,Adv Mat 2007]
[Picon PRB 2007]

H = −J

�

i

[1− α(Xi −Xi+1)](c
+
i ci+1 + c

+
i+1ci)+Hph(X)

Semiclassical approach, resistivity saturation (bad conductors):
S. F. and S. Ciuchi. Phys. Rev. Lett. 103, 266601 (2009)
Beyond, account for localization phenomena:
S. Ciuchi. S. F. and D. Mayou Phys. Rev. B 83, R081202 (2011)

 modulation of the transfer integral t due to relative intermolecular vibrations
 t fluctuates by ~100% , beyond the usual electron-phonon coupling scenario
 better seen as a large dynamical disorder (off-diagonal) 
 linear coupling --> Su Schrieffer Heeger

a single Einstein mode
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Quantum-Classical dynamics

H = Hel(X) +
�

i

P
2
i

2M
+

Mω2
0

2
X

2
i

MẌi = − < ψ| ∂H
∂Xi

|ψ >

i∂t|ψ >= Hel(X)|ψ > Quantum degrees of freedom: carriers

Classical degrees of freedom: molecular displacements

 Classical approximation for vibrations: (kBT/ħω0≥1)
 Ehrenfest dynamics: classical forces evaluated as quantum averages

    4th order RK integration (nord=4), Velocity Verlet, one dimensional chain (N=2048),
    averaging over 104 initial conditions taken from a static equilibrium ensemble

 calculate time dependent electron spread  
   

 carrier mobility obtained from the long time behavior of the diffusivity
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�
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Diffusivity
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µ =
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kBT

[A. Troisi, G. Orlandi Phys. Rev. Lett 96, 086601 (2006)]
[L. Wang et al, J. Chem. Phys. 134, 244116 (2011)]
[S. Ciuchi. S. F. and D. Mayou Phys. Rev. B 83, R081202 (2011)]
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Frozen molecular displacements Dynamical molecular displacements

Transient localization
electron wavefunction

molecular displacements
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Transient localization
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 Frozen molecular displacements: 
--> Anderson localization
finite localization length, 
diffusivity vanishes at long times
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phenomenological description:
Relaxation time approximation (RTA)

CRTA
+ (t) = C0(t)e

−t/τin C0(t) taken from frozen molecular evolution

 take the frozen (localized) system as a reference system: 
the correlations in the velocity-velocity correlation function that 
give rise to localization are destroyed after a time       ~ 1/ω0 
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Quantum diffusion from the Kubo formula

σ(ω) = 1
ν�ωRe

�∞
0 dteiωtC−(t) - C−(t) =< [Ĵx(t), Ĵx(0)] >

 optical conductivity

d∆X2(t)
dt = 1

e2

� t
0 C+(t�)dt�.∆X2(t) = �[X̂(t)− X̂(0)]2�,

+
C+(t) =< {Ĵx(t), Ĵx(0)} >

 quantum diffusivity

Friday, June 1, 2012



Quantum diffusion from the Kubo formula

[see also N. H. Lindner and A. Auerbach, PRB 2010]

σ(ω) = − e2

�νω tanh(β�ω2 )Re
�∞
0 dtei(ω+iδ)t∆X2(t)

 detailed balance C−(ω) = tanh(β�ω2 )C+(ω).

σ(ω) = 1
ν�ωRe

�∞
0 dteiωtC−(t) - C−(t) =< [Ĵx(t), Ĵx(0)] >

d∆X2(t)
dt = 1

e2

� t
0 C+(t�)dt�.∆X2(t) = �[X̂(t)− X̂(0)]2�,

+
C+(t) =< {Ĵx(t), Ĵx(0)} >

 optical conductivity

 quantum diffusivity

inversion: quantum diffusion from experiment
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Real time dynamics from experiment

[Z. Q. Li, et al.,  
PRL 99, 016403 (2007)]

Rubrene: measured
optical conductivity
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intermediate times:

experimental proof of 
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Real time dynamics from experiment

 Peak in optical conductivity   <=>  Transient localization phenomenon

diffusivity decreases at 
intermediate times:

experimental proof of 
transient localization

By analyzing the quantum diffusion data with the RTA we can extract: 

 the inelastic time ->                                             (typical inter-molecular vibrations)
 the transient localization length                                     (localization is important)   

�/τin = 104cm−1

L0(1/τin) = 2a

diffusivity from
Fourier transform 

Theory
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Conclusions
❖ electronic band theory is not enough to describe the electronic properties of 
organic semiconductors (but bands are there, so molecular approaches also fail) 

❖ ARPES: including the interaction with high frequency intramolecular vibrations 
and disorder provides an accurate description of the experimental photoemission 
spectra.

❖ Transport: interaction with low frequency intermolecular vibrations seems to 
be the crucial ingredient to understand charge transport: the dynamical disorder 
arising from lattice motion causes transient localization phenomena (and a 
breakdown of Boltzmann theory). 

❖ The instantaneous diffusivity of the carriers can be extracted from optical 
absorption experiments via an appropriate Kubo formula.
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